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Abstract

Abstract

Polarization resolved nonlinear microscopy is a powerful tool to image structural infor-
mation in biomolecular assemblies. Nonlinear interaction between light and matter lead
to complex processes where coherent combinations of optical fields couple to assemblies of
molecular transition dipoles. Controlling polarized optical fields and monitoring nonlinear
induced signals in a medium can nevertheless bring rich information on molecular orien-
tational organization within the focal spot of a microscope objective. In this PhD thesis
we apply this polarization sensitivity to different label-free optical coherent techniques
(coherent anti-Stokes Raman scattering (CARS), stimulated Raman scattering (SRS))
and to two-photon fluorescence (2PEF) to retrieve quantitative information on the static
molecular distribution shape and orientation of lipids in model membranes and biological
membranes such as myelin sheaths in spinal cord tissues. With this technique, we ad-
dress fundamental questions about lipid packing behavior in membranes, and how it can
be affected by other molecules such as cholesterol and the insertion of fluorescent lipid
probes. We demonstrate that polarization resolved CARS give access to fine details on
lipids arrangement in myelin sheaths, at a sub-diffraction scale. In the context of exper-
imental autoimmune encephalomyelitis disease (EAE) we show, that even at the stage
of disruption of the myelin envelope during the demyelination process, lipids multilayers
reveal strong capability to preserve their macroscopic self-assembly into highly organized
structures, with a degree of disorganization occurring only at the molecular scale. At
last, we show that such technique can be combined with a larger scope of studies in bio-
imaging; we use multimodal microscopy (combined CARS and 2PEF) to image axonal
degeneration and immune cell recruitment associated to demyelination process in order
to address biological questions related to the immune response and axon damage during

progression of the neurodegenerative disease.

Keywords : nonlinear microscopy, polarization, multimodal microscopy, molecular orga-

nization, lipid membranes, myelin, neurodegenerative disease.
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Résumé

La microscopie non-linéaire résolue en polarisation est un outil puissant pour accéder
a des informations structurelles dans les assemblages biomoléculaires. Les interactions
non-linéaire entre matiere et lumiere induisent des processus complexes ou des champs
électromagnétiques cohérents interagissent avec les dipoles de transitions moléculaires.
Le controle de la polarisation des champs électromagnétiques excitateurs et I’étude des
réponses non-linéaires induites procurent de riches informations sur la distribution an-
gulaire des molécules présentes dans le volume focal de 1'objectif du microscope. Dans
cette these, nous appliquons cette sensibilité a la polarisation a plusieurs modalités de
microscopie cohérentes sans marquage (diffusion cohérente Raman anti-Stokes (CARS),
diffusion Cohérente stimulée (SRS)) et a la fluorescence a deux photons (2PEF) afin
d’obtenir des informations quantitatives sur la forme de la distribution moléculaire et
I'orientation des lipides dans les membranes artificielles, ainsi que dans les membranes bi-
ologiques telles que la myéline des tissues de la moelle épiniere. Avec cette technique, nous
adressons une question fondamentale sur le comportement des ensembles lipidiques dans
les membranes et sur 'effet d’autres molécules telles que le cholestérol et les marqueurs
fluorescents. Nous démontrons que le CARS résolu en polarisation permet d’accéder a de
fines informations sur I'organisation des lipides dans les membranes de la myéline, en dega
de la limite de diffraction. Dans le contexte de I’encéphalomyélite allergique expérimentale
(EAE), nous démontrons que méme au stade de la perturbation de la couche de myéline
lors du processus de démyélinisation, les multicouches de lipides présentent une forte
capacité de préserver leur auto-assemblage macroscopique en présentant une structure
hautement organisée avec un niveau de désorganisation qui ne se retrouve qu’a 1’échelle
moléculaire. Finalement, nous démontrons qu’une telle technique peut étre combinée a
d’autres pour un plus grand éventail d’études en bio-imagerie; nous utilisons la micro-
scopie multimodale (combinaison de CARS et de 2PEF) pour imager la dégénération des
axones et le recrutement de cellules immunitaires associé au processus de démyélinisation
afin d’adresser des questions biologiques reliées a la réponse immunitaire et les dommages

des axones durant la progression des maladies neurodégénératives.

Keywords : microscopie non-linéaire, polarisation, microscopie multimodale, I’organisation

moléculaire, membranes lipidiques, myéline, maladies neurodégénératives.

1



Contents

Introduction 1
1 Polarization-resolved nonlinear microscopy: probing the molecular order
of lipids 7
1.1 Polarized light-matter interaction, the source of light . . . . .. .. .. .. 7
1.1.1 Two Photon Excited Fluorescence (2PEF) . . . . ... .. ... .. 7
1.1.2  Coherent Anti Stokes Raman Scattering (CARS) and Four Wave
Mixing (FWM) . . . .. ... o 10
1.1.3  Stimulated Raman Scattering (SRS) . . . . . ... ... ... ... 12
1.2 Description of the measured molecular angular distribution . . . . . . . .. 12
1.3 From an assembly of nonlinear dipoles to the symmetry orders of the ef-
fective distribution function . . . . . . ... ..o 14
1.3.1 Macroscopic nonlinear induced dipoles . . . . . . . ... ... ... 14
1.3.2  Description of the distribution function f(Q2) of an assembly of dipoles 16
1.3.3  From the 3D f(Q) function to the distribution function p(y) in the
sample plane . . . .. ..o 17
1.3.4  The reduced effective distribution function p(¢) . . . . . . . .. .. 19
1.4 Interpretation of order parameters of lipids and fluorophores assemblies . . 20
1.4.1 The symmetry orders Sy and Sy . . . . . . .. ... 20
1.4.2  From symmetry orders to real distribution functions . . . . . . . .. 23
1.5 Deduction of the order parameters (p,, ¢,) from the PR nonlinear signals . 26
1.5.1 Deduction of (p,,q,) from PR-SRS . . . . . . ... ... ... ... 26
1.5.2  Deduction of (p,, ¢,) from PR-CARS . . . . . ... ... ... ... 27
1.5.3 Deduction of (p,, ¢,) from PR-2PEF . . . . ... ... ... ... . 28
1.6 Conclusion . . . . . . . . . 29
2 Polarization resolved multimodal microscopy and data processing 31

2.1 Experimental set-up . . . . ... .. 32

1l



Contents

2.1.1 The picosecond system . . . . . ... ... 32
2.1.2  The femtosecond system . . . . . ... ... L. 33
2.1.3 Polarization resolved microscopy . . . . . . . .. ... L. 37
2.2 Artifacts in PR measurements . . . . . ... ..o oL 38
2.2.1 Polarization distortions induced by reflective optics . . . . . . . .. 38
2.2.2  Polarization distortions induced by high NA objectives . . . . . . . 40
2.2.3 Influence of sample birefringence on PR analysis . . . . . . . .. .. 40
2.2.4 Influence of the scattering on PR analysis . . . .. ... ... ... 42
2.3 Data analysis and image processing . . . . . . . .. .. ... 43
2.3.1 Data acquisition . . . . . . .. ... 43
2.3.2 Retrieving the order parameters from the PR-measurements . . . . 44

2.3.3 Sensitivity of the polarization resolved measurement on the level of

NOISE . . v v v v e e e 47

2.3.4 Image processing . . . . . . . . ..o 48

2.4 Conclusion . . . . . . .. 49
3 Lipid membranes 51
3.1 Lipids in biological membranes . . . . . . . .. .. o000 o1
3.1.1 The lipid composition of cell membrane . . . . . . .. .. ... ... 51
3.1.2  The organization of the cell membrane . . . . . . . ... ... ... 52

3.2 Model membranes to study the lipid organization and dynamics . . . . . . 55
3.2.1 Different approaches to study the lipid architecture and dynamics . 56
3.2.2  Multilamellar vesicles . . . . . .. .. .. oo 58

3.3 Conclusion . . . . . . . . 59

4 Molecular order of lipids in membranes probed by nonlinear polarized

microscopy 61
4.1 Samples and their preparation . . . . . . .. .. ... 61
4.1.1  Multilamellar vesicles . . . . . . . .. . ... L 61
4.1.2 COSTcells. . . . . 64
4.2 Experimental parameters . . . . . . ... .00 oo 64

4.3 Experimental results: Nonlinear contrasts to probe the packing of lipids in
MLVs . . . e 68
4.3.1 PR-CARS response from a MLV using the femtosecond optical set-up 68
4.3.2 PR-FWM and PR-CARS responses from a MLV using the picosec-

ond optical set-up . . . . . . . ... 71

v



Contents

4.3.3 PR-SRS and PR-CARS responses from lipids in the MLV using the

picosecond optical set-up . . . . .. ... oL 73

4.3.4 Psvs. fs PR response from lipids in MLLVs . . . . . ... ... ... 78

4.3.5 PR-2PEF to probe lipid order in MLVs . . . . . . . ... ... ... 80

4.4  Conclusion on the methodology . . . . . . . . . ... ... ... .. ..., 83
4.5 Experimental results: PR nonlinear microscopy: an insight into the fine

organization of lipids . . . . . . . . ... o 83

4.5.1 The lipids packing in MLVs depends on their morphology . . . . . . 83
4.5.2  The effect of MLVs immobilization in an agarose gel on the polar-

ization resolved analysis. . . . . . . . .. ..o 85

4.5.3 The effect of cholesterol on the lipid packing in the MLV . . . . . . 86

4.5.4  The influence of the acyl chain structure on lipids packing in MLLVs 88
4.5.5 Comparison of molecular packing in labelled MLVs made of different

lipid species . . . . . . . .. 91

4.5.6 The influence of fluorophores on lipids packing in MLVs . . . . . . . 95

4.6 Conclusion . . . . . . . . . 96
4.7 Perspective . . . . . . 96
Central nervous system, myelin: architecture, disorder and imaging 99
5.1 Central nervous system (CNS) . . . . ... .. ... ... 99
5.1.1 Architecture of the CNS . . . . . . .. .. ... ... . 99
5.1.2 Myelin . . . . . .. 100

5.2 Neurodegenerative disorders: Multiple sclerosis and EAE . . . . . . . . .. 102
5.3 Structural and functional imaging of the CNS . . . . . . .. ... ... .. 105
5.3.1 Different approaches to image myelin sheaths . . . . . . . ... .. 105
5.3.2  Coherent anti-Stokes Raman Scattering imaging of myelin . . . . . 106

5.3.3 Two-photon fluorescence imaging of other components of the CNS . 109
54 The purpose of the study . . . . . . . . .. ..o 111

Local organization of myelin lipids in autoimmune demyelination probed

by PR-CARS microscopy 113
6.1 Sample preparation and Methods . . . . . ... .. .. ... ... ... 116
6.2 PR-CARS analysis in the myelin sheath of spinal cord tissues . . . .. .. 117

6.2.1 Molecular order of lipids in the myelin sheath . . . . .. .. .. .. 118

6.2.2 Relation between lipid packing orientational order and myelin mor-

phology . . . . . . 123



Contents

6.3 Evolution of lipid organization in the myelin sheath with the progression

7 Multimodal imaging of the CNS architecture in the progression of EAE135

7.1 Animal model for studying Chronic Experimental Autoimmune Encephalomyeli-

IS . . e e 135
7.1.1 Multimodal imaging and image post-processing . . . . . . . .. .. 136
7.2 CARS and 2PEF functional imaging of the CNS components . . . . . . . . 138

7.2.1  Validation of the method for multimodal imaging of the CNS com-
ponents . ... ..o e 139

7.2.2  Architecture of normal appearing white matter studied by CARS
and 2PEF . . . ..o 140

7.2.3  Multimodal CARS/2PEF imaging for studying the progression of
C-EAE . . . . 142

7.2.4 The morphological features of white matter in clinical score 0 for
C-EAE . . . . 143

7.2.5 The immunological response of neuronal tissue to C-EAE progression145

7.2.6  Widespread demyelination and axonal degeneration in clinical score

25 for C-EAE . . . . . . . 147

7.3 Final remarks and conclusions . . . . . . . .. ... ... L. 149
Conclusion and perspectives 151
Appendices 151

A Relation between the order parameters (p,, ¢,) and the Fourier coeffi-
cients deduced from the PR-CARS measurement 153

B Configuration of wavelengths and experimental optical elements used in

these studies 155
B.1 The configuration in the ps system . . . . . . . .. ... .. ... ... . 155
B.2 The fs system - configuration 1, 2 and 3 . . . . . . .. .. ... ... ... 156
B.3 The fs system - configuration 4 . . . . . .. ... 158
B.4 Epi-detection configuration in the fs system . . . . . . .. .. ... .. 159
C Birefringence effect measured on myelin in the spinal cord tissue 161

vi



Contents

D Image post-processing of recorded signals with multimodal microscopy163

Bibliography 165

Vil



Contents

viil



Introduction

Microscopy imaging has notably developed this last decade in order to answer more and
more complex questions addressed by biologists. The information that can be brought by
microscopy imaging essentially revolutionized the way that molecular and cell biologists, as
well as biomedical researchers, perform their research. It has given a possibility to observe
specific biomolecules in a cell or in a tissue, in vitro or in vivo, following their interaction
with neighbor molecules and their environment on spatial scales down to nanometers, and
most importantly, to relate this observation to their biological function.

Benefiting from the bioengineering which provided molecular and inorganic nanoprobes
able to stain biological components, fluorescence microscopy has become an essential tool
in most laboratories. These probes attached to proteins, biomolecular clusters or lipid
assemblies offer a great flexibility in terms of chemical specificity, variable excitation and
emission wavelengths and sensitivity to various physical and chemical properties of their
local environment such as pH or cell membrane potential (1). Apart from these synthesized
probes, fluorescent proteins encoded on a specific site of DNA can be directly expressed
in cells to avoid difficulties of in situ chemical staining and in the same time reducing the
toxicity. They give a great possibility for long term in vivo imaging of dynamic behavior
of different cell species and their interaction with each other on a sub-cellular level (2).

While one-photon fluorescence microscopy is a standard tool for bio-imaging, the de-
velopment of nonlinear contrasts brought new opportunities to the study of biological
tissues. The basics of the nonlinear optical effect has been recognized in the early 60’s by
the group of Nicolaas Bloembergen (3, 4), Akhmanov and Khokhlov (5) who studied and
formalized the responses of a medium to several electromagnetic fields applied simulta-
neously. Although the first nonlinear microscope generating second harmonic generation
(SHG) has been developed over 35 years ago (6), only in the past 10 — 15 years has it
begun to emerge as a viable microscope imaging contrasts mechanism for visualization of
cells and tissues’ structure and function.

The generation of nonlinear effects has this advantage over the ”one-photon” or linear

one that it uses near infra-red excitation wavelengths which are less affected by scatter-
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ing in tissues and therefore allow a deeper optical penetration, which is crucial for tissue
imaging (7, 8). Moreover, the nonlinear nature of the excitation light reduces the longi-
tudinal length of excitation leading to a spatial resolution of ~ 300 nm x 600 nm and as
a result to the reduction of out-of-plane photobleaching and phototoxic effects (9). With
these advantages two-photon microscopy (2PEF) has been largely applied to the biological
samples since 1990 (9). 2PEF microscopy has had a great impact in neuroscience. In vivo
functional imaging has been dedicated to the architecture of the nervous system tissues
(2, 10, 11), their physiology (12-14) and dynamics (15-17) as well as their pathological

state in neurological and neurodegenerative diseases (14, 18).

Fluorescence microscopy, however, even if has been proven for its high specificity to a
single molecule level, still has a few drawbacks: a fluorescent molecule need to be inserted
into the system or produced by the gene expression in order to be ”visible” for imaging
which makes the whole process not fully effective, the photobleaching and phototoxicity
are also an issue. For these reasons the nonlinear label-free imaging tools propose an

interesting alternative and are more and more employed.

Versatile and high resolution- both time and frequency- spectroscopic/microscopic
techniques based on four-wave-mixing processes such as coherent anti-Stokes Raman scat-
tering (CARS), stimulated Raman Scattering (SRS), pump-probe and multiphoton mi-
croscopes (THG) were developed in the due course of time which generated wealth of new
insights into the biology, chemistry, medicine and material science. The CARS process,
a chemically specific contrast targeting Raman vibrational resonances of molecules, was
used in microscopy for the first time in 1982 (19). The improved version in 1999 (20) has
introduced the collinear configuration of excitation beam which facilitated experimental
implementation and provided superior image quality with high sensitivity and spatial res-
olution as compared to the non-collinear beam geometry (19). The improved sensitivity
and spatial resolution of this technique allowed to visualize different molecular assemblies
such as lipids, proteins, DNA and water by their Raman vibrational modes in living cells
and in tissues (21, 22). Meanwhile, CARS has proved to be a powerful imaging modality
for studying tissues in vivo. Benefiting from the fact that the signal from lipid assemblies is
so high that allows for visualizing a single phospholipid bilayer (23), the CARS technique
found a great interest in neuroimaging. The myelin sheath (multilamellar lipid membrane
surrounding neurons) which consist largely of lipids and a small addition of proteins has
been successfully imaged in the context of the demyelination process associated to neu-
rodegenerative diseases (24, 25). One of the important drawback of this process is that it
contains not only response from the Raman vibrational mode but also from the electronic

vibration of the medium, named four-wave mixing process (FWM). Many approaches has



been developed to remove this non-resonant contribution (26, 27) and other proposed to
use it as the non-linear contrast, although nonspecific (28-30). Another non-linear Ra-
man based process, named SRS (stimulated Raman Scattering) overcomes limitations of
CARS. It is not sensitive to the electronic vibration of the medium and therefore does
not contain the non-resonant background. Benefiting from this intrinsic feature, SRS pro-
cess as a label-free and background-free technique is an attractive alternative to probe
the functionality, dynamics and morphology of biological systems (31, 32) on a submicro-
metric scale in a case when a resonant CARS signal, especially in ”crowded” fingerprint
region is hidden behind its non-resonant contribution. It has been shown for instance that
SRS enables to differentiate the distribution of unsaturated from saturated lipids in living

cells, based on their C=C molecular vibrations (33).

One can see, that the combination of all techniques is a powerful tool enabling in vivo
imaging of whole biological systems. Information on tissue morphology, cell behavior or
diseases states is often obtained by combining different contrasts for instance multiphoton
fluorescence with coherent label-free microscopes: SHG (7, 34), third harmonic generation
(THG) (35, 36) or CARS (37, 38) or using the four-wave mixing (FWM) together with
THG microscopy (29).

While bio-imaging is able today to bring information on biomolecular assemblies, un-
derstanding how such molecules organize in complex structures can enrich the knowledge
of the functionality and dynamics of biological molecular systems. The use of light po-
larization give a possibility of such investigation, because of the vectorial nature of light-
matter interaction. In general, the highest optical signals collected from the response of
the matter occur when the incident optical polarized field is oriented in parallel with the
oscillation of electrons, or to vibration modes directions, in atoms and molecules. Under
nonlinear optical selection of induced molecular dipoles this gives a way to monitor, by
polarization tuning, the way molecules are oriented in complex assemblies. Together with
polarization the nonlinear contrasts give a new perspective on studying the biological
samples. Such method has been firstly developed for SHG (39-42) by studying orien-
tations of collagen fibers in tendons, muscles and cornea (39, 40). Polarization resolved
Coherent anti-Stokes Raman Scattering (PR-CARS) has been mostly applied to probe the
organization of lipids by their CH stretching vibrations in model membranes (23, 43-45)
and biological membranes, the myelin sheath (46, 47) but also to biopolymers, such as
cellulose (48). Recently, the third order process, polarization-resolved THG has been also
used to probe the orientational order of lipid barriers in tissues (49). Numerous studies
on cell membrane organization have been performed by 2PEF which targeting fluorescent

probes have shown a high sensitivity to the lipids” and proteins’ orientational order within
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the membrane (50, 51). Such studies have also been done on model lipid membranes (52).

These demonstrations showed the full potential and interest in exploiting the nonlinear
contrast combined with polarization in order to access structural information in molecu-
lar media, e.g. orientational organization, also named "molecular order”. Based on these
seminal works, this thesis is focused on probing the molecular organization of complex
lipid assemblies, such as model membranes and myelin sheath, which are accessible by
polarization resolved nonlinear contrasts, but also shows the potential of these techniques
to study the molecular order and architecture or biological samples as a future diagnostics

tool for the lipid related diseases.

Chapter 1 of this thesis recalls the principles of the nonlinear processes, especially
CARS/FWM/SRS and 2PEF. The theoretical formalisms which allow for monitoring the

molecular order by the polarization-resolved (PR) nonlinear processes are introduced.

Chapter 2 presents optical microscopes developed and used in this thesis work to
perform PR multimodal measurements. We discuss how the linearly polarized light can
suffer from variety of distortions introduced either by the instrumentation factors or by

the sample itself and how to provide relevant and accurate data.

In this introduction we have mentioned the biological context of nonlinear microscopy
imaging. In Chapter 3 we discuss in detail the importance of probing molecular lipids
packing in a biological as well as in a model membranes. The model lipid system used in

this study will be introduced.

Finally, in Chapter 4 the practical application of PR nonlinear microscopy is pre-
sented, especially in the model lipid membranes. The capacity of each nonlinear process
(SRS, CARS, FWM and 2PEF) to probe the lipid molecular order will be discussed. We
address fundamental questions about lipid packing behavior in membranes, and how the
insertion of other molecules, such as cholesterol and fluorescent lipid probes can affect the

organization of lipid assemblies.

In Chapter 5 we introduce the myelin sheath as the biological lipid membrane natu-
rally occurring in the central nervous system. Its detailed structure, its pathological state
and related changes in the nervous tissue will be presented in the context of neurodegen-
erative disorders. The imaging techniques used to probe such a complex biological system

will be also discussed.



Chapter 6 is devoted to the structural and molecular investigation of lipid membranes
in the myelin sheath using PR-CARS. We show the first evidence that even at the stage
of disruption of the myelin envelope during the demyelination process, lipids reveal strong
capability to preserve their macroscopic self-assembly into highly organized structures,

even though modifications can be detected at a molecular scale.

To complete this studies, in Chapter 7 we show the potential of combined nonlinear
processes, CARS and 2PEF in bioimaging of the central nervous system. The use of mul-
timodal imaging is extended to the structural tissue degradation, e.g. axon degeneration

and immune cell recruitment in the progression of neurodegenerative disease.
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Chapter 1

Polarization-resolved nonlinear
microscopy: probing the molecular

order of lipids

In this Chapter we describe the methodology that leads to the possibility to read-out
molecular orientational order thanks to polarized microscopy. We will first describe the
optical contrast mechanisms which are exploited in the imaging techniques used in this
work, emphasizing their differences in terms of sensitivity to light polarization. We will
then define how these optical signals can allow retrieval of information on orientational
distributions of molecules. A model for these distributions will be introduced that permits

to measure information without a priori knowledge on their shape or orientation.

1.1 Polarized light-matter interaction, the source of
light

In order to show how it is possible to probe molecular orientational order in a sample,
first, we need to understand what is the origin of the nonlinear contrast that produces

the polarization response.

1.1.1 Two Photon Excited Fluorescence (2PEF)

Probably one of the most powerful and commonly employed techniques for obtaining
insight into molecular organization and interactions in biological tissues is two-photon

fluorescence (2PEF). It requires however the use of fluorescent dyes or fluorescent pro-
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teins to visualize bio-molecular assemblies. Although it can be highly specific to a single
protein, lipids cannot be labeled with fluorescent dyes and therefore their visualization
needs to be perform indirectly by embedding fluorophores within the lipid membrane. As
can be seen on the molecular energy-level diagram in Fig. 1.1a, 2PEF is the result of two
successive processes, the absorption of incident photons at frequency w and the emission
of fluorescence photons of lower frequency (1). The absorption of incident photons by the

molecule results in its transition to higher electronic excited levels (|S7) in Fig. 1.1a or
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Figure 1.1: (a) Energy diagram schemes of the different contrasts used in these studies.
(b) The radiation from a molecule either originates from the emission transition dipoles
fem (2PEF) or the third order nonlinear dipoles pSFSCARSFWM (SRS CARS, FWM)
induced by the excitation fields involved in the contrast used. The colored arrows exhibit
the directions of the induced dipoles involved in the nonlinear processes, which define the

probed molecular organization directions.

even higher levels). The efficiency of this process is driven by the absorption transition
dipole fiqs on the molecule. Within the following 1072 s, the molecule relaxes to the
lowest vibrational level of |S}), due to internal conversion with release of energy to the
molecular environment. After a certain time (|5;) level lifetime), the molecule has a given
probability to return to its ground state |Sp), emitting a fluorescence photon driven by

the emission transition dipole f,,. Such a time delay has important consequences. First,
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this process is incoherent (different molecules emit fluorescence radiation with no phase
correlation between them) and second, the fluorescence efficiency is proportional to the
product of two un-correlated probabilities: the absorption between the ground state and
the excited state and the emission from the fluorescent state to the ground state. At last,
the efficiency of the fluorescence emission can be lowered by the existence of non-radiative
relaxation processes. The energy of the relaxation to the ground state is in this case dissi-
pated without the emission of a photon. This is the reason why the fluorescence quantum
yield is generally below 1 (the quantum yield is defined by the ratio between the radiative
decay rate and total decay rate present in the system). This limitation is additionally
raised by the fact that concentration of fluorescent molecules cannot be very high in order

to not perturb the biological system.

The fluorescence intensity overall depends on the excitation polarization because it
is governed by a coupling mechanism between fields and transition dipoles. For a single
molecule excited by a field E , the fluorescence intensity measured along a polarization

direction 7 is (52, 53):

2PEF
Imolec,i

o | tahs - E|" |pten - 117

where the absorption probability |ggps - E |* depends on the fourth power of the field due
to its two-photon nonlinear nature (53). The o signs contains universal constants and
radiation emission/collection factors. The fluorescence by a collection of molecules which
form an angular distribution f(€2), when averaged over time in a stationary measurement,

is the incoherent sum of the intensity over all molecules:
IPPF o [ 103in(@) - I (@) - 72 £ ()0

where f(Q2) is the probability of a molecule to lie at an orientation 2 = (6, ) in the
macroscopic frame. In this expression we supposed that the molecules do not rotate in
time between the absorption and emission events, and that both absorption and emission
transition dipoles lie along the same directions. Refinement of these assumptions can be
accounted for in this equation if needed.

Alternatively, when an un-polarized detection is used, the two-photon fluorescence
process simplifies into the read-out of a two-photon absorption process, which can be

described as a third order tensorial process (53):
[2PEF « / T2PEF (Q)) o EEE* B f(Q)dD

where T?PEE = y0) ciabsflabs flays - is the third order tensor describing two-photon absorp-

tion, and e denotes the scalar tensorial product.
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Finally it is visible that in the two-photon fluorescence process, tuning the optical
field direction of E can provide information on the distribution f (Q). The detail of this

procedure will be described below.

1.1.2 Coherent Anti Stokes Raman Scattering (CARS) and Four
Wave Mixing (FWM)

Coherent Anti Stokes Raman Scattering (CARS) microscopy exhibits the strong advan-
tage of being a label-free technique, sensitive to molecular vibrations (20, 21) and to the
way they are oriented if light polarization is controlled (21, 54). In this third order nonlin-
ear process (Fig. 1.1 a) three frequencies called pump w,, Stokes wg and probe w,, (where
usually w, = w,, ), interact coherently with molecules. The interaction of these three fields

induces a third order polarization P¢4%%

in the medium, which gives rise to the radiation
of the fourth field at the anti-Stokes frequency we,g = 2w, — wg. The strength of this
nonlinear polarization depends on the intrinsic property of the medium defined as the
nonlinear susceptibility x®. When the frequency difference between wp, and wg coincide
with the frequency of a molecular bond vibration €2, such that €2,; = w, — wg, the sys-
tem is under resonance conditions for this vibration(55). As a result the amplitude of the
scattered light is largely enhanced and the coherent signal emitted at the frequency w,s.
In contrast with fluorescence, the direction of the emission is driven by phase-matching

conditions, since this process is coherent (56).

The resonant CARS signal, however, is superposed with another signal that is intrin-
sically generated in the sample, which makes the resonance read-out more delicate. A
non-resonant contribution to the overall signal indeed needs to be considered, issued from
a four-wave mixing (FWM) process generated by the third order nonlinear response from
electronic oscillations in the medium (Fig. 1.1a), at the frequency 2w, —wg, independently
of the existence of a vibrational resonance. FWM is defined by the third order nonlin-
ear susceptibility Xﬁ)}z (54, 57, 58). Therefore, under vibrational resonant conditions, the
CARS process results in the superposition of two fields, a non-resonant (FWM) field due
to pure electronic response, and a resonant field (CARS) due to the presence of vibra-
tional Raman modes. The CARS intensity signal is then written accounting of these two
processes, with a total susceptibility Y& = XS;? + Xﬁ%. The induced CARS polarization

PCARS ig thus written:

10
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POARS (Xg) + XE\%%) . Egﬁpﬁp
JOARS ’p’CARS’Q (1.1)
where the o signs contains universal constants and radiation emission/collection factors.
This expression is written in a planar wave approximation, valid for low apertures (59).
If the system is not under vibrational resonance, the induced polarization is a pure
FWM response PFWM with

P™M o xWh  ESE,E,

17V o | priva | (1.2)

In both cases, since the optical process is coherent, the macroscopic response comes
from the coherent addition of nonlinear responses from individual molecules, with nonlin-

ear third order susceptibilities yyr and vyg:

\itvn = [ Trva(©) f(@)d0 (13)
(3)

here vy yr(€2) depends on the molecular orientation €2 since it is expressed as a molecular
response projected in the laboratory frame (53).

The high sensitivity of CARS/FWM to molecular organization can be seen in these
equations. If molecules / molecular bonds are highly organized, it will lead to a specific
Xg,)N p third order tensor shape that will reflect in the polarization response of the op-
tical process. CARS and FWM are more specifically dependent on the symmetry of the
considered bond/molecules at the microscopic scale (yg ngr tensors), as well as on their
macroscopic orientational organization (f(2)). For instance the organization of a lipid
assembly arises from the nature of the molecules themselves, as well as from interactions
between them. At the microscopic scale, the lipidic acyl chain direction consists in CC
repetitive units along which the electronic response is dominant (49), which will reflect
in the most favorable optical coupling direction for the FWM response. Addressing now
the CHy symmetric stretching vibration, the resonant CARS response is expected to be
mostly directional along the highly organized repetitive units of CH,, and thus perpen-
dicularly to the CC bonds (Fig. 1.2 and Fig. 1.1b) (45, 60). Overall the CARS process
is expected to also contain the polarization response described for FWM, to a level that

depends on the strength of the resonant contribution.

11
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1.1.3 Stimulated Raman Scattering (SRS)

Stimulated Raman Scattering (SRS) (Fig. 1.1a) comes from the fact that coherent si-
multaneous interaction of the pump w, and Stokes wg frequencies leads to the transfer of
energy from the pump to the Stokes beams, in case they match with a molecular vibration
in the sample (w, — ws = Qyp) (33, 61). This effect is the result of the generation of a
nonlinear polarization oscillating at the Stokes frequency wg, involving the resonant third
order tensor ng;:’). The SRS signal can be then detected in two ways: amplification of the
Stokes beam, called stimulated Raman gain (SRG), or attenuation of the pump beam
called stimulated Raman loss (SRL). SRS exhibits a major advantage over CARS: it is
free of the non-resonant FWM background, because the nonlinear response occurs only if
wp — wg matches a vibrational resonance. Therefore in this case the intensity will be only

dependent on the strength of the resonant Xg) susceptibility (33, 61):

1575 = \9() 0 E*EgE, E, (1.4)

Similarly as in CARS/FWM, the consequence of the vectorial nature of the light-
matter interaction in the SRS process gives access to a way to probe the orientational

organization of molecular bonds in a medium (Fig. 1.1b) by monitoring the polarization
of the incident light.

1.2 Description of the measured molecular angular

distribution

In this section we describe how to describe the orientation distribution function f(€2) that
appears in the different optical contrasts described above. f(§2) represents the orientation
distribution taken by all molecules present in the volume of the focal spot of the objective,
integrated over a time which is generally much longer than molecular rotational fluctuation
times. It therefore represents a stationary picture of orientations, that reflects the degree
of organization at a given position in the sample. Various theoretical models and analysis
based on polarization-resolved (PR) measurements has been developed in order to probe
molecular order. Molecular order can vary between complete disorder (isotropic medium)
to complete order (such an in crystalline medium). The intermediate situations require
models of such a distribution function f(€2). In most cases to describe molecular order, a

specific

12



1.2. Description of the measured molecular angular distribution

shape of the distribution function f(€) is assumed S \c H
as the physical picture of probability distribution H c/ :
of molecules to be present at a given angular ori- ) " \C‘HH
entation 2. In lipid membranes for instance, func- é \ H“,c/

tions resembling a Gaussian distribution (49) or a & \C‘H
cone (51, 62, 63) have been frequently chosen. Lipid g ‘ e c/ "
molecules have indeed a special structure (Fig. 1.2) ’ >:‘”H

which allows them to self-assemble in organized and

stable structures (see Chapter 3). The illustration Figure 1.2: Schematic representa-

of lipids in membranes in Fig. 1.3 shows differ- tion of a lipid and its lipidic acyl

ent possible reasons for local organization: disorder chain, showing repetitive units of
can in particular occur due to lipid conformational CHo.

changes, lipid-lipid interactions, or mesoscopic changes of the membrane morphology at
scales much below the diffraction limit. In all cases, the obtained organization within
a focal volume can be intuitively pictured by a Gaussian distribution function with an

increasing disorder o (Gaussian width).

Low G - High Order  ----ceememmmmmm i » High o - Low Order

oA A

. iy
VRN - sttt s AR %&MM i

Figure 1.3: The organization of lipid membrane in the focal volume. Small angular aper-
ture o of the distribution function (Gaussian function) corresponds to highly organized
lipids within a membrane. The increase of the aperture ¢ indicates the either highly dis-

organized lipids within a membrane, or the folding of the membrane, or both situations.

If such a priori model for the molecular distribution is implemented, the main exploited
information is the width of this already predefined function that quantifies the level of
orientational angular constraint of probed molecules. The biggest inconvenient of this
approach is that it requires the knowledge of the complete molecular scale response,
and thus the knowledge of the tensorial structure of vz yr for CARS, FWM and SRS

13



1. Polarization-resolved nonlinear microscopy: probing the molecular order of lipids

processes, which is needed to compute ng)NR. This is possible in case of simple model

lipid assemblies (49), but not for complex mixtures of unknown lipids for instance. The
other inconvenient is that the supposed model might be far from reality.

Here, we introduce a different way to describe molecular organization. In our method,
angular distributions are defined without a priori knowledge of their shape and without a
pre-required knowledge on the molecular microscopic response. We will decompose molec-
ular responses into individual directions (made of molecular bonds or electronic induced
nonlinear dipoles), that form a macroscopic ”effective” distribution, which is decomposed
onto symmetry orders, similarly as in the Fourier decomposition of any angular func-
tion (53). These symmetry orders are the read-out parameters in polarized microscopy,
and can be finally related to a distribution a posteriori, which is particularly useful for

interpretations.

1.3 From an assembly of nonlinear dipoles to the
symmetry orders of the effective distribution func-
tion

Probing the molecular orientation of lipids by polarization excitation implies the coupling
between nonlinear-induced/excitation dipoles which fluctuate in time and space and a
tunable incident polarization. The result of the PR measurement is thus a steady-like
averaged observation, since the individual orientations and positions of molecules cannot
be resolved. In this part, we introduce the methodology that allows to go from individual

induced /excitation dipoles to a macroscopic distribution function f(£2).

1.3.1 Macroscopic nonlinear induced dipoles

CARS/FWM/SRS processes. As has been described in the previous section, the cou-
pling between the excitation field and the medium results in the induction of nonlinear
dipoles related directly to electronic nonlinear induced dipoles or indirectly to molecular
bonds’ directions (CHy stretching bonds in the case of CARS in lipids) (Fig. 1.4a). Each
of the nonlinear induced dipoles have their own amplitude and orientation (¢, ¢’) in the
molecular frame. Their individual unit vector direction will be denoted e. Their coher-
ent sum creates the full molecular response, characterized by the third order nonlinear
susceptibility vg nr tensor (Fig. 1.4a,b) (64). The assembly of vectors e is therefore com-
patible with the symmetry of the molecular structures involved in the CARS, SRS and

14
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Molecular frame

Microscopic frame Macroscopic frame

Figure 1.4: (a) Assemblies of lipids in the focal volume, pointing an individual CH bond
direction. (b) Nonlinear induced dipoles: individual bond/electronic dipoles directions
(SRS, CARS and FWM) or p.s (2PEF), represented as e and its orientation angles
Y = (¢, ¢') in the molecular frame (1, 2, 3). The molecular orientation in the macroscopic
frame is defined by 7 = (67,¢”,¢”) (not depicted). (¢) Collection of dipoles e with
orientation Q2 = (6, ) present in the f(£2) function in the macroscopic (X,Y, Z) frame.

FWM processes. In the macroscopic (laboratory) frame (denoted X, Y, Z) the probability
to find individual bond dipoles e induced by a given nonlinear process is described by a
function f(£2) with an orientation Q = (0, ¢) (Fig. 1.4c). Note that €2 in this case does
not define anymore the molecular orientation, but rather the dipoles’ orientation (65).
The collection of these bond dipoles e in the laboratory frame produces a nonlinear third

order susceptibility:

Xtk = N7 [(I-)(T-)(K - e)(L- ) f(2)d0 (15)

where (I,J,K,L) € (X,Y,Z) are macroscopic frame axes, N is the molecular dipoles
density, v represents the norm of the molecular susceptibility tensor and (I-e) is the scalar
projection of dipoles’s directions over macroscopic directions (similar to the expression of
the transformation matrix between the molecular and macroscopic frames).

Note that the 2 directions can be related to the dipoles’ orientations in the molecular

frame by a transformation relating the molecule’s orientation in the macroscopic frame:

/Q F(Q)dQ = / ) / g() ()AL deY” (1.6)

where h(€") is the angular distribution function of molecules in the macroscopic frame,

and ¢(€') the angular distribution of dipoles in the molecular frame (see Fig. 1.4) (65).
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1. Polarization-resolved nonlinear microscopy: probing the molecular order of lipids

2PEF process. In the 2PEF process, the pqs dipoles are pointing along the orienta-
tion ) in the macroscopic frame (Fig. 1.4b). An absorption dipole can be related to the
molecular structure of a molecule, therefore (2 is tightly related to the molecule orienta-
tion. In this work we probe the absorption probability and not the emission one, since no
specific analysis direction is set in the experiment (53, 66). To follow the same method-
ology as described for CARS/FWM/SRS, the direction of the transition dipole pigps is
defined as lying along the generic unit vector direction e. The macroscopic tensorial form

of the susceptibilities involved in the 2PEF process is then defined as:

THEL (@) = Ny [ (T-e)T-)(K - e)(L - e)f(2)a (L7)

with v the norm of the molecular third order tensor involved in the two-photon absorption
process, (I, J, K) € (X,Y, Z) the macroscopic frame axes, and N the molecular density.
In the case of 2PEF, the measured distribution function f(2) will thus be directly

related to the direction of the molecular structure in the macroscopic frame.

1.3.2 Description of the distribution function f({2) of an assem-

bly of dipoles

In the most general case, the distribution function f(2) is unknown. A typical distribution
function is schematically shown in the Fig. 1.5a, for what would be expected from CH
bonds orientations in a lipid membrane (see Fig. 1.4a). Any given function can however
be decomposed on a basis that is invariant upon rotation: the spherical harmonics Y, ()
functions (67). f(€2) can be then expressed by :

FQ) =" fina¥in() (1.8)
m,l

where the f,,; coefficients are the weights of the unknown function on the Y (Q) basis
functions, that finally determine the shape of the distribution function f(£2). The [ coef-
ficients are called "orders of symmetry” of the spherical function with —{ < m < [. The

real spherical function is defined as:

Yi(0,0) = NungyPl(cosd)cos(my) for m >0
- N(ImIJ)P\Zm\(COS 0) sin(|m|p) for m < 0
= Y{(0,¢) form =0
(1.9)
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distribution function

a) b) ¢)

Figure 1.5: (a) 3D nonlinear dipoles distribution defined into the focal volume f(6,¢).
This specific example is related to CH bonds in a lipid membrane, see Fig. 1.4a. (b) 3D

nonlinear dipoles distribution which contributes to the signal. (¢) 2D distribution function

p().

with P! (cosf) the associated Legendre polynomials and N, ;) = ,/W.

This expression is therefore only dependent on the symmetry orders f,,;, which define
the way individual nonlinear dipoles are angularly distributed. Using such coefficients, the
unknown parameters are therefore not anymore the aperture and the orientation of an a
priori defined f(6, ¢) shape, but its symmetry decomposition. This un-supervised analysis
is particularly interesting when measuring structural behaviors in complex membrane
systems, such as unknown lipid / protein compositions and unknown membrane nanoscale

morphologies.

1.3.3 From the 3D f(2) function to the distribution function
p(¢) in the sample plane

We consider the case where the excitation fields E involved in the nonlinear coupling lie
in the transverse (X,Y’) sample plane; we can then reduce the previous expression where
only in-plane coupling angles between dipoles and fields occur. Note that we implicitly
assume here that there is no Z component (F; = 0) in the tensorial coupling with the
fields, even though it is known that focused fields contain such contribution. However, the
E7; component does not surpass 40% in amplitude comparing to in-plane components in
the case of strong focusing conditions (68), which is far from the cases studied in this work
(here, NA < 1.2). We will thus neglect this contribution, which contributes only under

numerical apertures above 1.2 and strongly tilted molecular angular distributions (69, 70).
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1. Polarization-resolved nonlinear microscopy: probing the molecular order of lipids

It means in particular that the nonlinear radiation equations, written above in the context

of planar wave, are still considered as valid.

Let us consider the nonlinear tensorial expressions of the susceptibilities probed by the
SRS (Xg)), CARS (Xﬁi)NR), FWM (X%{) or 2PEF (T2PEF)) Considering only in-plane
tensor-fields coupling, each remaining in-plane tensorial components from the previous
expressions (Eqgs. 1.7 and 1.5) can be written more specifically as for instance (here we
use x as a generic notation for all third order tensors invoked in the studied optical

processes):

voxxx = Ny [ [ sin® fcost o (6, p)dpdd (1.10)
0

and similarly for the other components (67, 71). Defining an in-plane effective distribution

function p(p) as:

ple) = /esin“r’ 618, )do (1.11)

permits to only account for in-plane orientation dependencies, the out-of plane orientation
0 being averaged-out. Therefore the 2 3D orientation of these dipoles can be reduced to
the in-plane orientation ¢. Using the spherical expression of the function f(6, ) (Eq. 1.8)
it is possible to integrate this expression over the § parameter and separate it from ¢,

which introduces a further simplification of the tensorial expression:

p(9) =X [ sin® 040070, 0)a0
m,l 0
ST

+ ) cos(myp) lZ/sin5 0 fni Ny Pry (cos H)dQ]
T Jo

m>0

+ > sin(|m|y) [Z/@sin5 Hf‘muNﬂmu)Pllml(cos G)dﬁl
!

m<0

= po+)_Pncos(ng) + g sin(ny) (1.12)
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Po 4, P» 4; Ps 4,
9 NV
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Figure 1.6: Spherical decomposition of the p distribution function. The (4, -) signs

indicate the positive and the negative part of the function, respectively.

with n a positive integer. The macroscopic tensor components become therefore:

Xxxxx = Ny /O27r cos’ ep(p)dp

xxxxy = N7y /O27r cos” psin op(p)dep

Xxyxy = Ny /027r cos’ ¥ sin’ op(p)dp

Xxyvyy = Ny /O 7 sin® g cos () dp

Xvyvy = N7y /027r sin op(p)dip (1.13)

The nonlinear response finally depends only on a function p(¢) characterizing the ori-
entation of the nonlinear dipoles. The order parameters (p,,¢,) can be interpreted in a
similar way as the order parameters (P,(cos(f))) derived from Legendre polynomials, used
in structural analyzes (72, 73). The p(yp) effective distribution permits thus to characterize
molecular order in the medium by its order parameters (p,, g,), which correspond to or-
ders of symmetry of the distribution. As shown in Figs. 1.5a and b, the distribution f(€2)
will be reduced to the final distribution p(¢). p(¢) is not a 2D section nor a geometric
2D projection of the nonlinear dipoles distributed in 3D f(€Q) function, it is rather an

effective 2D function that embeds 3D information within an average, weighted over sin® 6.

1.3.4 The reduced effective distribution function p(p)

One can notice that the macroscopic tensors involved in SRS, CARS, FWM but also 2PEF,
only involve a ¢ dependence of even orders, up to the fourth order n=4 (eq 1.13) (53, 66).
Therefore only even orders n = 0, 2,4 of p(¢) will be involved in the light-matter coupling

(Fig. 1.6). The retrieved distribution can be thus limited to a reduced effective distribution
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1. Polarization-resolved nonlinear microscopy: probing the molecular order of lipids

function p(y):

P(¢) = po + P2 cos(2¢) + o sin(2¢) + py cos(dp) + qu sin(4y) (1.14)

Using Eqgs. 1.13 and 1.14, the macroscopic nonlinear susceptibility components in the XY

plane can be written based on the symmetry orders of this reduced function:

7(6po + 4p2 + pa)

Xxxxx = Nry

8
Xxxxy = Ny 7r(2q28+ %)
Xxyxy = N7 7r(2p08— Py)
XXyyy = N’Yﬂ(2q28_ @)
Xyyyy = N7ﬂ(6p0 —;lpg ) (1.15)

PR nonlinear signals, which depend on these coefficients, should therefore allow the ac-
cess to the order parameters (p,,q,) of second and fourth symmetry, and therefore to
structural information in the investigated sample. We will show how to retrieve these
parameters from PR measurements (section 1.5) but first, we will demonstrate what kind

of information they represent.

1.4 Interpretation of order parameters of lipids and

fluorophores assemblies

The measured order parameters (p,,q,) allow to quantify structural information in a
general way based on the nonlinear dipoles’ disorder contributing to the nonlinear coupling

in the focal volume.

1.4.1 The symmetry orders S5 and Sy

Although the read-out of the p(¢) function by the optical processes studied here gives only
access to its second and fourth order parameters, rich information on the orientational
organization of measured dipoles can be obtained. To illustrate this gain of information,
first, we introduce four parameters in order to quantify the symmetry order magnitude
and the main orientation of the distribution function. The global amplitudes of second

and fourth order symmetry contributions will be quantified by ”orders” Sy and Sy, which
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Distribution 2nd sym. 4th sym. Retrieved
p(o) order order distribution p(o)
Case A
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Figure 1.7: Examples of p(y) distributions visualized by their 2nd and 4th symmetry order

parameters together with filtered-out angular distribution p(¢) (Adapted from (74)).
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do not depend on the orientation of the observed angular distribution but rather on their

shape:

So = o\ (03 + )

Sy = p%vpz?; +q;.

where the (ps, g2, pa,qs) coefficients are normalized to py which we set equal to pyg = 1.

(1.16)

Moreover, we introduce the angles 5 and ¢, to describe respectively the orientation of

the symmetry contributions of the distribution function in the sample plane:

by - 3 arc tg(ga/ps), if po >0 (1.17)
- :
sarctg(qe/p2) + 35, else
oy - Tarctg(qa/pa), if ps >0 (1.18)
4 = ' '
parctg(qa/ps) + 74, else

These four independent parameters play distinct roles in the description of the distribution
function as shown in Fig. 1.7. The angle (5 reports the main orientation of the distribution
and Sy reports the degree of anisotropy of the distribution regardless its orientation (see
Fig. 1.7). Sy is attributed to higher angular frequencies and thus to more complex details
in the shape of the distribution. A smooth Gaussian-like distribution (see Fig. 1.7 case A)
will contain less fourth order symmetry than a distribution with sharper edges (see Fig. 1.7
case B) or than a distribution made of lobes (see Fig. 1.7 case C). The order 4 orientation
4 plays also a role in the shape distribution: if ¢, is along ¢y, the distribution is of
cylindrical symmetry (see Fig. 1.7 cases A B). If not, the distribution becomes asymetric
(see Fig. 1.7 case C). It is thus convenient to separate this degree of symmetry into two

new coefficients for Sy, one symmetric (Sﬁs)) and one antisymmetric (Sia)) (74):

S = S cos(4(ps — o)) (1.19)
s = 5, sin(4(pg — p2)). (1.20)

Sia) is nonvanishing only for asymmetric distributions. In the case of symmetric distribu-
tions, (4 — o) is either 0 or 45°, leading to Sia) = 0.

Finally, the parameters S, and Sy holds therefore not only information on the disorder
of the angular distribution (its angular aperture), but also on its shape, making more

obvious the apparition of sharper features and of asymmetry.
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Figure 1.8: (a) Gaussian distribution function (polar representation) for different widths

0. (b) Super-Gaussian function with increasing steepness a.

1.4.2 From symmetry orders to real distribution functions

Every distribution function read-out by a PR-nonlinear process used in this study will be
represented by its symmetry spectrum (.S, .Sy), which is a reduced view of the complete
picture, as mentioned above. The next step is to interpret these coefficients in the frame of
a physical picture of what could be the real distribution function related to these orders.
In this section we illustrate the symmetry decomposition of a few model distribution
functions, inspired from possible lipid organization as illustrated in Fig. 1.2. The CARS
susceptibility of the lipids in resonance with their symmetric CHs-stretching vibration
mode is for instance governed by the orientation of these modes perpendicularly to the
lipid alkyl chain (Fig. 1.1b and Fig. 1.4a). The resulting distribution p(¢) could in this
case resemble a Gaussian function, as introduced earlier (45). In order to provide a larger
symmetry spectrum for this distribution, we introduce a super-Gaussian function centered

on ¢y and of width ¢ and the steepness a of the angular constraint:
p(p) e~ (lp=vol/20)° (1.21)

Fig. 1.8 illustrates such functions. Their width decreases with o (Fig. 1.8a) and their
shape gets sharper with a, from a Gaussian (a=2) to a sharp cone (a=100 and above).
The parameter a of this distribution function thus represents higher angular constraints

imposed to the molecules defining the shape of the distribution.

Once such function is defined, we can deduced its S, and S; symmetry orders, follow-
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1. Polarization-resolved nonlinear microscopy: probing the molecular order of lipids
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Figure 1.9: Symmetry orders of Gaussian (¢ =2) (a) and Cone (a =100) (b) distribution

functions as a function of their width o.
ing:

po = / p(p)dy
o0 =0
Pnso = 2 / p(p) cos(np)dyp

do = 2 [ p(e) sin(ng)dy
(1.22)

The values of S5 and S4 symmetry orders can directly be deduced from these expressions.
They are represented in Fig. 1.9 as a function of ¢ for the distributions considered here.

Visibly, Gaussian and cone functions can be well dif-
ferentiated by their (53,5;) coefficients at 20 > 90°. For
smaller apertures, the difference between Gaussian and
cone shapes is less obvious and would require higher sym-

metry orders to be read-out. In the examples studied in

this work the distributions are nevertheless found to be
often sufficiently large to be able to interpret such shape
variations. Note that such a study cannot be performed
if supposing a priori known distribution functions: here

the symmetry orders are specifically used to discriminate

between different possible distribution functions. S

Another interesting example is the existence of lobes Figure 1.10: The scheme of a
in the distribution function. In FWM for instance in bi-Gaussian function picturing
highly ordered lipids, the signal originates from a third the lipid acyl chain.

order tensor dominated by a trans alkyl chain symmetry (49), which could be pictured
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1.4. Interpretation of order parameters of lipids and fluorophores assemblies

2 Gaussian 9 ¢ Cone 90

- 0%
- 20%
- 40%
= 60%
80%

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Figure 1.11: Representation of variations of a Gaussian function in a and a cone function
in b, respectively, with an increasing isotropic contribution (0%, 20%, 40%, 60%, 80% of
the total population) to these functions. Theoretical distribution functions (above) and

their (Ss, S4) symmetry spectrum (below).

by two main directions of the CC bonds with an inter-angle of about 70° (Fig. 1.1b) (see
Chapter 4). Assuming that the angular disorder experienced by the lipids is modeled by
a Gaussian function (45, 49) centered on ¢, and of width o, this disorder will cause the

associated nonlinear bond dipoles to lie within a bi-Gaussian function:

p(p) e~ (p—p0—e/2)?/20% 4 ,—(p—po+e/2)?/20 (1.23)

made of two Gaussian functions distant by about ¢ ~70° (Fig. 1.10). This function has
been shown to exhibit much higher Sy values (5, > 0.5 for Sy ~ 0.5), as can be expected
from its four lobes shape (65) (see Chapter 4).

At last, a case possibly met in samples is the presence of an isotropic population in
the focal spot of an objective (coming for instance from internalized fluorescent molecules
close to a membrane or from vesicles close to the membrane with diameter much below

the diffraction limit), that gets superposed with an ordered population. The resulting

25



1. Polarization-resolved nonlinear microscopy: probing the molecular order of lipids

distribution we can modeled by new orders that are lowered by the presence of the isotropic
contribution. If this contribution is of n% (of the total molecular population), then the new
measured order parameters will be 1Sy and 754 as demonstrated in (74). Fig. 1.11 shows
different Gaussian and cone functions altered by the presence of an isotropic population
in their distribution, together with the behavior of their (Ss,S5;) symmetry spectrum.
Interestingly this situation also contributes to raise the effective S, coefficient to higher
and positive values (for a given Sy value). This situation is clearly distinct from the case

of distributions free from isotropic population leakage.

1.5 Deduction of the order parameters (p,,q,) from

the PR nonlinear signals

Since the different optical contrasts described above exhibit a different relation between
the nonlinear susceptibility tensors and the nonlinear intensity signal observed, we will

discuss the retrieval of the order parameters separately for each contrast.

1.5.1 Deduction of (p,,q,) from PR-SRS

As has been discussed at the beginning of this chapter, the stimulated Raman gain (SRG)
process is based on the interference between the electric field induced by the nonlinear
dipole at wg and the incoming field at wg (33, 75). Due to this heterodyne behavior, the

gain on the Stokes beam at resonance is linear with the susceptibility, and reads (76):

I9RG IIKL X?JKLE;,IES,JERKEE,L (1.24)

where (I, J, K, L) € (X,Y, 7). The vectors E;LS are the incident electrical fields for the
pump and Stokes frequencies w, and w,. Both fields are linearly polarized along the same
direction, defined by an angle o with respect to the X axis (see inset in the Fig. 2.1,
Chapter 2). Thus: E, s = (Ex = E,scosa, By = E,gsina, By = 0) with E, g is the
field amplitude of the pump/Stokes beam. The intensity (Eq. 1.24) is then expressed as
function of «a:
ISE9(a) oo xByxxcosta+ 4y vy cos® asina

+6x% vyy cos? asin® a (1.25)

+4x %y vy cosasin® a + yfyyy sin? a.
and can be rearranged to exhibit its Fourier coefficients a,, and b,, for n =0, 2, 4:

I5R% () ocag +aycos(2a) + by sin(2ar)

, (1.26)
+a4 cos(4a) + by sin(4a)
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1.5. Deduction of the order parameters (p,, ¢,) from the PR nonlinear signals

which are linked to the distribution order parameters by (77):

— 3 . T
o = 4 Do a2 = 5P2 a4 = gP4

. - (1.27)
by = 52 by = 44

The polar-resolved SRS intensity is then described by a Fourier series where the Fourier
coefficients are linearly related to the distribution function parameters. These coefficients
are easily calculated by projection of I°%9(a) on the (cos(na), sin(na)) function. This
way, the polar-resolved SRS signal shows directly how the molecular bonds are oriented

and distributed into the focal volume.

1.5.2 Deduction of (p,, ¢,) from PR-CARS

Deduction of the order parameters from the CARS-FWM intensity is not as straightfor-
ward as from the SRS signal since the relation between the nonlinear susceptibility and

the electric field is not linear. The induced macroscopic dipole is proportional to:

Pr(was) = > XtxrE§ Ep By (1.28)

JKL
with the CARS induced dipole oriented along the direction I (X or Y'). The intensity
oriented along X is thus proportional to the square modulus of the CARS dipoles which

leads to:
IS o > X Xeuwo ErEx ELEMENED

JKL
MNO

(1.29)

and the total intensity is the summation of the intensity along X plus the intensity along
Y: JCARS — [CARS | [CARS

Due to the fact that 79455 Fourier series coefficients a,, and b,, are going up to the sixth
order (n =0,2,4,6) (71, 78) (see Appendix A), the retrieval of the distribution function
is complex and requires iterative algorithm to find the right set of order parameters that
fit with a given PR intensity response (71) (see section 2.3.2, Chapter 2). We will thus use
an approximate calculation of the order parameters, to simplify and decrease the time of
analysis (77).

As the CARS intensity is quadratically dependent on the susceptibility (Eq. 1.29), it
can be written as the square of a truncated Fourier series:

ICARS (o) o [al + dly cos(2ar) + bl sin(20v)

1.30
+a)y cos(4a) + b, sin(4a)]. (1.30)
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1. Polarization-resolved nonlinear microscopy: probing the molecular order of lipids

Consequently, /I¢4%3(«) is used in the calculations and decomposed as

ICARS (o) = ag +ay cos(2a) + by sin(2a)
(4a) + by sin(4av) (1.31)
(6a) + bg sin(6v),

+ay cos

+ag CcOS

The parameters (ag, az, a4, by and by) can be directly deduced by projection on the

(cos(na), sin(na)) basis function and are expressed as a function of af, ab, a/j, b, and b},

ay = a@+ap/2+b2/24+ a4+ b}

ay = 2apah, + ayal + byb)

ay = af/2—b2/2+ 2ayd,

ag = ahaly — byl (1.32)
by = 2a(b, + abb), — ajb)

by = 2a(b) + aLb,

be = ahbb + ajbl,.

Therefore an approximate relationship can be found between the Fourier parameters

(a!,, b)) and the order parameters (p, qn):

n»-n

! ~ 3T | ~ T I~ T
Ay = 4 Po Ay = 5P2 Ay = P4

(1.33)

/o~ T | o~ T
b2~5612 b4~§€14-

A numerical comparison has been done between the exact and the approximate calculation
of the CARS signal which showed that both outcomes were identical with 1% whatever the
set of a,,b, parameters considered (77). The negligible difference comes from the eighth

fCARS ]CARS

frequency presents in , whereas contained only six orientational frequencies.

1.5.3 Deduction of (p,, ¢,) from PR-2PEF

The polarization dependence of the collected 2PEF intensity from the in-plane components

of the [igs vector in a steady state regime can be written (52):

PR ) o | 122 () - B()|' ple) dp

2m
x [ eostlp —a)p(p) e, (1.34)
0
with /20 (o) = fiaps (cos ¢, sin , 0) and
ple) = | sin® 05(0.)1(0,0) . (1.5)
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1.6. Conclusion

where the [i,s is the absorption dipole vector of the fluorophores contributing to the
signal, E assumed to be linearly polarized in the sample plane and the factor J(6, )
is the detection probability of fluorescence (51, 52). The 2PEF intensity can also be

rearranged to exhibit the Fourier coefficients a,, and b, for n = 0,2, 4:

IPPEE () ocag +agcos(2a) + by sin(2a)

(1.36)
+ay cos(4ar) + by sin(4a),

which are linked linearly, in the same way as SRS, to the distribution order parameters
by:
ap = ??fpo az = §P2 ay = §p4
(1.37)
by = %qQ by = %%-
This way, the PR-2PEF signal shows directly how the fluorophores are oriented and

distributed into the focal volume.

1.6 Conclusion

In this chapter, we demonstrated an analytical model to read out the angular organiza-
tion of biomolecular assemblies. This fully tensorial approach permits revealing a high
level of details on the orientational disorder and depends only on the nonlinear contrast
used to target not only fluorescent probes (2PEF) but also unlabeled molecules by their
vibrational resonances (CARS, SRS) or electronic responses (FWM). We show finally
that a simple Fourier decomposition of the PR-responses measured for all these optical
contrasts gives access to symmetry order parameters of the observed molecular distribu-
tion function. This considerably simplifies and speeds-up data processing, allowing large
images to be analyzed. In the following chapters we will demonstrate the application of
this model to target the organization of lipid assemblies in model (MLV) and biological
(myelin) membranes as well as of fluorophores embedded in membranes as probes for

lipids’ orientational order.
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Chapter 2

Polarization resolved multimodal

microscopy and data processing

In this chapter we will present the experimental set-ups that were used to perform PR
and multimodal imaging. Two optical systems using different laser sources were used in
this work to perform the experiments according specific tasks. A picosecond system was
used to perform PR-CRS measurements on the model membranes that required spectral
vibrational selectivity, especially in the Raman bond region different from the ”lipids
region”, benefiting from its high spectral resolution. However, when higher intensities were
needed and not necessarily a high spectral resolution, we used a femtosecond optical set-
up. We employed this system to perform PR measurements using different contrasts such
as CARS, SRS and 2PEF as well as multimodal imaging of complex biological samples.
Both laser sources operating in a wide spectral range are based on two Optical Parametric
Oscillators (OPQO’s) that deliver two optical frequencies known as the pump and the
Stokes frequencies which together generate simultaneously various nonlinear processes at
the focal spot of the microscope objective. These systems are described in the first part

of this chapter.

The linearly polarized light, which is the main player in the PR measurement, needs
to be well controlled in order to retrieve a valuable information about molecular order.
Therefore, in the second part of this chapter, we will discuss how the linearly polarized
light can suffer from a variety of distortions introduced either by instrumental factors or

by the sample itself, and how to overcome these problems.

The last part of the chapter is focused on finding the best solutions for data acquisition
and retrieval of the order parameters discussed in Chapter 1. The image processing before

any polarimetric analysis is also addressed since it is sometimes necessary to evaluate the
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2. Polarization resolved multimodal microscopy and data processing

high accuracy of the method depending on signal to noise conditions.

2.1 Experimental set-up

In this section we present in detail the two optical set-ups used in this work. Configurations
of the wavelengths as well as optical filters and dichroic mirrors used in the individual

experiments are sketched in the Appendix B.

2.1.1 The picosecond system

The excitation source in the picosecond system shown in Fig. 2.1 is a mode-locked fre-
quency doubled Nd:YVO laser (picotrain HighQ laser) operating at A = 532 nm with an
output average power of 8 W. It delivers picosecond pulses to two independent OPOs

(Emerald, APE, Berlin, Germany). Each of them then generates the ~ 5 ps (repetition

Lock-in amplifier [ »| Gy
— < OPO 1 AN
L L
Wy

Delay line

Nd:YVO PN
BS

Ag Mirror

4
L

Figure 2.1: The experimental picosecond set-up. Key: Nd:YVO: mode-locked frequency
doubled picosecond laser; OPO: tunable optical parametric oscillator (730 — 960 nm);
AOM: acousto-optic modulator; BS: beam splitter; L: lens; P: polarizing beamsplitter
cube; A/2: tunable achromatic half-wave plate; Obj.: high numerical aperture; BC: beam
combiner; M-1: flip mirror; F: filter; Det.1: PD: photodiode, SRS detection; Det.2: PMT:
photomultiplier tube, CARS detection. Inset: Enlarged window of the polarized excitation
in the (X,Y’) sample plane.
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2.1. Experimental set-up

rate 76 MHz) pulses within a maximal wavelength range of A\ = 730 — 960 nm. In our
experiment the pump beam is usually fixed at A = 735 nm and the Stokes beam is tuned
to perform CARS and SRS spectra or to target a specific Raman resonance. These two
beams, the pump (w,) and the Stokes (wg), are temporally synchronized and spatially
overlapped on a beam combiner (BC, see Fig. 2.1) and sent into a custom-made scan-
ning microscope (79). The imaging system uses a pair of galvonometric mirrors (6200 H,
Cambridge Technology) which scan the sample and is controlled through a home built
software (Labview, National Instruments) (80). The data is acquired by a data acquisition
board (NI USB 6353, National Instruments Corp). After reflection on the silver mirror in
the inverted microscope (Eclipse Ti, Nikon Instruments Inc.) the two beams are focused
by a high numerical aperture objective (see Appendix B) and the emitted signal is col-
lected in the forward direction. In the CARS operation mode the anti-Stokes (w,s) signal
is filtered and detected with a photomultiplier tube (PMT, Hamamatsu R9110, spectral
response: 185 to 900 nm) coupled with a preamplifier (C7950, Hamamatsu) or channel
photomultiplier tube (CPM, Perkin Elmer Optoelectronics C972, spectral response: 115
to 900 nm). In the SRS operation mode, the pump beam is modulated in amplitude at
a frequency of 20 MHz thanks to an acousto-optic modulator (AOM - AAOptoelectronic
MT200 A0,2 — 800). The stimulated Raman gain (wgrg) induced on the Stokes beam is
filtered and detected with a high spead photodiode (PD, Thorlabs DET100A, spectral
response: 350 to 1100 nm) and a fast lock-in amplifier manufactured by APE.

We used the picosecond system to perform PR -CARS, -FWM and -SRS measurements
on the model lipid membranes (multilamellar vesicles) in order to better understand the
spectral specificities of the polarization response from the sample and also to investigate

the intrinsic properties of the PR nonlinear contrast.

2.1.2 The femtosecond system

In the femtosecond system the light source is a tunable mode-locked Ti:Sapphire laser
(Chameleon Ultra II, Coherent Inc.) operating in the range from 690 to 1080 nm which
delivers 150 fs pulses (repetition rate 80 MHz) to an optical parametric oscillator (Com-
pact OPO-Vis, Coherent Inc.) with an output average power of 5 W. The OPO system has
several simultaneous outputs operating at different spectral range shown in Fig 2.2. The
pump (w,) and the Stokes (wg) beams can be individually tuned according to a certain
OPO output giving access to a large spectrum of possible wavelength combinations. In our

experiment we use two output configurations which for clarity are presented in separate
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Figure 2.2: Specifications of the femtosecond system. (@) Independent wavelength tuning

of laser+OPO with multiple outputs operating at different spectral range. Outputs used

in our studies are marked in red. (b) Possible wavelength combinations.

Epi detection path

* Computer

Ti:Saph
OPO SHG
OPO

Ti:Saph

Figure 2.3: The main configuration in experimental femtosecond set-up. Key: Ti:Saph:

tunable Ti:Sapphire femtosecond laser (690 — 1080 nm); OPO: tunable optical parametric
oscillator (1000— 1600 nm); AOM: acousto-optic modulator; L: lens; DM-1, -2, -3: dichroic

mirrors; P-1, -2: polarizing beamsplitter cubes; A/2: tunable achromatic half-wave plate;

Obj.: high numerical objective; M-1, -2: flip mirrors; F: filter. Forward detection: Det.1:

photodiode detector; Det.2, Det.3: photomultiplier tube detectors. Inset: Enlarged window

of the polarized excitation in the (X,Y’) sample plane.
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set-ups (Fig. 2.3/Fig. 2.4 and Fig. 2.5) called the "Main configuration” and the ” Alter-
native configuration”, respectively. We use the ”"Main configuration” largely in most of
experiments. The ” Alternative configuration” is used to perform experiments in the case
when, for instance, a detector efficiency to collect a signal operates at different spectral

I wavenumbers (Main configura-

range or we want to target resonances below 1000 cm™
tion targets wavenumbers in the range from 2100 cm™! to 3030 cm™!). We have chosen
this configuration due to the efficiency of detector (operating at lower spectral range) to
perform one set of PR measurements as discussed in Section 4.2.

The layout of the optical path is similar for both configurations. However, the ”Main
configuration” uses the Ti:Saph and the OPO output for the pump and the Stokes beams,
respectively (Fig. 2.3) while the ” Alternative configuration” uses the Ti:Saph and the
OPO-SHG output for the Stokes and the pump beam, respectively (Fig. 2.5). The com-
bination of half-wave plate and polarizing cube (P-1) placed before the dichroic mirror
(DM-1) on the invariant Ti:Saph-output path allows us to switch easily between two con-
figurations. Both beams, the pump and the Stokes are overlapped in time and space on
a dichroic mirror (DM-1) and sent to an inverted microscope (Eclipse Ti, Nikon Instru-
ments Inc.) using a pair of galvonometric scan mirrors (6215H, Cambridge Technology

Inc.). The excitation light is focused on the sample by a high numerical aperture objective

Det.4

L=—— | Det2 0

S =

DM-1 DM-2 F L L

_—
=T
£
=
OC»)
!

Figure 2.4: The configuration of the epi detection used in the multimodal imaging. A
nonlinear signals were spectrally separated by the combination of filters (F) and dichroic
mirrors (DM-1, DM-2 or DM-3) and sent simultaneously to identical 4 detectors - PMTs.
Detected signal is usually in the range of 350 to 700 nm.

(see Appendix B) and the filtered nonlinear signal is recorded either in the forward- or
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2. Polarization resolved multimodal microscopy and data processing

in the epi-direction. The choice of forward- versus epi detection is governed by the type
of measured sample (epi-direction being for instance more appropriate for thick samples
such as tissues). We use invariably photomultiplier tubes (PMTs, Hamamatsu R9110,
spectral response: 185 to 900 nm) to collect the fluorescence (woppr) or the anti-Stokes
(was) signal in the CARS operation mode while photodiodes (PD, Thorlabs DET36A,
spectral response: 350 to 1100 nm) and a fast lock-in amplifier (APE) while collecting
the SRS signal. Scanning and data acquisition is performed using an in-house LabVIEW
(National Instruments Corp.) program (80). The data is acquired by a data acquisition
board (NI USB 6353, National Instruments Corp). At this point we should specify the

detection path for the two different configurations.

Main configuration

In this configuration (Fig. 2.3) the pump beam is tuned in frequency and modulated
in amplitude in the SRS operation mode which results in the emission of the stimulated
Raman gain (wgre) signal induced on the Stokes beam which is detected by a photodiode.
The transmitted anti-Stokes and reflected fluorescence signals by a dichroic mirror (DM-3)
are detected simultaneously on the PMT detectors. For the specification of wavelengths,

filters and dichroic mirrors see Appendix B (Section B.2).

The PR-measurements are performed using the forward detection scheme (Fig. 2.3).
On the other hand, multimodal imaging (Chapter 7) is performed using the epi-detection
path. A nonlinear signal collected by the excitation high numerical aperture objective
and transmitted by a dichroic mirror (DM-2) is spectrally separated and filtered as shown
in Fig. 2.4 (see Appendix B.4 for setting wavelengths). In all cases fluorescence and the

anti-Stokes signals are recorded simultaneously using identical PMT detectors.

Alternative configuration

For the alternative configuration which uses the OPO-SHG source, we perform PR-
measurements using either the forward or the epi-detection paths (Fig. 2.5, Fig. 2.4).
We record the SRL signal in the forward direction while the anti-Stokes and fluorescence
signals are collected in the epi- direction. Note that in comparison to the "Main configu-
ration” | here the modulation of the amplitude and frequency is done on the Stokes beam
which generates the emission of the stimulated Raman loss (wsgr) signal on the pump

beam. The experimental settings are detailed in Appendix B (Section B.3).
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Figure 2.5: The alternative configuration in the experimental femtosecond set-up. Key:
Ti:Saph: tunable Ti:Sapphire femtosecond laser (690 — 1080 nm); OPO SHG: tunable op-
tical parametric oscillator (500 — 800 nm); AOM: acousto-optic modulator; L: lens; DM-1,
-2, -3: dichroic mirrors; P-1, -2: polarizing beamsplitter cubes; A/2: tunable achromatic
half-wave plate; Obj.: high numerical objective; M-1: flip mirror; F: filter; Det.1: photodi-
ode detector; Det.2, Det.3: photomultiplier tubes. Inset: Enlarged window of the polarized

excitation in the (X,Y’) sample plane.

2.1.3 Polarization resolved microscopy

In order to perform the PR measurements, two elements are introduced into the standard
experimental set-ups: 1) the polarizing beamsplitter (P; PBS252, Thorlabs Inc.) which
induces a p-polarization on both lasers, the pump and the Stokes, and 2) an achromatic
half-wave plate (A/2; AQWP10M-980, Thorlabs Inc.) mounted on a motorized rotational
mount (PR50CC, Newport Corp.) which rotates simultaneously both linearly polarized
beams (Fig. 2.1, Fig. 2.3, Fig. 2.5). By changing the polarization angle « of the incident
electric fields (E) with respect to the X axis (horizontal axis in the sample image) we
record the image for each polarization state over the range of 0° to 170° with an « step of
10°. The emitted nonlinear signal is detected either in forward or in epi configuration. We
collect the whole modulated intensity signal in so called un-analyzed detection (without

any analyzers) which allows us to use multiple detectors at the same time. It has been
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2. Polarization resolved multimodal microscopy and data processing

shown in particular that un-analyzed detection permits to avoid artifact effects from

scattering (81).

Although these two elements are standard in the PR schemes their arrangement in the
optical path may not have an identical effect on the linear polarization state. For technical
reasons, in the picosecond system the polarizing beamsplitter and rotating A/2 are placed
before the Ag mirror which reflects the linearly polarized incident fields and send them
towards the microscope objective (Fig. 2.1). Such a configuration may introduce some
distortions in the polarization state of light in such a way that the elliptical or circular
polarization is sent to the sample instead of the linear polarization (see Section 2.2.1).
Thus, all possible distortions caused by the reflection optics need to be characterized
and introduced to the model presented in Chapter 1. The situation is different in the
femtosecond system where the rotating \/2 is placed after the dichroic mirror (DM-2) just
before the focusing objective (Fig. 2.3, Fig. 2.5), resulting in linear excitation polarization
free of distortions. Therefore, no corrections of distortions in the model is required in this

scheme.

2.2 Artifacts in PR measurements

Investigation of the molecular order by PR microscopy requires the excitation polariza-
tion to be well controlled. The distortion of incident fields contributing to generate the
polarized nonlinear response needs to be characterized and eventually introduced to the
polarimetric model. Different instrumental elements such as the dichroic mirrors or a high
numerical aperture objectives as well as the factors induced by the sample itself (mainly
birefringence, diattenuation and scattering) can play a role in the polarimetric response
and bias the obtained results. A lot of work has been done previously (62, 66, 81, 82) on
characterizing and compensating for the polarization distortion effects. In this section we

will give a brief description of the effects which are the most relevant to our work.

2.2.1 Polarization distortions induced by reflective optics

Optical mirrors and dichroic beamsplitters reflecting an incident field often induce a phase
shift ¢ (ellipticity) and amplitude factor v (diattenuation) between two orthogonal polar-
ization state components s and p which in the geometry of experiment also corresponds
to the X and Y directions in the sample plane (Fig. 2.1). Such a distorted field can be
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expressed as (82) in the backfocal plane of the objective before focusing:

cos
E(a,0,7) < | (1 —~)sinae? (2.1)
0

where « is the rotating polarization angle of the excitation field with respect to X axis.
As it is shown in Fig. 2.6, the effect of the phase shift § on the electric field strongly affect
the incident polarization state. In the free-distortion scheme when the ellipticity 6 = 0

the polarization of the incident electric field stays linear whatever the angle . However,

a=0 E, o=mn/4 E, o=1/2 B,
1 do=m 50=0 I
Vo

Yo 0=t

Figure 2.6: Influence of the ellipticity 0 and diattenuation + on the linearly polarized
electric field rotating of an angle o. The polarization stays linear when the incident field
is horizontal (a=0) or vertical (a=m/2) with respect to the X axis. The highest elliptical
effects appear for the intermediate direction of the incident field (Adapted from ref. (66)).

when 0 increase and the incident fields rotate the linear polarization become more and
more elliptical reaching circular polarization at § = 7/2 and a = w/4. The presence
of such distortion effects will affect the symmetry orders read out which strongly relies
on the emitted polarized nonlinear signal (71, 82). Therefore, the degree of polarization
distortions (e.g. knowing both the § and ~ factors) needs to be carefully characterized
before any polarimetric analysis.

The measurement of the polarization state has been in particular performed on the
pump and the Stokes beams in the picosecond experimental set-up where the incident field
is rotated by a A\/2 placed before the reflective Ag mirror (see Section 2.1.3). We charac-
terized the distortion factors using a polarimeter developed by Xiao Wang as described
in (51, 83). The method to retrieve the effect of these distortion factors on the order
parameters is based on a rotating quarter-wave plate and can be found elsewhere (71).

We have measured that the reflection on the Ag mirror induces a phase shift § between
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2. Polarization resolved multimodal microscopy and data processing

the E'y and Ey components equal to 163° for the pump beam set at 735 nm and 176° for
the Stokes beam set at 929 nm, which are the wavelengths often used in our experiments
to probe the CH stretching vibrations (2845 cm™!). The diattenuation v factor was found
to be 0 for both wavelengths. Such a phase shift can impose a strong bias on values of
the order parameters (p,, ¢,) (71). Numerical studies have shown that while p, can be
biased of 0.05 in the presence of § = 90°, the p, is much more sensitive and can reach
a biased value higher than 1 for this phase shift. We included the correction for these
distortions into our model when analyzing data from the picosecond experimental set-up,
which consists in rewriting the relation between the Fourier coefficients of the PR-CRS

signal and the order parameters (See Appendix A and ref (71)).

2.2.2 Polarization distortions induced by high NA objectives

Objectives with a high numerical aperture can be another possible source for polarization
distortions. Under a tight focusing of the light the longitudinal component of the electric
field can play a role in the generation of the polarized response coupling with the molecular
dipoles which possess orientation components along the propagation direction Z (69). It
has been shown in particular by Schon et al. (82) that in an isotropic liquid, in which the
excitation process is randomized, the fluorescence polarimetric response does not depend
on the numerical aperture of the objective. However, in anisotropic samples, the coupling
between the off-plane molecular transition dipoles and the longitudinal (Z) component
of the excitation field can add some new contributions in the emitted light and lead
to deformation of the polarimetric response. Nevertheless, since strongly tilted dipoles
also radiate much less efficiently, their contribution is decreased. We will see in Chapter
6 that symmetry orders read by our polarimetric analysis are essentially insensitive to
longitudinal contributions when the molecular distribution is lying in the sample plane
(e.g. equatorial plane of a spherical membrane) or slightly tilted. We will therefore neglect
this factor in the data processing since it does not strongly affect resulting polarization
response. The theoretical developments show that in the case of slightly tilted distributions
it is recommended to use objectives with NA < 0.8 to avoid possible implications after

Z longitudinal field component to the polarization analysis (82).

2.2.3 Influence of sample birefringence on PR analysis

It is common that birefringent materials such as crystalline (84) and biological samples
(42, 62) are able to perturb the optical properties of polarized light leading to erroneous

or biased results. This is because strongly anisotropic structures can exhibit different re-
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fractive indexes and absorption coefficients along their main symmetry axis compared to

3) z=0pm

sample
Y plane

E(a, 3)

K

Figure 2.7: FWM intensities along || (black) and L (gray) analyzed detection to the
incident £ field as a function of the incident polarization at Z=0 pum (a) and Z=60 pm
(b) in collagen sample (extracted from a rat tail tendon). Solid lines: theoretical intensities
given by the best fit; dots: experimental data. From left to right, the polar plots of different
position on the rat tail tendon (Adapted from ref. (85)).

the perpendicular optical axis. In microscopy, such a difference in refractive indexes (bire-
fringence) can introduce a phase shift (®,) between the components of the polarized input
field. As presented in Fig. 2.7 the degree of distortions induced by birefringence increases
with the depth at which the polarized excitation light is focused. In this experiment, per-
formed by Munhoz et al. (85), PR-FWM data were acquired on collagen fibers extracted
from rat tail tendon which are known to be highly birefringent (86). The experimental
polarization configuration was similar to our approach with this difference that the trans-
mitted FWM intensity was recorded on two channels, polarized parallel or perpendicular
to the direction of the excitation field (black and gray curves in Fig. 2.7, respectively).
Moreover, it has been also noticed that the detection of polarization distortions can be
enhanced in certain orientations of the strongly birefringent structures (62).

Finally, a question arises: how does the birefringence affect the symmetry orders that
are read out by PR experiment? Following the method developed previously (62, 67, 71) we

characterized the degree of birefringence in our samples and its influence on the deduced
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order of symmetries. Briefly, we rotate the linear polarization angle a of the excitation
field from 0° to 170° and record the transmitted intensity at the laser wavelength after a
polarizer of known orientation. Such a measurement provides a direct access to the total
phase shift (®(d)) of the Ex versus Ey components of the field introduced by a sample
of known thickness (d = L) when compared with data obtained from an isotropic solution
(Appendix C). From the measured birefringence we have numerically calculated how the
values of S5 and S; deduced from polarization data are affected by this birefringence.
Typically in MLVs, birefringence phase shifts of about 10° are obtained over a 20 pum
propagation length (up to 40° has been obtained in MLVs doped with cholesterol). Using
models for which the incident fields are affected by birefringence (71), we have estimated
the bias on 54 to be no more than 0.1 in the presence of a 40° birefringence phase shift.
The Sy symmetry order is less sensitive than S, and thus much less affected (bias < 0.02).
The measurement of birefringence on the myelin in a spinal cord sample leads to very
similar values (see Appendix C).

We will thus always perform our PR experiments close to the surface with depth cor-
responding to a birefringence < 40° to consider the induced bias on S; negligible and the
Sy bias less than 0.1. It is however possible to insert a known birefringence into the model

used to fit the polarization data (71) in case of higher birefringence.

In addition to refractive index difference, the light passing through an anisotropic
structure can also be attenuated on one of the two components of the incident field. Such
an effect can lead to deformation of polarimetric responses when penetrating deep in a
sample (42). Our PR intensities modulated signals are recorded in the backward direction
and close to the surface of poorly absorbing samples and therefore this parameter is

negligible in our experiments.

2.2.4 Influence of the scattering on PR analysis

Scattering in the tissues is a main issue when a valuable biological information can be only
found deeply under the surface. In highly scattering tissues such as the white matter of
the spinal cord when the density of myelin is high, multiple scattering starts occurring and
may lead to a strong depolarization of the incident field propagating through a medium
due to the randomization of propagation direction. Many works have been dedicated to
characterize polarization properties of biological tissues (87, 88). Typically, depolarization
starts occurring at depths of a few scattering mean few paths in tissues, which corresponds

to a few hundreds of ym in the brain. In a recent fundamental work, de Aguiar et al.
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(81) quantified the degree of linear depolarization (DOLP) of either incident or emitted
fields in scattering media. He shows that while the polarization state of NIR excitation
photons is preserved until a depth when structures can be imaged (few hundreds of pum
in brain, 80 pum typically in spinal cords), the polarization of emitted photons (2PEF
and CARS) depends on the geometry, the size of scattering centers and on the thickness
of the specimen. In thick spinal cord tissue for instance, the emitted epi-CARS photons
can be depolarized even though the imaging depths is as low as 20 pm. This is due to
the fact that epi-emission is superimposed with back-scattered photons that come from
multiple directions. Therefore, when the emission is detected with an analyzer (polarized
detection) the results can lead to erroneous conclusions. In what follows, we will discuss
how to overcome these problems.

As the spinal cord tissue, which will be investigated in this study, is a highly scattering
medium (89, 90) depolarization of emitted CARS should be in principle a very important
issue. First of all, we perform a superficial PR imaging with a maximum depth of ~ 20 ym
and therefore the excitation photons involved in the nonlinear coupling are not affected by
depolarization. Second, we do not use any analyzer. We record the intensity modulation
which is the total nonlinear signal respective of its emission direction thus depending
only on the orientation of excitation induced dipoles and therefore providing reliable and

robust measurements against scattering effects.

2.3 Data analysis and image processing

2.3.1 Data acquisition

The general method to retrieve the molecular order parameters is shown in Fig. 2.8. When
performing PR measurements the sample is scanned pixel by pixel and the resulting image
is recorded for each polarization state. For each pixel in the recorded stack of images we
retrieve the modulation of the signal depending on the input polarization angle «. The
range (typically from 30 x 30 pum to 100 x 100 pum depending on the size of the structure)
and the step size of the rotating polarized fields should be chosen to retrieve the curve
of polarization modulated intensity with the highest signal level (Fig. 2.8b). The average
laser power at the focal spot should be chosen to collect at least 10 photons (on a pixel)
per polarization angle on average, in order to reliably retrieve Sy and Sy values, but in our
case the intensities usually greatly overcome this criterion (see Section 2.3.3). Previous
studies (71) have shown that the important parameter that governs the precision of the

Sy and Sy retrieved values is the total number of photons (or signal) summed over all
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Figure 2.8: (a) Schematic of the set-up geometry. (b) Stack of PR images recorded by
CARS on myelin fiber in the spinal cord tissue and a intensity modulation for one pixel
taken from the image (pixel size 100 nm). (¢) Images deduced from the numerical calcu-
lations of the Fourier coefficients (a,, b,) of the PR intensity images. (d) Images of order
parameters (p,, ¢,) deduced from the Fourier coefficients by either exact or approximate

calculation. In this case, approximate calculation (see Chapter 1).

incident polarization angles. As long as number of incident « angles is above 5, using
many « angles and short integration times is thus equivalent to few « angles with long
integration time. We will typically chose 18 incident polarization angles with ~ 50 us

integration time (= 1 s for the 50 pm x50 pm) per angle.

2.3.2 Retrieving the order parameters from the PR-measurements

The first step to retrieve the order parameters from the PR measurement uses the Fourier
analysis of the recorded polarization dependent intensity. Since the intensity signal ()

contains powers of cosine and sine functions, it can be decomposed in a Fourier series as
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follow (74):
I(a) x 1+ ;; [Aj cos(ka)) + By sin(ka)] (2.2)

where non-zero terms are only for £ = 2 and k£ = 4 for SRS and 2PEF, in agreement
with Eq. 1.14 and Eq. 1.37 k reaches k = 6 for CARS (see Eq. A.4, Appendix A). If the

measurement is performed at N discrete angles regularly spaced a; =0, ..., a; = %,
A W (in radians), the Fourier coefficients of the measured signal are given by
9 N
A, = T > I(y) cos(kay) (2.3)
0 =1
9 N
B, = T > I(a;) sin(kay) (2.4)
0 =1

with Iy = SN, I(;). If we consider the 2PEF signal the distribution parameters are
directly obtained using:

S = oA+ B (25)
Si = 643 +B}, (26)
Py = ;arctg(BQ,Ag), (2.7)
Yy = leal"Ctg(Bzi,Az;), (2.8)

where arctan denotes here the four-quadrant inverse tangent function. One can show
mathematically that Eqs. 2.3 and 2.4, which use a discrete sum to compute Fourier co-
efficients instead of continuous integrals, are valid for N > 6, the case where we only
consider k = 2 and 4. Note that by definition of a positive measured intensity, the range
of values for Sy and Sy is confined within [0-2]. This treatment results in maps of the
Fourier coefficients (a,,b,) deduced from the PR stack of images, similar as shown in
Fig. 2.8c.

These values can be biased according to the level of noise as mentioned above. When
a special care is taken to acquire data with a good signal-to-noise ratio, which is the case
here, an error of only a few percent appears on the coefficients.

The determination of the order parameters (p,, ¢,) from the measured (a,, b,) coefhi-
cients in the case of the CARS signal relies on the nonlinear expression shown in Eq. A.5
in Appendix A and is therefore not straightforward. In order to resolve this inverse prob-

lem two methods of calculation have been developed in our group.
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Fitting method

The first procedure, developed by Bioud et al. (71) relies on finding the set of ps, g2, ps, Gu
(with pg = 1) values according to a minimizing criterion between a model equation and

the retrieved (ay,b,) parameters:

E(p27 42, P4, C]4) = ||(wezp — w(p2u 42, P4, Q4))H2 (2-9>

where w*P = [ag, a4, ag, ba, by, bg| is the set of Fourier coefficients measured and w(pa, g2, pa, 1)
is the expected set of Fourier components for given (ps, g2, ps, q4) values. To span the ex-
pected values we build a database of (a,,b,) values expected from all (p,,q,) values
ranging between [—1.5,1.5]. The choice of the sampling step is made contextually (de-
pending on the precision required) ranging between 0.01 and 0.05. This procedure allows

to recover, on each pixel, the best order parameters (pa, g2, P4, q4) without ambiguities and
with a minimal error. It also allows entering possible effects from optical fields distori-
ons (dichroic mirrors, birefringence) in a pre-defined model for the expected polarization
response modulation.

In particular due to distortions introduced by the dichroic mirror in the ps set-up (Sec-
tion 2.1.3) the formulas relating the (a,, b,) coefficient and the order parameters (p,, g,)
becomes more complicated than Eq. A.5 (71). For this reason it was easier to include the
measured phase shift 6 between Fx and Ey to the database of (ay,,b,) < (pn, ¢,) and use
this algorithm to recover the order parameters from the PR measurements performed on

the ps set-up.

Approximate calculation

Another method was developed by Duboisset et al. (77) in order to simplify and de-
crease the time consuming analysis described above (Chapter 1). It is the nature of the
CARS signal which makes the analysis not trivial due to the nonlinear dependence be-
tween (a,,b,) and (p,,q,) (Eq. A.5). An approximate calculation of this relation (valid
at 1% error) can be obtained if we take the square root of the PR-CARS signal. Then
this nonlinear dependence between the Fourier coefficients and the distribution function
parameters becomes a linear relation, similarly as for the PR-SRS intensity (see Eq. 1.33).
Consequently, /I¢415(«) (eq 1.30) can be easily used to extract (pn,q,) and therefore
Sy and Sy on each pixel from the PR measurement. Fig. 2.8d shows the maps of retrieved
(Pn, qn) values from (a,, b,) Fourier coefficients using the approximate calculation.

In a very similar way, SRS polarization modulation can be treated using I°%°(qa)
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(Eq. 1.27) and as shown above, 2PEF. These dependencies lead to linear relations be-
tween (a,, b,) and (p,, ¢,) that can be directly extractable. Note however that introducing
fields distortions in the relations would lead to more complex calculations. These simple
equations where nevertheless applicable to our fs configuration where no distortions were

expected.

Having the values of the distribution function parameters, the quantification of the
symmetry order magnitude and the mean orientation of the distribution function can be
easily retrieved as has been shown in Section 1.4.1.

2.3.3 Sensitivity of the polarization resolved measurement on

the level of noise

PR measurements can be affected by the level of noise, which is known to induce errors
in precision and biases. In order to quantify the accuracy of estimation of Sy and Sy
symmetry parameters depending on the level of noise, we performed a set of PR-CARS

measurements using an isotropic sample where S, and S; are expected to be 0. This
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Figure 2.9: (a) S; and S, dependence on the CARS intensity signal (summed over 18 input
polarization angles) in an isotropic medium. The shadowed regions denote the standard

deviation of the Sy and S, values.

sample is a drop of olive oil placed on the cover slip. This sample was chosen on purpose

due to a) the high sensitivity of CARS signal coming from CH stretching vibrations at

47



2. Polarization resolved multimodal microscopy and data processing

2845 cm™! and b) its isotropy which produces Sy and S; magnitudes dependent only on
the intensity level not the directionality (anisotropy) of the sample itself. We recorded PR,
data (a varying from 0° to 170°with a step of 10°) in epi-direction increasing the input
powers for pump and Stokes beams simultaneously from 10 to 80 mW. Each measurement
was then analyzed following the same methodology as previously described. To plot the
final Sy and S, curves only the small window (of ~ 30 x 30 pixels out of 100 x 100 pixels
of whole image) of the highest intensity values from the center of the Gaussian beam were

taken into account.

As can be seen in Fig. 2.9, S5 and S, parameters as well as their standard deviations
decrease when the level of the intensity increases. The values are ranging from 0.12 +0.06
(lowest intensity) to 0.02+0.01 (highest intensity) for Sy and 0.47+0.26 to 0.0840.04 for
Sy, respectively. These results illustrate the level of signal needed to estimate the order
parameters with a suitable quality. It is clear in particular that the total intensity CARS
signal should surpass 1500 counts (note that ”count” means ”analog signal” here and in
all further chapters) to reach a good estimation of order parameters with a variance no
more than 0.02 for Sy and 0.07 for Sy. In all our experiments the CARS intensity signal
generated from the myelin fiber was easy discriminated from background in surrounding
tissue with a good signal to noise ratio (Fig. 2.8b), however, Sy and Sy values were
corrected for their bias according to the intensity measured for each pixel. This permits

to retrieve Sy and S values not biased by noise.

2.3.4 Image processing
Drift correction of the PR stack of images

The direction of the excitation light beam passing through the rotating A/2 waveplate can
be progressively shifted when performing the PR measurement if not properly aligned.

This shift, which introduces a systematic bias in the analysis can be corrected.

Inherent drift in polar stack images was estimated using fluorescent beads fixed on
a coverslip before polarization measurements. The fluorescent beads are insensitive to
polarization of excitation light. Therefore a drift in the centroid position of the beads in a
polar stack gives us an estimate of the drift caused by the rotation of the \/2 plate. The
accuracy of this method depends on photon counts from each bead as well as number of
beads used. Using more than 20 beads with high photon counts allowed us to estimate a

drift of 150 nm in the (X,Y") direction. This drift was later subtracted from measurements.
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2.4 Conclusion

In this chapter we have presented the two optical systems used in the studies. We have
discussed how to deal with the polarization distortions imposed by the instrumental ele-
ments or by the sample itself. For instance, the polarization distortions introduced by the
dichroic mirror which reflect the excitation polarized light can be resolved by placing the
rotating \/2 waveplate just before the objective. We have shown that the polarization
distortions such as scattering introduced by the biological tissues can also be minimized
by using an un-analyzed detection scheme. With this knowledge, in the following chapters
we will apply the developed methods to image the molecular order in model systems as

well as in real biological samples without ambiguities of the analyzed results.

49



2. Polarization resolved multimodal microscopy and data processing

50



Chapter 3

Lipid membranes

3.1 Lipids in biological membranes

In mammalian cells, one of the most important structural components are lipid membranes
(Fig. 3.1a). Lipids in cell membranes constitute about 50% of the mass, nearly all of the
rest being protein. Although a cell synthesizes over 1000 different lipids, most of them
display common chemical properties having hydrophilic (polar head) and hydrophobic
(nonpolar tail) portions. The tendency of the hydrophobic moieties to self associate and
the hydrophilic moieties to interact with an aqueous environment and with each other, is
the physical basis of the spontaneous formation of membranes. This amphipathic nature
of lipids enables cells to segregate the internal constituents from the external environments
and also, to produce discrete organelles, such as endoplasmic reticulum (ER), Golgi appa-
ratus or transporting vesicles - lysosomes and endosomes (Fig. 3.1b). Besides the barrier
function, lipids as a building material for membranes, are essential for budding, tubulation,
fission and fusion, which are characteristic events in cell division, biological reproduction
and intracellular membrane trafficking. Some of them, additionally, act as first and second

messengers in signal transduction and molecular recognition processes.

3.1.1 The lipid composition of cell membrane

It is difficult to define the exact composition of lipids in the distinct membranes. This
is essentially due to the limitation of the quantitative analysis to certain lipid classes,
problems with the purity of distinct organelles and the high heterogeneity of cellular
membranes (92). Nevertheless, the overall difference in cell membrane composition has

been estimated. The major structural lipids in eukaryotic membranes are the glycerophos-
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Figure 3.1: (a) A schematic fluid mosaic of the cell membrane (a) consisting of proteins
which are intercalated with the lipid bilayer. (b) The architecture of discrete organelles

and a complex trafficking inside a cell (Adapted from (91)).

pholipids, within which the phosphotidylcholine (PC) accounts for more than 50%, phos-
phatidylethanolamine (PE) about 20%, phosphatidylserine (PS) and phosphatidylinositol
(PI) below 20% (Fig. 3.2). Secondary lipids, but of the same importance, are sphin-
golipids (sphingomyelin (SM)), glycosphingolipids (glucosylceramide (GlcCer)) and non-
polar sterols (cholesterol). Alone, they have a role in participating in stabilization and the
physical state of the membrane. These different lipid species are not distributed homoge-
neously within a cell (93). The main determinant of the unique composition of organelles

is the local lipid metabolism and the function of specific lipid membranes (see below).

3.1.2 The organization of the cell membrane

According to the fluid mosaic model of Singer and Nicolson in 1972 (94, 95), the biolog-
ical membranes are considered as a double bilayer of lipids constituting a fluid in which
proteins are anchored in between lipids (Fig. 3.1a). Both lipids and proteins interact with
each other by non-covalent interactions and are in constant motion rotating and diffusing
along or across the membrane. Lipids in most membranes display an asymmetric dis-
tribution, which means that the two sides of membrane are not identical. This has an
important functional consequence. For example, phosphatidylserine (PS) acts as a signal
for apoptosis and blood coagulation, when is placed on the cell surface. Its translocation

to the cytosolic leaflet results in the membrane bending, which is required for vesicle
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Figure 3.2: The chemical structure of main lipid molecules in biological membranes.

budding (96).

The lateral organization of membranes is closely related to the physical properties of
lipids which can occur in different phases depending on their structure and environment.
These phases by definition affect the membrane functionality. Lipids in membranes can
adopt various fluid and solid phases, which are characterized by several factors such as
fluidity, thickness and lipid packing, as shown in Fig. 3.3a. Physiochemical parameters
such as temperature, pH, ionic strength, the chemical structure or the presence of choles-
terol strongly influence the state of the lamellar phase. Fluidity is promoted by short,
unsaturated fatty acids, which reflects the lower packing density of the acyl chains and
a rather thin bilayer, as can be seen in the liquid-disordered (L,) phase. High level of
packing and increased thickness present in the solid-ordered or gel (S,) phase is found in
lipids with saturated acyl chains and small head groups. The incorporation of cholesterol
to the membrane results in the formation of the so called liquid-ordered (L, ) phase which
partly shares some characteristics of S, and Ly phases (see Fig. 3.3a). This results in the
existence of a state where lipids are tightly packed and ordered and at the same time
able to diffuse almost as fast as in the L; phase (98). In membranes, cholesterol has an
important role prohibiting the saturated hydrocarbon chains to form crystalline struc-
tures making the membrane more fluid (99). Typically, in membranes with no cholesterol,

phospholipids pair a saturated with an unsaturated fatty acids leading to the formation
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and physical properties (Adapted from ref. (97)).

of ripple phases (Pz), which inhibit transition from L, to S, phase (93, 100, 101).

The local function of membranes is the first determinant of the spatial organization of
lipids. For example, ER as the main site of structural phospholipids and cholesterol syn-
thesis is responsible for the insertion and a rapid transportation of newly synthesized lipids
and proteins to other cell compartments. For this purpose, ER possesses thin and loosely
packed membranes (Fig. 3.3b, upper panel). On the other hand, the plasma membrane
(PM), as an indispensable barrier protecting and delimiting a cell from the environment,
is enriched in phospholipids, cholesterol and sphingolipids, which are tightly packed at
high density enabling a cell to resist a mechanical stress. This contrasting behavior is also
reflected in the geometry of transmembrane domains (TMDs) of ER and PM, as shown
in Fig. 3.3b (93, 97). As a consequence, probing the organization of lipids within the cell
and its organelles can deliver an important information about the metabolism of lipids
which is closely related to their packing coefficient.

The lateral organization of lipids is highly heterogeneous (104, 105). The equilibrium
of cell membrane is constantly disturbed by enzyme activities, membrane recycling and
signaling events. Such a dynamical change might create heterogeneity and generate small
domains. Different protein and lipid features, lipid-protein interactions, protein-protein
contact are the main factors of the formation of separated lipid-protein domains. The
immiscibility of certain lipids and the preference of a given lipid to a certain protein

result in the formation of domains which are highly heterogeneous in size ranging from
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less than 100 nm to microns, as shown in Fig. 3.4 (105-107). A special sort of domain
called membrane rafts were proposed to be small in size (10-200 nm) and transient do-
mains, heterogeneous and enriched in sphingolipids and cholesterol (108). These domains
are believed to be highly dynamic participating in many cellular functions. Although it
is generally accepted that lipid and protein diversity and their local structural dynam-
ics generate a high level of heterogeneity in cell membrane, understanding the molecular

organization and its effects on the cell function still remains a challenge (109).

3.2 Model membranes to study the lipid organization

and dynamics

As were described above the cellular plasma membrane is a highly complex and dynamic
structure that makes fundamental investigations of lipid structural behaviors troublesome.
For this reason, a great number of studies from domain formation to membrane fusion were
performed using biomimicking model membranes. A main advantage of model membranes
is the ability to control the molecular composition, size and geometry and thereby the
complexity of the membrane. In principle, it is possible to design any kind of a model
membrane suitable to the purpose of the study (110). However, artificial membranes have
an important limitation. While the cellular membrane is a dynamic system where the flux
of both lipids and proteins occurs constantly, the artificial membranes, as isolated systems,
even if very well controlled are unable to fully mimic the natural cellular machines. On the
other hand, by using model membrane, bilayers or monolayers, it is possible to probe the

physiology and structural transformation of lipids with the detection of a single protein
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anchored or not within bilayers (111-113).

3.2.1 Different approaches to study the lipid architecture and

dynamics

During last two decades, a myriad of techniques have been developed to study the be-
havior of lipids in membranes, addressing various aspects such as the ordering of lipid
molecules assembly as well as their structural and conformational properties (114). In
this section we will outline only few of them.

On the atomic scale, techniques such as nuclear magnetic resonance (NMR) (115, 116)
and X-ray diffraction (117-119) are able to deliver quantitative information such as the
geometric volume of lipid molecules in a stack of bilayers, the spacing between lamel-
las, head to head separation, their density profile, unit cell constants, elasticity and the
interaction between bilayers. Although a detailed amount of information on the bilayer
and lipid structure can be obtained, these techniques, however, are highly invasive for the

sample itself and cannot be applied to dynamical studies.

Methods based on fluorescence, such as One- and Multiphoton Fluorescence Mi-
croscopy (51, 52, 74, 120), fluorescence recovery after photobleaching (FRAP) (121),
fluorescence correlation spectroscopy (FCS) (122), fluorescence resonant energy transfer
(FRET) (123), spectrally sensitive fluorescence imaging (124), internal reflection fluores-
cence (TIRF) (125) and PR fluorescent imaging (50, 51, 66) have been particularly used to
understand the lipid membrane assembly and their dynamics (126). For example, the use
of PR-Two-Photon Fluorescence (2PEF) allowed to quantitatively image the local lipid
disorder in model membranes, giant unilamellar vesicles (GUV), determining the molec-
ular distribution orientation of several lipid probes in both L; and L, phases (Fig. 3.5a)
(52). The approach has been also applied in living cells, using confocal epifluorescence mi-
croscopy, where authors were studying the molecular organization of cell membrane and
its modification upon the cytoskeleton perturbation (Fig. 3.5b) (51). These techniques,
although very powerful, require the use of fluorescence dyes inserted into the plasma
membrane, but the effect of these molecules on lipids and wvice versa is not known. In
other fluorescence methods, such as FCS, FRAP or FRET, labelling of lipids may lead to
significant changes in their molecular shape and physicochemical properties and therefore

influence lipid spatial distribution, lipid dynamics, and functioning of the membrane.
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3.2. Model membranes to study the lipid organization and dynamics

Hypotonic shock Natural membrane

Hypotonic shock

THG (MLV)

e

v |
e e/

Figure 3.5: (a) PR-2PEF image of L, phase in a C-Laurdan labelled GUV showing the
spatial distribution of the angular aperture i) explored by the lipid probe. The average
cone aperture of C-Laurdan in L, domains is &~ 33 4+ 6°. Scale bar: 8 um. (b) PR-1PEF
image of COST cells (normal membrane and after hypotonic shock provoked by adding
water) with a color code indicating the value of the width 1 of the angular distribution.
Scale bar: 10 um. (¢) Forward CARS image of an erythrocyte ghost at a Raman shift
of 284571 (CHj stretching mode) and horizontal polarization. Scale bar: 2 ym. (d) PR-
CARS (CH; stretching mode) and PR-THG on a multilamellar vesicle (MLV) using the
horizontal polarization. Scale bar: 15 pym. (Adapted from (23, 49, 51, 52),respectively).

Conventional infrared and Raman spectroscopy and microscopy techniques, provid-
ing label-free contrasts based on specific vibrational signatures of chemical bonds, are
the standard analytical tool to investigate the structural and conformational changes of
lipid molecules and their orientational packing in membranes (73, 127-129). However,
main drawbacks such as the poor spectral resolution and low efficiency requiring a long
acquisition time, even if partially resolved (130), preclude these techniques for in vivo
imaging.

The use of coherent nonlinear techniques overcome these issues. By taking advantage
of the high density of CH bonds in lipids, the resonant CARS and SRS allow for direct
visualization of the lipid assemblies and their organization in model as well as in biological
membranes such as the myelin. The PR Coherent Raman Scattering (CRS) microscopy
has been applied to investigate the lipid chain order of mono-, bi- (23, 44, 60) and multi-
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3. Lipid membranes

bilayers (45, 77, 131) (Fig. 3.5¢ and d). The data show the strong polarization sensitivity
of these methods with a more favorable coupling in the direction of the CHs oscillators.
Imaging of cellular lipid membrane by CRS is not yet leading to high contrast however,
due to the low number of CHy vibrations in the membrane compared to all other inter-
cellular sources of signal for the similar wavenumber. Detection of a single bilayer has
been thus possible after the lipids extraction from the cell membrane and reassembling
them again in bilayers (Fig. 3.5¢c) (23). Therefore, the use of model systems give an access
to investigate the lipid packing within a bilayer with a label-free manner. The PR-third
harmonic generation (THG), which is sensitive to interfaces, has been also applied to
quantify molecular order in multilamellar vesicles (Fig. 3.5d) and skin tissues (49). The
fact that the nonlinear THG signal does not involve any specific resonance, but is gener-

ated at interfaces, however complicates the data interpretation and limits its applications.

All demonstrations performed so far on lipid order measured by PR microscopy gener-
ally rely on rather simplified models of lipids orientational order (Gaussian distribution)
and require the knowledge of the lipid or CH, stretching mode nonlinear susceptibility
tensor. Recent studies have however demonstrated that a more detailed investigation of
PR-CARS, PR-SRS or PR-FWM signals shows that information of lipids order can be
retrieved without a priori knowledge on their angular distribution (65, 71). The approach
relies on the decomposition of the molecular PR response into symmetry orders of their
angular distributions, as has been detailed in Chapter 1. In particular, the high order
of nonlinear interaction in SRS/CARS/FWM makes them sensitive to molecular angular
distribution features up to the fourth order of symmetry (53, 59, 85), manifesting clearly
the potential of PR third order processes to approach complex molecular organizations

coupled with their functional information.

3.2.2 Multilamellar vesicles

Probably the most practiced and applied model lipid membrane are the GUVs (132).
Although GUVs are powerful systems mimicking lipid membranes in a very simple way,
their thin (=~ 5 nm) bilayers generate a low amount of signal that make them difficult to
study by available imaging or spectroscopic techniques. In particular PR measurements
necessitate so far stable and efficient sample to address the feasibility of the technique.
Therefore, there is a growing interest towards using different models such as the multil-
amellar vesicles (MLVs), which can amplify the signal by 3 orders of magnitude thanks to
higher densities (117). Moreover, it has been shown by Nagle and Tristram-Nagle (117)
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3.3. Conclusion

that interactions between bilayers in fully hydrated MLVs have negligible effect on the in-
trinsic structure of the bilayer, which might be the first concern when dealing with MLVs.

Multilamellar vesicles consist of multiple bilayers of lipids with the aqueous solution
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Figure 3.6: (a) The structure of a multilamellar vesicle. (b) Possible configuration of
a hydrocarbon chain of a lipid. (¢) Atomic structure of a hydrocarbon chain showing

important angles between atoms and possible rotations of the molecule (blue arrows).

trapped in between, as shown in Fig. 3.6a. The bilayer thickness varies linearly with an
acyl chain length and ranges between 4 to 5 nm with the spacing between layers from 1.5
to 3nm (117). The average area occupied by a single lipid ranges between 0.4 to 0.7 nm of
diameter. The order and fluidity of an assembly of lipids originates from their interactions,
such as van der Waals and steric constraints. Most of mono-unsaturated lipids in biomem-
branes has a cis configuration which by introducing the "kinks” in their fatty acid chains
by a double bond influence the molecular packing decreasing the order and increasing the
fluidity (Fig. 3.6b and Fig. 3.3a). In comparison, the trans configured lipids resembling
the unsaturated ones are supposed to be highly ordered and less fluid (Fig. 3.6b). The
degree of saturation also affects the phase in which lipids exist as has been discussed in
Section 3.1. The lipid molecule itself is not a fixed entity, but continuously fluctuates in

time and space, finding its energy-free position among its neighbors (Fig. 3.6¢).

3.3 Conclusion

In this chapter we have presented the basic knowledge on the cell membrane, its func-
tionality and dynamics in the context of the lipids organization and their thermodynamic
properties. We have discussed that it is evidently challenging to investigate the complexity

of the lipid membrane in cells and that is why simple model systems found a large interest.
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3. Lipid membranes

Comparison between different methods have driven us to the conclusion that noninvasive
vibrational methods such as CARS and SRS are indeed suitable to probe the behavior of
lipids in membranes with a high level of details.

In the following chapter we will show the capacity of the method developed in Chap-
ter 1 to probe the behavior in lipids membranes. We will demonstrate for instance the
influence of the saturation of lipid chains on the molecular packing as well as the effect of
cholesterol inserted between lipid bilayers.

So far, the fluorescence techniques are widely used to study the organization or ther-
modynamical state of lipids in membranes. However, lipids itself do not produce any fluo-
rescence and therefore fluorescent dyes need to be inserted into the membrane to address
these issues. The influence of these dyes on the lipids organization is not well understood
(133). In order to evaluate the effect of molecules on lipids and lipids on molecules, in the
next chapter we will compare vibrational label-free (CARS and SRS) and fluorescence

(2PEF) contrasts using PR imaging.
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Chapter 4

Molecular order of lipids in
membranes probed by nonlinear

polarized microscopy

In this chapter we will apply the PR nonlinear contrasts to investigate the molecular or-
ganization of various lipids and fluorescent dyes in artificial membranes using the method
presented in Chapter 1. First, after a description of the studied samples, we will describe
the difference in the retrieved molecular order information by the nonlinear contrasts such
as CARS and FWM, SRS and 2PEF. We will demonstrate the capacity of the femtosecond
laser source to probe the molecular order with high precision, similar to the picosecond
system. The second part of the experimental results will be focused on the detailed struc-
tural investigations of the lipid assemblies. We will demonstrate for instance the influence
of the saturation of the lipid chains as well as the effect of cholesterol inserted between
lipid bilayers on the molecular packing. In the next step, by comparison of vibrational
label free (CARS and SRS) and fluorescence (2PEF) polarization response from a multi-
lamellar vesicle, we will evaluate the effect of fluorescent dyes on lipids and of lipids on
these dyes in the context of the molecular packing. In the perspectives we will present our
preliminary PR-SRS result obtained on a COS7 cell.

4.1 Samples and their preparation

4.1.1 Multilamellar vesicles

Lipids characteristics
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

In order to investigate the molecular order of lipids in membranes we choose structurally
similar phospholipids, which as an assembly exhibit different phases at room tempera-
ture (T=21 £ 1°C). The characteristics of these phospholipids are summarized in Ta-
ble 4.1.1. In following studies we used phospholipids: 1,2-dipalmitoyl phosphatidylcholine
(DPPC), chain-perdeuterated 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine (DPPC-
d62), dioleoylphosphatidylcholine (DOPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and the cholesterol molecule. All phospholipids occupy an area ranging between
0.4 to 0.7 nm?. This area depends on the phase, which the lipids adopt and on the degree
of saturation, for instance DOPC exhibits the biggest area because of the "kink” gener-
ated by a single double-bound in the acyl chain which additionally increases a fluidity of
the membrane (see Chapter 3, Section 3.2.2).

All phospholipids and cholesterol were purchased from Avanti Polar Lipids, stored in
—20°C and used without further purification.

Table 4.1: Characteristics of phospholipids used in the study.

Name Structure T (°C) Phase® A (A%
DMPC (14 : 0) oooonped 23.6° La/S,  59.6 (30°C)
DPPC (16 : 0) 41.3¢ S, 47.9 (20°C)
DPPC-d62 (16 : 0-d62) 374 S, -
DOPC (18 : 1c9) —17° Ly 72.5 (30°C)

®The phase at T=21 + 1°C.

®The average interfacial area per lipid molecule according to ref. (117).
¢The temperature according to Avanti Polar Lipids, INC.

IThe temperature according to ref. (134).

Fluorophores characteristics

In order to investigate the organization of fluorescent dyes inside the lipid membrane and
their effect on the molecular packing of lipid assembly, we choose two following lipophilic

organic dyes which have been widely used in the (50, 66):

e di-8-ANEPPQ - 1-(3-sulfonatopropyl)-4-[beta [2-(di-n-octylamino)-6-naphtyl]vinyl]

pyridinium betaine

e TMA-DPH - 1-(4-trimethyl ammonium-phenyl)-6-phenyl-1,3,5-hexatriene
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4.1. Samples and their preparation

Their structural and spectral characteristics are shown in Fig. 4.1. Three main criteria
were mandatory for the selection that made us choose di-8-ANEPPQ and TMA-DPH:
a) their high quantum yield and large nonlinear absorption cross section making these
molecules suitable for two-photon excitation, b) the parallel orientation to the axis of the
hydrocarbon chains of lipids inside the membrane, and ¢) partitioning into both L, and
S, phases (see Chapter 3). Both fluorescent dyes have proven their ability to probe the or-
ganization of saturated and unsaturated lipids regardless the phase (52, 135). TMA-DPH
was purchased from Sigma Aldrich and di-8-ANEPPQ from Invitrogen molecular probes.

Preparation of multilamellar vesicles

Multilamellar vesicles (MLVs) were prepared according to the hydration method devel-

oped by Bangham et al. (136). First, 100 pl of 10 mM solution of phospholipid, pure or

Di-8-ANEPPQ

Absorption
Fluorescence emission

T T T T T
300 400 500 600 700 800
wavelength (nm)

TMA-DPH

Absorption
Fluorescence emission

T T T T T
300 400 500 600 700 800
wavelength (nm)

Figure 4.1: Structure of the fluorescent lipid probes and their schematic localization
inside the membrane. Absorption and emission fluorescence spectra of di-8-ANEPPQ in
MeOH solvent. Absorption and emission spectra of styryl dyes are at shorter wavelength
in membrane environments than in reference solvents. The difference is typically 20 nm
for absorption and 80 nm for emission, but varies considerably from one dye to another
(Adapted from (137)). Absorption and emission spectra of TMA-DPH incorporated into
lipid membrane (Adapted from (138)).

mixed with either 10 mM solution of cholesterol to obtain the final concentration of 5%

w/w or with 1 mM solution of the fluorescent probe to obtain the molecular ratio 1 : 1000,
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

was immediately evaporated under a nitrogen stream and then vacuumed for 3 h. The
dried phospholipid-cholesterol or phospholipid-fluorophore films were then hydrated (1 h)
either in phosphate-buffered saline (PBS, pH 7.4) or in a pure water (miliQQ) or in the
case of DOPC lipids in 1% agarose in pure water (miliQQ) above the main phase transition
temperature (Table 4.1.1) gently shaking from time to time. The resulting MLVs were of
different size ranging between 1 and 30 pum. For the experiments, a small amount of a
suspension was placed between two coverslips separated by 100 pum spacers. In the case
of DOPC this suspension was gently heated above the gelling temperature of agarose
(T=25+ 5°C) in order to fix MLVs, preventing their motion.

4.1.2 COS7 cells

COST7 cells characteristics

The COST cell line are know as fibroblast-like cells and are mainly utilized in transfection
experiments. Their capacity to strongly adhere to the surface makes them an ideal model
for our study of membrane organization. Moreover, the COST cell line is easy to cultivate

due to their low fragility and a high replicative capacity.

Preparation of COS7 cell line

COS-7 cells (American Type Culture Collection No. CRL-1657) were maintained in 37°C
with DMEM medium (Lonza, Belgium) completed by 5% FBS, and penicillin-streptomycin
(50 units/ml). Before measurement, cells were detached by trypsin and transferred onto
glass cover slips, then incubated for 3.5 hour and washed twice with insertion buffer (NaCl
130 mM, KC1 5 mM, CaCl2 10 mM, glucose 5 mM, and HEPES 10 mM (pH 7.4)). COS7

cells were kept in the insertion buffer at room temperature for the whole imaging process.

4.2 Experimental parameters

As can be seen in Table 4.2 a few sets of polarization-resolved experiments were performed
on two separate optical systems, the narrow-band picosecond and the broad-band fem-

tosecond pulsed laser set-up (see Chapter 2).

Polarization resolved CARS/FWM /SRS using the ps system

For studies of the orientation of DPPC-d62 lipids in MLVs in the presence or absence of
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Figure 4.2: CARS spectrum on a MLV made of DPPC-d62 (ps/ps spectral tuning con-

figuration).

cholesterol we choose to use the narrow-band picosecond pulsed laser set-up, which has
been discussed in Chapter 2. Based on the CARS spectrum (Fig. 4.2) performed on a MLV
made of pure DPPC-d62 different wavelengths configurations were used to address two
spectral conditions: FWM centered at 2300 cm~! and CARS centered at 2100 cm™! for
CD stretching vibrations (Table 4.2, Appendix B.1). The particularity of this vibration
is an intense narrow line that makes the non-resonant contribution quite negligible in
comparison. In contrast, pure DPPC exhibits a less intense CARS signal where the effect
of the non-resonant background can be non-negligible in the polarization response (see
ref.(77)). We therefore applied both CARS and SRS modalities in this case. In order to
investigate the nature of polarization CARS and SRS responses we collected CARS and
SRS spectral for each wavelength (from 2750 cm™! to 3000 cm ™! with a step of 10 cm™1)
recording in the same time the polarization stack of images (from 0°to 170° with the
polarization step of 10°) in MLV made of pure DPPC.

The image acquisition was done with a pixel dwell time of 50 us, 100 x 100 pixels,
scan range of 15 to 30 um and typical powers at the focal spot of 5 to 15 mW. In this
set of experiments an achromatic half wave plate rotating the excitation light was placed
before the last Ag mirror. As has been discussed in Section 2.2 (Chapter 2) the reflection
on the mirror can cause distortions in the linearly polarized light. These distortions were
taken into account in the data analysis by calculation of the order parameters using the
fitting method described in Section 2.3.2, Chapter 2. Moreover, for the CARS analysis,
the Sy and Sf) values were corrected for their intrinsic bias introduced for low intensity

according to the analysis developed in Section 2.3.3, Chapter 2.
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

Combined polarization resolved CARS/SRS/2PEF using the fs system

We used the more broad band femtosecond pulsed laser set-up ("Main configuration™)
(Chapter 2) combining the three nonlinear contrasts, PR-CARS, PR-SRS and PR-2PEF,
to investigate the molecular order of both lipids and fluorophores and their mutual orienta-
tional effect inside multilayered model membranes. The reason for this choice is governed
by the fact that fs illumination provides higher signals, it is thus favored when no spectral
resolution information is required. In all cases, optimal wavelengths configurations were
chosen to probe lipid vibrations by CARS and SRS centered at 2845 cm™! (this covers
CH, symmetric and antisymmetric stretching vibrations as well as CHy vibrations) as
well as fluorophores, di-8-ANEPPQ and TMA-DPH, by 2PEF on the same MLV in the
same time. The difficulties of such a multimodal experiment come from the fact that all
three collected signals need to be set at the optimum such that a) the combination of
wavelengths excite both lipids and fluorophores in the same time, b) the peaks of emis-
sion wavelengths do not overlap and are well spectrally separated, and c¢) emitted signals
are in the range of the maximal efficiency of collecting detectors.

All three conditions were fulfilled when performing experiments on MLVs made of
DOPC or DPPC, pure or labelled with TMA-DPH fluorescent dye (Table 4.2). However,
regarding the experiment on MLVs made of DMPC labelled with di-8-ANEPPQ fluo-
rescent dye, we used the ” Alternative configuration” due to the photodiode efficiency to
collect the SRL signal moreover, emitting signals of CARS and 2PEF were spectrally
overlapped and therefore requiring a different methodological step: 1) collection of PR~
2PEF stack as first, 2) complete bleaching of the sample and 3) performing PR~ CARS
and SRS measurements. For the configurations of wavelengths as well as optical elements
see Appendix B.2, B.3 and B.4.

In all cases the image acquisition was done with a pixel dwell time from 20 to 50us,
100 x 100 pixels, scan range of 10 to 50 um and typical powers at the focal spot of 2
to 10 mW. All PR data recorded on MLVs of 5 to 15um big were performed at room
temperature (21 £ 1° C) using the polarization angles from 0° to 170° with a step of 10°.
All data were treated using the approximate calculations (Chapter 2, Section 2.3.2) and
for the CARS analysis, the S5 and Sf) values were corrected for bias accounting for low

intensity values according to the analysis developed in Section 2.3.3, Chapter 2.
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4.2. Experimental parameters

Table 4.2: Experimental setting and configurations used in these studies.

Param DPPC-d62 DPPC  DOPC DMPC ANEPPQ TMA-DPH
(ANP) (TMA)

Set-up ps ps/fs fs fs fs fs

Contrast CARSHe, CARS“; CARS%; CARS*’; 2PEF? 2PEF*
FWMNEe  FWM® FWM* FWMa?

Lipid pure, pure, pure, pure, DPPC, DPPC,
composi-  cholesterol ~ ANP, TMA ANP DMPC DOPC
tion TMA
Ap(nm) 735 735(ps); 780; 671 900 780
780(fs); 800
800(fs)
As(nm) 8697 931(ps); 1002; 830 - -
884N 1002(fs); 1036
1036(fs)
v(em™) 2100%; 2845 2845 2845 - -
2300V
SRG/SRL - SRG(ps); SRG SRL - -
SRG(fs)
Arpgpr(nm) - - - - ~ 600 ~ 470

“Forward un-analyzed detection.
bBackward un-analyzed detection.
EResonant.

NENonresonant.
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

4.3 Experimental results: Nonlinear contrasts to probe
the packing of lipids in MLVs

In this section we will investigate the nature of the molecular order that can be read by the
various PR contrasts. We will highlight, in particular, the difference in the information
that can be retrieved by PR- CARS and FWM. We will demonstrate that even if the
non-resonant background can affect the PR data, its negative effect on the PR analysis
can be treated as a systematic error. We will finally discuss the difference in molecular
order information that can be retrieved using either the narrow band picosecond or the

broad band femtosecond laser source.

4.3.1 PR-CARS response from a MLV using the femtosecond
optical set-up

Fig. 4.3a shows the level of signal typically recorded in PR-CARS (centered at 2845 cm ™!
of the CHy stretching vibrations) experiment on MLV made of pure DPPC lipid using
the femtosecond optical set-up (see Appendix B.2 for specific configuration). The stack
of images (summed over all polarization angles «) taken from the equatorial plane of the
vesicle shows a high contrast with low intensity values from the surrounding background
(approximate signal to noise ratio of 15). As illustrated in polar plots (Fig. 4.3b) obtained

at different pixel locations, the polarization dependent intensities are strongly modulated

b ©  Experimental
= Fourier

a) CARS (2845cm™)
Intensity o A

02000

Figure 4.3: (a) PR-CARS intensity image of MLV made of pure DPPC lipid summed
over all incident polarization angles «. (b) Polarization responses at three different pixel
locations (A), (B) and (C) corresponding to the intensity CARS image in (a).

in the vesicle as compared to a surrounding background. Such a modulation is a signature
of greatly oriented nonlinear bond dipoles and is consistent with previous studies (23, 43—

45) which showed that the CARS polarization response is mainly caused by CH molecular
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4.3. Experimental results: Nonlinear contrasts to probe the packing of lipids in MLVs

bonds. The surrounding background shows no polarization dependence, as expected from

an isotropic medium.

We further quantify the molecular order based on the model described in Chapter 1.

Symmetry orders deduced from the PR-CARS measurement

The magnitude and the orientation of the symmetry orders (Ss, S4) have been deduced
using the approximate calculations as described in Chapter 2, Section 2.3.2. Fig. 4.4a-c
depicts typical maps of (Ss, sS4 54‘1)) symmetry magnitudes. The CH molecular bonds
display a large level of anisotropy which is manifested by the highly contrasted S, image.
Sf) and Sia) magnitudes present low values appearing occasionally on the edge of the
vesicular contour (where low intensity values induce a bias) which reveal a distribution
function mainly smooth and unidirectional inside the vesicle. In all cases the signal from
the surrounding background detected in the intensity image (Fig. 4.3a) is completely sup-
pressed in S; and S4 images, emphasizing the capability of the technique to discriminate
organized structures from their isotropic environment. The ¢, image in Fig. 4.4d shows
the molecular distribution orientation of the CH bond dipoles which are found to be, on
average, oriented azimuthally with respect to the MLV circular contour as expected from
the lipid’s geometry in a concentric arrangement. Note that all behaviors described here

are reproducible from one MLV to another.

Finally, we relate Sy and Sy values to angular distributions of known shapes and
increasing disorder o. To do so, we applied a mask to the PR-CARS image, keeping
all intensity contributions well above the background (inset in Fig. 4.4e, f). For each
remaining pixel of the image, we plotted a 2D graph of S'* as a function of S, and S{*
values as shown in Fig. 4.4e, f. The distribution of observed data points exhibits a high
level of heterogeneity in the MLV which is not surprising when we consider the complex
morphology of multilayers of lipids (see Fig. 3.6). However, a significant degree of order is
found as compared to the surrounding background (dark blue data points in the Fig. 4.4e).
The distribution of S, and S{* values (0.43 = 0.04 and 0.07 = 0.07, respectively) fits well
with a Gaussian function of width ¢ =~ 70° superimposed with 25%-contribution of
an isotropic population on average. This isotropic population could come from the high
degree of disorder present inside the multilamellar arrangement. Nevertheless, the 70°
of angular width for the ordered population is closed to what has been reported (45)
in a different configuration (multiplex CARS), which makes the present measurement in
qualitative agreement. Note that the analysis done in previous works (45) was based on

the assumption of an a prioriknown distribution of lipids (pure Gaussian). In our work

69



4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

0 0.5 1

SA(a)

Figure 4.4: (a, b, ¢, d) Sy, S 8" and ¢, deduced images from PR-CARS (pure
DPPC MLV) whose values were averaged over 9 pixels. Enlarged image of s in (d)
shows the average orientation of CH bonds (illustrated by sticks) whose colors follow
the Sy colorscale. (e) Plot of Sy versus Sf) experimental values for pixels taken within a
vesicular contour (x) and pixels from surrounding background (#). The color indicates the
intensity values. Inset (top-left): a mask applied to remove all the pixels in the intensity
image from the surrounding background. Inset (bottom-right): Enlarged view of the data
points distribution within the vesicle. Solid lines: theoretical (S, Sis)) for a Gaussian
function containing a 0%, 25% () or 50% () contribution from an isotropic population.

(f) Plot of S\ versus S\ values for pixels within the vesicle.

the analysis of both S5 and S4 allows a more complete view of molecular order without
the need to do any hypothesis on the distribution (see Chapter 1). At least, S’ia) values in
Fig. 4.4f are centered on zero, which is a signature of angular distribution of cylindrical
symmetry, as expected from the arrangement of the CH molecular bonds in the MLV
geometry. At this point, one can wonder if these values are underestimated due to a
presence of a non-negligible non-resonant background. We will further discuss how this

non-resonant background can affect the read-out of the symmetry orders.
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4.3. Experimental results: Nonlinear contrasts to probe the packing of lipids in MLVs

4.3.2 PR-FWM and PR-CARS responses from a MLV using the

picosecond optical set-up

In order to investigate how the non-resonant background can bias the polarization analysis
in PR-CARS measurements, first we need to understand the nature of this non-resonant
contribution. The non-resonant FWM process is highly sensitive to the orientation of the
nonlinear electronic induced dipoles in the lipid membrane. If this background is well

characterized, it does not necessarily has to be a drawback in PR measurements. To
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Figure 4.5: Comparison of the PR-FWM (a) and CARS (b) intensity images of MLVs
made of DPPC-d62 lipid summed over all incident polarization angles. (¢) and (d) Inten-
sity modulation over all polarization angles « at three different pixel locations (A), (B)
and (C) corresponding to images of FWM in (a) and CARS (b), respectively.

demonstrate this, a PR experiment has been performed on the MLV made of DPPC-d62
lipid using the picosecond optical set-up. As mentioned above, the CD, bonds here allows
to discriminate better between pure resonant effect (here: CDy stretching vibrations) and
pure non-resonant. Fig. 4.5 compares the PR response and the level of intensities for both
non-resonant FWM (centered at 2300 cm™!) and resonant CARS (centered at 2100 cm™!
of the CDy stretching vibrations) cases. While only one image per polarization angle « is
sufficient to accomplish the high signal to noise ratio in the PR-CARS measurements, the

need for averaging over 15 images per polarization angle « is required to obtain reliable
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

quality data in FWM. As expected the signal to noise ratio is significantly lower for the
FMW (=~ 0.7) than for the resonant case (ratio between 7 and 17). Such a significant
difference demonstrates that the two processes CARS and FWM can be largely separated
in the PR-analysis, when high intensities of CARS signal are generated.

Fig. 4.5¢, d represent the plots of the modulation of the PR-FWM and PR-CARS sig-
nals (for comparison) at identical pixel positions of the equatorial plane of the MLV. We
can notice the two opposite behaviors of the intensity response depending on the incident
polarization «. The resonant PR-CARS contrast mainly originates from the vibrational
CH (or in this case CD) molecular bonds as has been already discussed in the previous
section. Off resonance rotates the maximum intensity by 90° showing that the polarization
response is oriented parallel to the axis of the lipid chain geometry. Similarly as in the
resonant CARS; in the non-resonant case the intensity modulation from the surrounding

background shows no polarization dependence.

Symmetry orders deduced from the PR-FWM and PR-CARS measurements

Similarly as for the PR-CARS measurement we determined the magnitude and the orien-
tation of the symmetry (Ss, Sy) distributions. The calculation of the order parameters is
made using the fitting method (Chapter 2, Section 2.3.2) which encompasses the corrected
values for the polarization distortions introduced by the reflective optics. The comparative
results from the PR-FWM and PR-CARS are shown in Fig. 4.6. We report few important
observations: 1) highly contrasted images of Sy are visible for both resonant and non-
resonant cases indicating the strong anisotropy in the equatorial plane of the MLV; 2) the
surrounding background shows zero values for all cases; 3) the values of Sy as well as the
Sis) are, on average, lower for the non-resonant case; 4) in both cases the resonant CARS
and the non-resonant FWM we observe the distribution function mainly unidirectional
with the dominant Sy values; and 4) in the non-resonant FWM, the ¢y is changed to a
radial orientation, showing that the nonlinear bond dipoles are, on average oriented along
the acyl chain of lipid. This result is consistent with the fact that the electronic FWM
response is along the longest chain of lipids. It has also indeed shown in the previous
studies by Zimmerley et al. (49) that the strongest nonlinear coupling direction involved
in the non-resonant third-order susceptibility of lipids is along the CC bonds. Our results
fit well with this findings and later on we will demonstrate that the PR-FWM in also
highly sensitive to a small changes in the organization of lipidic backbone imposed for
instant by the cholesterol (Section 4.5.3).

Finally, the experimental S5 and Sis) values are plotted in the Fig. 4.6¢. Also in this
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Figure 4.6: Comparison of the FWM (a) and CARS (b) deduced maps of the order
parameters S, o and Sf), respectively. (¢) Plot of Sy versus Sf) values. Solid lines:
theoretical (S, Si) for a Gaussian function with 0%, 25% () or 50% (#x) contribution

from an isotropic population.

case the data fits well with a Gaussian distributions which contain 25% contribution
from an isotropic population. The average S, values for the resonant CARS and the non-
resonant FWM (0.46 + 0.08, 0.33 4 0.08, respectively) corresponds to Gaussian widths of
o =~ 72°and ¢ ~ 76°, respectively. The lower order found for FWM can be explained
by the larger set of directions taken by the electronic induced nonlinear dipoles in lipid

molecules.

4.3.3 PR-SRS and PR-CARS responses from lipids in the MLV

using the picosecond optical set-up

Our results show that the non-resonant background, when separated from its resonant
case, displays a high level of sensitivity to retrieve molecular orientational information in
lipid membranes. On the other hand, this non-resonant background intrinsic to the CARS
signal will thus perturb the interpretation of polarized signals if the level of signals for
non-resonant and resonant contributions are close (59). Only in the case when the high
contrast is obtained on the considered resonance, its non-resonant contribution can be
neglected. In order to estimate the bias that can be imposed on the order parameters
we performed simultaneously PR-SRS measurements, which is known as 'the background
free’ contrast, and PR-CARS measurements on a single MLV, using the picosecond optical

set-up.
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

Fig. 4.7 summarizes the result obtained from PR-SRS (centered at 2845 cm™! of the
CH, stretching vibrations) on the MLV made of pure DPPC lipid. The PR response
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Figure 4.7: (a) PR-SRS intensity image summed over all polarization angles o and
deduced maps of the order parameters Si”, Sy and ¢, (pure DPPC MLV). (b, ¢) Plot of
S, versus S\ values (in black for CARS, in red for SRS) for each pixel of the image within
a given mask (inset in the part b) applied to remove all the pixels from the background.
Solid lines: theoretical (S, S{) for a Gaussian function with 0%, 25% (x) or 50% (xx)

contribution from an isotropic population.

obtained from the SRS signal reveals similar qualitative features as in the PR-CARS
(Section 4.3.1). Strong anisotropy is seen in the equatorial plane of the vesicle with a
dominant S5 values. The image s shows again the same direction of CH molecular bond
dipoles which are oriented tangentially with respect to the MLV circular contour. The
plot of experimental distribution of (S5, Sf), ia)) values is shown in the Fig. 4.7a, b. We
compare the data points taken from the high intensity PR-SRS signal of the equatorial
plane to the data obtained on the same vesicle by PR-CARS. First, PR-CARS data show
values similar as those obtained in the fs regime (see Fig. 4.4), which shows that even
though a fs pulse spectrally covers many modes, its average order is possibly dominated
by a single stretching bond behavior. This point will be further discussed in Section 4.3.4.
The values of Sy in the plot of Sy versus Si” (Fig. 4.7b) for PR-CARS and PR-SRS
are however different indicating that the non-resonant intrinsic contribution of PR-CARS
most probably shifts Sy towards lower values. We estimate that such a shift of Sy values
from ~ 0.67 in the SRS analysis to &~ 0.47 in the CARS analysis corresponds to a decrease
of the estimated disorder ¢ by &~ 11°. This shows that the interpretation of molecular
order values should be considered with great care when non-resonant background is non-

negligible. The Sis) and Sia) values (Fig. 4.7c) appear to be highly heterogeneous in
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the PR-CARS and even more in the PR-SRS case. This dispersion can be due to the
heterogeneity of the MLV but also the noise of the measurement, especially in the SRS
analysis. In both cases, however, the distribution of the experimental data can be fitted
by the Gaussian distribution function containing 25% of contribution from an isotropic
population (on average).

The distribution functions retrieved from the PR-SRS and PR-CARS experiments (in-
sets in the Fig. 4.7b) show an obvious anisotropic shape along the CHy vibration bond
axes with minor fourth order contribution. The difference in magnitudes of these distribu-
tion can be explain by a finer analysis of the nature of these two processes, in particular,

by the spectral investigation around the lipid resonance, as will be described as follows.

Spectral behavior of PR-CARS and SRS

In order to study more precisely the incidence of spectral lipid bonds an PR data, a
PR-CARS and PR-SRS analysis has been performed on the same MLV made of pure
DPPC lipid in the whole 2750 cm ™! to 3000 cm ™! spectral region of the lipid vibrational
resonance. The CARS and SRS spectra are shown in Fig. 4.8a. Three strong intensities
are distinguishable with CARS and SRS: two bands around 2848 cm™! and 2880 cm™!
corresponding to the symmetric and asymmetric CH, stretching vibrations and the band
at 2935 cm™! corresponding to the symmetric CHy stretching (139). A typical CARS
spectrum is representative of a coherent superposition of a spectrally-independent non-
resonant signal (around 30% of the maximum intensity), and a complex spectral resonance.
Contrary to CARS, the SRS spectrum, as a background free process reproduces directly
the shape of a lipid Raman spectrum (61).

Fig. 4.8b, ¢ represent the spectral dependence of the order parameters deducted for each
addressed wavenumber () in PR- CARS and SRS measurement using the same method-
ology as previously described. The S, values of the PR-CARS signal reach two maxima
around the symmetric and asymmetric CHy stretching (= 0.4). These two values are
the same therefore the angular distribution of CHs is identical for the two frequencies.
The data analysis indeed report average behaviors over angular distributions of the lipids
rather than differences between individual symmetries of vibration bonds. The decrease
of S5 in the intermediate spectral region between these two resonances is more difficult to
interpret, mainly because the overlapped contribution of the neighboring spectral regions
becomes non-negligible. The S5 value at the CHj3 stretching mode is obviously lower than
for the CHy stretching modes. The CHj3 group present only in the head and at the end
of tail of the lipid is simply less oriented in the MLV. The values of S5 for SRS show the
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same behavior with higher Sy values around ~ 0.7 at the CH, stretching resonances (the
analysis has been restricted to a frequency domain where the SRS signal was measurable).
Similarly as for CARS, the CHj3 vibrational bond region shows a lower S, value. The Sf)
values on the other hand do not surpass 0.25 for both CARS and SRS showing the absence

of high order in the distribution function as discussed in Section 4.3.2.

In practice, over the whole spectrum an obvious difference is seen on Sy values be-
tween CARS and SRS, which are systematically higher in the SRS operating mode. This
discrepancy comes from the fact that the CARS analysis assumes no non-resonant back-
ground. The non-resonant part which is seen in the CARS intensity spectrum (Fig. 4.8)
is indeed significant and can disturb the interpretation of the values obtained by the PR

technique.

Impact of the non-resonant background in the PR-CARS measurement

In order to quantify the impact of the non-resonant background on the measured S, we
developed a simple model which will be briefly discussed here (for details see ref. (77)).
The total susceptibility tensor y read by the CARS process is the sum of the resonant

susceptibility (x%), which is read also by the SRS process, plus an unknown non-resonant
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4.3. Experimental results: Nonlinear contrasts to probe the packing of lipids in MLVs

contribution (y% ). While a resonant susceptibility x% is assumed to originate from an
anisotropic distribution of dipoles for which S¥ = 0.7 (as deduced by SRS measurement

on MLVs, Fig. 4.7¢) and SF = 0, the non-resonant susceptibility is assumed to originate
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Figure 4.9: SI as a function of the ratio between y% and x% for different strength of
SNE The x3 is made with SE = 0.7, & = 0° and S\ = 0. The x3,, is made with
different values of S)'% and with an orientation p)# = 90°. Calculations provided by P.
Berto and J. Duboisset.

from various natures of symmetry orders, from totally isotropic (SN¥® = 0) to highly
organized (SN = 0.7), with S)® = 0. These second orders are moreover assumed to
lie perpendicularly to the resonant contributions (3% = 7/2), consistent with the fact
that non-resonant signal comes mainly from electronic susceptibilities along the lipid tail,
while the resonant CHy stretching bond orients perpendicularly to this tail (Fig. 4.5 and
Fig. 4.6). The whole susceptibility tensor y is then a sum of the resonant x* calculated
using the eq 1.13 and a simulated non-resonant y3 part. The ”effective” S;f ! values are
deduced for various strength of non-resonant with respect to resonant susceptibilities, and
various symmetries of the non-resonant background as shown in Fig. 4.9. Clearly, S;f f
decreases with an increasing strength of the non-resonant contribution and can indeed
become close to an isotropic distribution (S5// = 0) in the case where SE = SNE,
In our experimental results, the CARS non-resonant background intensity is seen to be
about 30% of the maximum resonant intensity which corresponds roughly to xV%/xf =
0.3 ~ 0.55. The SN values obtained on the similar MLVs by the FWM measurement

(Fig. 4.6¢) are within a range [0.3 — 0.5]. Supporting the assumption that ¢% and @)
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

are perpendicular (the nonlinear susceptibility is dominated by CH and CC bonds, re-
spectively), this would indeed result in the S5// to lies within a range [0.3 — 0.4], which

corresponds to our experimental values (Fig. 4.7 and Fig. 4.8).

This analysis shows that molecular order values measured in PR-CARS imaging can
be easily underestimated due to the existence of an intrinsic non-resonant background.
Measuring a reliable orientational information can be nevertheless obtained providing that
the resonant strength is large enough with respect to the non-resonant background (see
Fig. 4.6). This issue does not occur in the case of SRS providing that other sources of

artifact have been removed (140).

4.3.4 Ps vs. fs PR response from lipids in MLVs

In the previous sections we have demonstrated the importance of a high intensities to
obtain reliable quality PR data with a minimum bias imposed on the order parameters.
Here, we compare the molecular order information obtained from the PR-CRS measure-
ments using the narrow band picosecond laser featuring a high spectral resolution and
the broad band femtosecond optical set-up. Fig. 4.10 represent the distribution of the
(Sa, SA(LS), Sia)) symmetry order parameters obtained from the PR-CARS and PR-SRS
measurements using the ps or the fs laser sources. Both processes are centered to target
the CH stretching vibrations (2845 cm™!) of DPPC lipid in MLVs. The experimental data
points are taken from the MLV circular contour which keeps all intensity contributions
well above the background (inset in Fig. 4.10a). Visibly, the Sy values obtained in the
PR-CARS measurements (Fig. 4.10a) using both the ps and the fs systems lie in the same
range as mentioned above with negligible disparity A ~ 0.04 (which corresponds to a
difference in the disorder o =~ 2°). However, the PR-SRS points out a difference in the
deduced S; order parameter (Fig. 4.10b) in which values are underestimated with a larger
difference A ~ 0.14 (¢ ~ 9°) between ps and fs regimes. Similar situation occurs in
the S\ values (Fig. 4.10c, d).

Such a discrepancy may come from the fact that the SRS process is not biased by the
non-resonant background present in CARS technique and is therefore more sensitive to
proximal resonances of lipid species which might have different orientational order. How-
ever, the SRS data points obtained with the ps system are much heterogeneous compared
to the results deduced from the fs laser due to the higher level of noise. Nevertheless, all
experimental values follow invariably the same distribution function (the Gaussian distri-

bution with 25% contribution from an isotropic population) despite a different disorder

78



4.3. Experimental results: Nonlinear contrasts to probe the packing of lipids in MLV

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
S4(a) s4(a)

Figure 4.10: (a, c¢) Plots of Sy versus Sy values (averaged over 9 pixel) deduced from the
PR-CARS for the ps (red) and fs (black) systems. (¢, d) Identical plots as for PR-CARS.
PR-CARS and SRS measurements were performed on the same MLV made of DPPC lipid
for ps system. Equivalent measurements were performed using the fs system. Each value
corresponds to a pixel of the image within a given mask (inset in the part a) applied to
remove all the pixels from the background. The data points are taken from the analysis

shown in Fig. 4.7 and Fig. 4.4 for the ps and the fs system, respectively.
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

width 0. Moreover, we observe the error imposed on the (S5, Sis)) order parameters in
the PR-CARS with respect to the PR-SRS analysis to be systematic with the approx-
imate values of [0.2;0.03] using ps and [0.1;0.03] using fs laser source. This result has
important consequences on future measurements: even though absolute values of molec-
ular order cannot be reached using fs PR-SRS or PR-CARS, it can be used for relative
measurements.

The ps system, although it features narrower bandwidth than the fs laser (and therefore
takes full advantage of the chemical selectivity of the CARS imaging technique) requires
high peak power to obtain a well contrasted PR data, which can more easily damage
biological samples. In the situation when the high spectral resolution is not necessarily

needed, the fs system will thus be employed to perform PR measurements.

4.3.5 PR-2PEF to probe lipid order in MLVs

Another way to probe the molecular organization relies on using fluorophores which are
inserted in membranes and acts as orientational markers. Since this nonlinear process is
largely used in many studies, in this section we compare it with the label-free techniques,
CARS and SRS, in the context of the information that we can retrieve from the PR
measurements. To do so, we performed simultaneously PR-CARS/SRS/2PEF experiments
on a single MLV made of DPPC lipids and labelled with the TMA-DPH fluorescent dye.
Results comparing these three nonlinear contrasts are shown in Fig. 4.11. Visibly, the
intensity signal from the equatorial plane of the MLV for all nonlinear processes is well
above the background. Note that we ascertain that the two-photon absorption process
does not affect the SRS data (141): indeed results are the same before and after bleaching
the fluorescence dye.

As expected, the images of deduced Sy order parameter completely suppress the
isotropic background surrounding the MLV. Different magnitudes of Sy order parameter
from the circular contour are observed depending on the contrast used, with the highest
values for the 2PEF analysis which is discussed below. As has been already discussed
before, deduced ¢, images from SRS and CARS measurements show the azimuthal orien-
tation of CH bonds with respect to the membrane contour (Fig. 4.11b and ¢, right panel).
This situation is different in the 2PEF response. The maximum emission generated by
fluorophores along the emission dipoles (u“™) is oriented parallel to the lipid acyl chain
axis and so perpendicular to the CH bond dipoles probed by SRS and CARS microscopy.
This is expected from the way TMA-DPH inserts in the membrane (50, 52, 135).

The resulting distribution of order parameters taken from the membrane contour is
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Figure 4.11: PR~ 2PEF (a), SRS (b) and CARS (¢) results performed on a single MLV
made of DPPC lipid and labelled with fluorescent dye TMA-DPH. From the left: The in-
tensity images summed over all polarization angles of electric fields; Intensity modulations
taken at point A on the intensity images; deduced S, images; o images representing the
orientation of nonlinear induced dipoles (SRS, CARS) or TMA-DPH (2PEF). For the S
and S\ values see Fig. 4.12.

shown in Fig. 4.12. Clearly, there is a difference of the retrieved molecular order from CH
bonds of lipids and TMA-DPH dyes, which seem to be more organized in comparison to

the surrounding lipid assembly. While lipids still fit well with the Gaussian

distribution with a 25% contribution from an isotropic population (o ~ 73° for CARS
and o ~ 67° for SRS), TMA-DPH dyes, even if highly heterogeneous, rather fit with
a function in between the Gaussian and a cone - a smooth like cone (o &~ 57°) with
a non-negligible steepness (¢ = 3) (see Section 1.4.2). Indeed, the retrieved 54 can
reach non-negligible negative values that cannot be distributed to a smooth Gaussian
function. The obtained results demonstrate that the retrieved molecular order information
by the 2PEF is clearly distinct from that obtain by the label-free SRS (CARS is not
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

considered as very quantitative here since it is known to provide an underestimated order
as discussed above). It is not such a surprising result since these processes address different
molecular dipoles. The fluorophore, TMA-DPH, embedded in lipid membranes seem to
feature a lower angular freedom imposed by the surrounding lipids. This is not a case of
CH molecular bonds of acyl chains probed by the SRS process, which by higher angular
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Figure 4.12: S, versus Sff) for PR-2PEF, CARS and SRS results obtained on a single
MLV made of DPPC lipid and labelled with fluorescent dyes TMA-DPH. Solid lines:
theoretical (.Sz, 54 ) for a Gaussian function with 0%, 25% () or 50% (%) contribution

from an isotropic population and a smooth cone with a steepness a ~ 3.

freedom reflect possible conformational changes of lipids in multilayers as well as the local
lipids interactions. As a result, the significant difference in molecular order (o ~ 10°) is
seen here in the case of the 2PEF compared to the information probed by SRS. Such a
disparity (A =~ 0.37), contrary to the SRS and CARS, is an effect of related to lipid-lipid
probe interactions which might depend on the nature of the lipid probe, and on the lipid
composition, as we will see in Section 4.5.5. Therefore, a special care has to be taken
when performing PR measurements by 2PEF microscopy. At last, one can notice that
the measured order S5 for the lipids is roughly the same as measured above without the
TMA-DPH dye. This seems to indicate that at this lipid probe concentration the lipid
order is not perturbed by the presence of the dyes. More refined studies on the lipid/lipid
probe interactions are described in Section 4.5.6. Note that the SRS measurement seems
to be not strongly affected by the two-photon absorption effect of the fluorescent lipid

probes. Indeed when these probes are bleached, the measured lipid order is not modified.
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4.4 Conclusion on the methodology

In conclusion, these data demonstrate that PR nonlinear techniques are highly sensitive to
the molecular order in complex organizations. However, these techniques are not sensitive
to the same degree of organization due to their intrinsic properties. We have shown that
the non-resonant FWM process, often seen as "unwanted guest”, when used properly, can
deliver a rich information about the packing of molecules. On the other hand, being a part
of the resonant case, can also bias the obtained orientational information when performing
PR-CARS experiments. Nevertheless, such an artifact can be removed by using the PR-
SRS microscopy. Moreover, it is possible to use either picosecond or femtosecond laser
sources depending on the information and sensitivity we want to obtain. The background-
free 2PEF contrast requires the use of fluorescent dye to probe lipids in membranes and
therefore the information about the molecular order is retrieved indirectly. For this reason,
we need to keep in mind that in the case of 2PEF we do not probe the lipids but the
fluorescent dye embedded in lipid membrane which not necessarily reflects the behavior
of lipids itself.

4.5 Experimental results: PR nonlinear microscopy:

an insight into the fine organization of lipids

In this section we present the nonlinear contrasts, PR- 2PEF, SRS, CARS and FWM
discussed in the context of their application to retrieve the detailed information about
the molecular self-assembly of lipids depending on the morphology of studied model sys-
tems and the structural properties of lipids. We address the impact of cholesterol on the
organization of lipids. Since the fluorescent molecules are widely use to probe the lipids

we discuss their effect on the lipid membranes in this context.

4.5.1 The lipids packing in MLVs depends on their morphology

In order to get insight to the origin of heterogeneity of lipids packing in vesicles, we have
investigated vesicles having different morphology. Based on the CARS images, beside
MLVs with no intensity in their equatorial plane (denoted "not-filled (NF)”) (like this
shown in Fig. 4.5, left side of the intensity images), we also observed vesicles where high
intensity signals from CH vibrations appeared inside (denoted "filled (F')”) (Fig. 4.5, right

side of the intensity images).
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

The comparison between the two kind of MLVs is shown in Fig. 4.13. The map of Sy
taken from PR-CARS (Fig. 4.13¢) clearly shows a presence of two distinct populations in
filled DPPC vesicles where lipids are highly organized on the rim and having an isotropic
behavior resembling a bulk distribution inside. Moreover, as seen in the image of s,
CH molecular bonds have a well defined orientation on the edge following the membrane
curvature. However, even in the region inside the MLV where the order is almost isotropic,
the orientation @5 is not completely random and shows well determined direction that
seems to indicate bending of the membrane at the macroscopic scale. In order to compare

the organization of lipids of filled- to not filled vesicles we considered only pixels taken from
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’ © DPPC not filled ’ © DPPC not filled
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
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Figure 4.13: Comparison of molecular packing in two different MLVs, "not filled” and
"filled” with lipids inside, both made of DPPC and probe by CARS and SRS. (a) and
(b) The intensity images of "filled” and "not filled” MLV, respectively. (¢) The S, map
of "filled” vesicle and the o image of the overall orientation of CH bonds (below). (d)
Graphs S, versus Sz(f) for CARS and SRS, respectively.

their border in the equatorial planes (red dashed curve in Fig. 4.13a and b). The values
of Sy versus Sf) for both CARS and SRS (Fig. 4.13d) show distinct lipid organizations
where the S, magnitude is visibly lower for the filled (S ~ 0.25 for CARS and S5 ~ 0.29
SRS) compare to not-filled vesicle (Sy &~ 0.41 for CARS and Sy ~ 0.55 for SRS). Both
vesicle, filled and not filled follow the Gaussian distribution function with aperture o
around 83° and 72° for CARS and 80° and 65° for SRS, respectively. These data suggest
that the organizations of lipids in vesicles and their spontaneous self-assembly is highly
dependent on the morphology. It is not precluded that the multilayers interact with each
other in the inner membranes and that this interaction has a larger scale effects on the lipid
disorganization of the outer layers. For this reason, in the following studies we consider

only the MLVs having similar morphology appearing as the not-filled (NF)” vesicles.
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4.5.2 The effect of MLVs immobilization in an agarose gel on

the polarization resolved analysis.

The PR analysis requires the sample to be stable over all measured excitation polarization
angles in order to avoid any bias on the retrieved order parameters. However, sometimes it
happens that MLVs made of the unsaturated (”light”) lipids are not stable enough in their
aqueous solution becoming highly mobile. In such a case MLVs need to be immobilized in
some organic material, for instance the agarose gel, in order to prevent these movements.
One could ask the question: does the immobilization of the MLV in an agarose gel affect
the PR data?

Fig. 4.14 compares the data taken from an individual MLLVs made of "light” DOPC
lipid suspended in a pure water (Fig. 4.14a) or immobilized in agarose gel (Fig. 4.14b).
Visibly, there is a strong heterogeneity on Sy and Sff) values for MLV suspended in wa-
ter. This highly spread distribution arise due to the movements of the MLV made of

S (DOPC-H,0)
2

. . |0 DOPC (H,0)
<| © DOPC (1% agarose)

0 0.25 0.5 0.75 1.0
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Figure 4.14: The maps of S5 values deduced for MLLVs made of DOPC lipid and suspended
in a pure water (a) or immobilized in an agarose gel (b) imaged with PR-CARS. (¢)
Graph of deduced Sy versus Sf) values for both MLVs showing distortions introduced
be the mobility of the MLV suspended in water. Solid lines: theoretical (S, Sis)) for a

Gaussian function with 0% and 50% (*%) contribution from an isotropic population.

DOPC lipid, which is too light to stay in one position when performing a PR experi-
ment (Fig. 4.14a). In comparison, no movements are observed in MLV immobilized in the
agarose gel and therefore no distortion introduced on the order parameters as well as no

negative general effect on the angular distribution (Fig. 4.14b). Note, that we did not
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observe such an effect in MLVs made of saturated lipids, which seems to be heavier than

the unsaturated once.

4.5.3 The effect of cholesterol on the lipid packing in the MLV

Many studies has been dedicated to the cholesterol effects of the lipid organization (45,
142, 143). Here, we present a direct visualization of the organization of lipid membranes in
the presence and the absence of the cholesterol using the PR- CARS and FWM microscopy
in the ps experimental set-up.

We compare the organizational behavior of lipids in MLVs made of DPPC-d62, which
at room temperature (21°) adopts the gel S, phase. The results obtained by PR- CARS
and FWM for MLV made of pure DPPC-d62 has been already discussed in Section 4.3.2.
For MLVs made of DPPC-d62 lipid mixed with 5% (w/w) cholesterol the results of (Ss,
Sis), ia)) are shown in Fig. 4.15. While the values of S; is dominant in the PR-CARS
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Figure 4.15: S5, 55, 8{” and ¢, deduced images for FWM (a) and for CARS (b). The

o images demonstrate the orientation of molecular bond dipoles seen as sticks for each

pixel whose colors follow the S5 scale.

response, in the case of PR-FWM Sis) is seen to surpass S, in magnitude, emphasizing
the presence of high frequencies in the angular distribution. These values, especially for Sy
are slightly underestimated due to the presence of birefringence in this sample (we did not
observe a strong birefringence for MLVs made of pure DPPC-d62 lipid) (see Section 2.2.3).

We, nevertheless, estimated the bias on the S; value to be no more than 0.05 in the
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presence of a 20° birefringence phase shift, which is the maximal value experienced here
by the incident fields focused at half-height in the MLVs. Both vibrational (CARS) and
electronic (FWM) bond dipoles orientation represented as the image of ¢y seem to follow
the same trend as seen in the pure MLVs. However, in both PR- FWM and CARS cases
(Fig. 4.6), Sy and 54 values are found to increase in the presence of cholesterol, which is
a signature of a global gain of order.

Sy and Sz(f) values for all measured samples are summarized in Fig. 4.16, together
with expected (Sg,Sis)) for angular distributions of known shapes and increasing disorder
o. Obviously, in the case of FWM for MLV containing cholesterol none of the measured
effective distribution is seen to fit with a pure Gaussian distribution. The PR-FWM data

-0.5 o CARS pure
’ CARS 5% chol

0 o FWM pure
) o FWM 5% chol

0 025 05 075 1 125 15 o=~76° 0 =25° ¢ = 70°
S,

Figure 4.16: (a) Experimental (5, versus Sﬁs)) values which are the average over ten pixels
and were taken within a give mask (inset in the plot). Solid lines: theoretical (.2, Sf)) for
a bi-Gaussian function (distant by € = 70°), a Gaussian function with 0%, 25% () or 50%
(*%) contribution from an isotropic population. (b) Scheme of the effective distribution
function p(¢) of CD dipoles probed by PR-CARS. (b) Scheme of the effective distribution
function p(p) of nonlinear dipoles (arranged along CC bonds) probed by PR-FWM.

rather fit well with a bi-Gaussian made of two Gaussian functions separated by € = 70°
(Fig. 4.16¢), with a visibly high disorder (¢ ~ 38°) in pure DPPC and higher order
(0 &~ 25°) in the presence of cholesterol. The observed symmetry spectrum of the mea-
sured angular distribution p(p) is in agreement with nonlinear bond dipoles arranged

roughly on the CC bonds frame, similarly as in the simple theoretical model described
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

in Chapter 1. The lower angular freedom imposed by interactions with cholesterol (45)
almost reveals the crystalline structure of the individual acyl-chains symmetry as it occurs
in the liquid-ordered L, lipid phase. Note that the observed disorder ¢ encompasses pos-
sible conformational changes of the lipids in the multilayers, local lipid interactions and
morphological fluctuations of the membrane at the sub-diffraction scale. The PR-CARS
data are representative of lower Sff) values which can be interpreted by a Gaussian model
superimposed with an isotropic contribution (25% of the total population) rather than by
the Gaussian function (45).

The width of this Gaussian population is about ¢ = 72°. This width decrease in
presence of cholesterol (Fig. 4.16) down to o = 57°, still in presence of an isotropic

distribution.

4.5.4 The influence of the acyl chain structure on lipids packing
in MLVs

In order to investigate the sensitivity of the polarization-resolved analysis to the lipids
thermodynamic behavior we performed the PR-CRS measurements on MLVs made of dif-
ferent lipid species. PR-CARS and SRS measurements were performed using MLVs made
of pure DOPC, DMPC or DPPC lipids. All MLVs were measured at room temperature
(21 £ 1°C) in which lipids reveal different phase behavior (Table 4.1.1). As has been dis-
cussed in Section 3.2.2(Chapter 3), these phase behaviors are characterized by different
lateral organizations of lipids depending mainly on the degree of saturation, the acyl chain
length and temperature.

The S; and Sf) values of all measurements, summarized in Fig. 4.17, Fig. 4.18 and
Table 4.3 demonstrate the potential of the method to probe lipid phase behaviors by both
CARS and SRS microscopy. As expected, Sy values from CARS polarization response is
always slightly lower than from SRS due to the non-resonant background present in the
sample, contrary to SRS response which is a background free. Nevertheless, both CARS
and SRS signals follow the same trends when lipids change, which makes CARS a valid

method for "relative” measurements. We can clearly distinct differences
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Figure 4.17: Experimental values of S versus S5* for MLVs made of (a) DOPC(agarose)
(16 samples), (b) DMPC (3 samples) and (¢) DPPC (24 samples) lipids probed by CARS
and SRS. Insets in these plots show the examples of Sy maps for each type of MLV.
(d) and (e) Summarizing graphs of Sy versus 55 for CARS and SRS for these MLV,
respectively. Solid lines: theoretical (Sz, S5*) for a Gaussian function with 0%, 25% (x)

or 50% () contribution from an isotropic population.
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Table 4.3: Summary of S, and Sis) values from all PR- CARS, SRS and 2PEF measurements.

Contrast DOPC, pure DOPC, labelled® DMPC, pure DMPC, labelled®  DPPC, pure DPPC, labelled®
CARS o~ 86° o~ 86° o~ T5° o~ 82° o~ T73° o~ 74°

So A 0224003  S;~021+£001  S~036+0.06 Sy~027+£003 S ~040+0.05 S, ~0.38+0.05

S 20064004 S ~003+£001 S ~012+4005 S ~007+002 S ~005+003 S ~0.03+0.02
SRS o~ 80° o~ 80° o~ 64° o~ 62° o~ 66° o~ 69°

So A 0.32+£0.03 Sy~032+£001 So~058+0.04 Sy~061+£006 So~053+0.04 Sy~ 0.46+0.06

S ~007+£002 S ~006+0.02 S ~017+002 S ~017+004 S ~008+003 S ~0.06+0.02
2PEF - o~ 65° - o~ 48° - o~ 48°

- Sy~ 0.554+0.01 - Sy~1.04+014 - Sy A~ 0.97 +0.1

- 5 ~0.06+0.03 - S~ 0244013 - S1%) ~ 0.04 + 0.06
“TMA-DPH.

bdi-8-ANEPPQ.
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4.5. Experimental results: PR nonlinear microscopy: an insight into the fine organization
of lipids

in molecular packing in these lipid species. All measured cases seem to fit with Gaussian
distribution function with a 25% contribution from an isotropic population (Fig. 4.17).
This contribution is thus most probably due to morphological properties (lipid membrane
folds) that are conserved whatever the lipid phase which is related to the multilamellar
nature of the sample. MLVs made of DOPC, which are supposed to be the most disor-
ganized due to the single double-bound in the acyl chain, display the highest disorder
(0 ~ 86° for CARS and ¢ ~ 80° for SRS) as compared to MLVs made of DMPC
(0 =~ 75° for CARS and ¢ =~ 64° for SRS) or DPPC (¢ =~ 73° for CARS and 0 =~ 66°
for SRS) lipids (Table 4.3). DPPC made MLVs exhibit a higher order which is attributed
to the more rigid structure of this lipids. We can notice, moreover, that the distribution
of DMPC data is the most spread encompassing possible heterogeneities made of ordered
and disordered areas. This could be explained by the fact that the room temperature in
which the experiment has been performed is very close to the temperature of the phase
transition of DMPC lipids (23.6°C), resulting in the mixing (within individual MLVs) of
two phases - Ly and S,. The phase transition of DOPC or DPPC lipids is far away from
the room temperature indicating that these lipids should display one defined phase (45).

SAES) values, on the other hand do not reveal such a clear dependence to the lipids
type. It is probably due to the fact that the Sis) parameter requires a higher order of
angular constraints (lower Sy) to reveal structural changes in the lipid angular distribu-
tion, such as seen in the presence of cholesterol (Section 4.5.3), which introduced almost
crystalline structure of lipids assembly. The standard deviations of the order parameters,
which are signatures of the sample heterogeneity, are plotted in Fig. 4.18. Visibly, the
highest diversity within a single MLV is seen for DMPC lipid which confirms the previous
observations. Sff) parameter displays mostly a higher standard deviation than S, which
is less sensitive to the noise introduced by the sample (see Section 2.3.3). We can notice
that the observed heterogeneity is introduced by the sample itself, which encompasses the
conformational changes of lipids, local lipid interactions and morphological time fluctu-
ations of membranes. Nevertheless, even if there is some diversity within a single lipid

species, the molecular order still follow a single angular model as shown in Fig. 4.17.

4.5.5 Comparison of molecular packing in labelled MLVs made
of different lipid species

We investigate now whether the fluorecent dyes embedded in the lipid membranes affect

the structure and organization of lipids assembly. To do so, we performed the same exper-
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Figure 4.18: Values of S, and S (red) and their standards deviations of Sy(cg2) and
Sy(0g4s) (black) for all MLVs made of DOPC (agarose), DMPC and DPPC lipids probed
by PR-CARS and SRS. Each point represent a standard deviation measured over pixels
of each measured MLV.

iment as demonstrated in the Section 4.5.4 on the MLVs labelled either with TMA-DPH
or di-8-ANEPPQ fluorophore using PR-CARS, SRS and 2PEF on a single vesicle. We
collected the PR data using MLVs made of DOPC and DMPC lipids. The results from all
these measurements are summarized in Fig. 4.19, Fig. 4.20 and Table 4.3. Looking at the
Fig. 4.19 we can notice that the polarization responses for both CARS, SRS and 2PEF
signals follow the same trend for the three different lipids species, with higher order found
systematically for fluorescent dyes. Both fluorescent dyes, TMA-DPH and di-8-ANEPPQ
thus change their organizations depending on the lipidic environment in which they are
inserted. Among the fluorescent response the lowest molecular order (o & 65°) is seen for
the TMA-DPH dye inserted in DOPC lipid membranes, where the organization follows
a Gaussian shape (Fig. 4.19a and d). This is consistent with previous observations (e.g.
without the dyes) (Section 4.5.4) where at room temperature DOPC is supposed to be
in the liquid L, phase, which is the most disorganized one. Similarly, the distribution of
the di-8-ANEPPQ fluorescent dye in the DMPC lipids also fits with a Gaussian shape
function but with much higher order than observed for DOPC membranes (o ~ 48° in
DMPC and ¢ = 65° in DOPC) (Fig. 4.19b, d). The measured distributions are in contrast
with the observations described above (Section 4.3.5) for TMA-DPH inserted in DPPC,

where a smooth cone function with a higher steepness and the highest order has been

92



4.5.

Experimental results: PR nonlinear microscopy: an insight into the fine organization

of lipids

1F 7
9 "DOPC pure 9
0.5¢ 0.5
7} %)
-0.5¢ | 0.5
CARS}] 4 DPPC (dyT) | . E
+ SRS | DMPC (dyA) | « v
; o TPEF (dyT) ] © DOPC (dyT) B N
0 0.25 0.5 0.75 1 125 15 0 0.25 0.5 0.75 1 125 15

- Y -0.5
* CARS DPPC
© SRS © DMPC
TPEF (dyA) 1 + DorcC
0 025 05 075 1 125 15 0 025 05 075 1 125 15

'DPPC

- g
A LR
+ CARS B S
SRS . A
] # TPEF (dyT) O
0 0.25 0.5 0.75 1 125 15
S,

« DPPC
+ DMPC
DOPC
0 0.25 0.5 0.75 1 125 15
S,

Figure 4.19: Experimental values of S, versus S5 for MLVs made of (a) DOPC(agarose)-
TMA-DPH (2 samples), (b) DMPC-di-8-ANEPPQ (3 samples) and (¢) DPPC-TMA-DPH
(12 samples) probed by CARS, SRS and 2PEF microscopy. (d-f) Summarizing graphs of
S, versus S5 for 2PEF (d), SRS (e) and CARS (f) for these MLVs. Solid lines: theoretical
(S2, S$) for a Gaussian function with 0%, 25% (%) or 50% (#*) contribution from an

isotropic population and a smooth cone with a steepness a ~ 3.
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4. Molecular order of lipids in membranes probed by nonlinear polarized microscopy

measured. This is probably due to the lower angular freedom imposed by DPPC which at
room temperature displays a gel S, phase (Fig. 4.19¢ and d). The comparison of S, values
obtained for lipids (PR-SRS) and dyes (PR-2PEF) permits to draw several conclusions
(Fig. 4.19). First, the trend of "order increase” by increasing lipid order phase is followed:
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Figure 4.20: Values of S, and S\° (red) and their standards deviations of Sy(cgs) and
Si(0s4s) (black) for all MLVs made of DOPC(agarose)-TMA-DPH, DMPC-di-8-ANEPPQ
and DPPC-TMA-DPH probed by PR- SRS, CARS and 2PEF microscopy. Each point

represent an average standard deviation of each measured MLV.

both lipid order and dye order indeed increase when going from DOPC to DMPC or
DPPC. However, the shift in S, is not necessarily the same for lipids and for the dyes.
This shift also depends on the dye (e.g. di-8-ANEPPQ versus TMA-DPH). The standard
deviations of deduced S, and Sf) values measured over the high intensity pixels of MLV
(for several MLVs), are plotted in Fig. 4.20. The orientational response from fluorophores
reveal a higher level of heterogeneity from one measurement to another as compared to
the molecular order measured for CH bonds probed by CRS microscopy. Moreover, this
heterogeneity increases from DOPC to more ordered DPPC environment. A similar effect
was already seen from pure lipid order (Section 4.5.4): for both dyes and lipids, an ordered
lipid phase tends to create more heterogeneities in the measured samples; maybe due to
the presence of more heterogeneous domains.

Finally, this study permits to compare dyes behavior. First, TMA-DPH in DOPC
shows very similar order as previously reported (52). Second, we performed also the mea-
surement of di-8-ANEPPQ organization in MLVs made of DPPC lipid. We found similar
Ss and Sis) values as for TMA-DPH fluorescent dye. This confirms that both fluorophores
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give the same information about the molecular order in membranes (52). Even though

these dyes are structurally different, they probably exhibit similar lipid interactions.

Based on this data we report few important observations: 1) all fluorophores display a
higher molecular order than CH nonlinear bonds, which suggests that their organization
is strictly limited by an angular constraint imposed by surrounding lipid molecules, 2)
this molecular order of fluorophores can be very different depending on the rigidity of
the surrounding lipid assembly, however follows the same trends quantitatively, 3) PR~
2PEF does not report the same degree of organization as PR-CARS and SRS and this
needs to be taken into account when interpreting PR-2PEF results: in particular the order
measured for a dye is not representative of the measured order for the surrounding lipids,
and 4) Results obtained from PR-2PEF and PR-SRS are not quantitatively equivalent in
terms of shifts of order induced by a change of lipid phase.

PR-2PEF moreover produces results which are highly heterogeneous and therefore the
information about the molecular organization depending on the lipid phase can be biased
in the case where no careful statistical analysis is made. Therefore, probably the best
choice for such an investigation of the lipid assembly behavior is to perform PR-SRS,

which directly visualizes the organization of CH bonds in a background-free manner.

4.5.6 The influence of fluorophores on lipids packing in MLVs

Finally, we compare the molecular order of lipids read by PR-CARS and SRS microscopy
in the presence or absence of fluorophores. Results from all measurements are summarized
in Fig. 4.21. We can see that the general distribution of values of order parameters for
MLVs with or without a fluorophore mostly are in the same range. Slight differences are
seen for MLV made of DMPC lipids probed by PR-CARS as well as DPPC probed by
PR-SRS. In both cases the values of Sy are lowered for labelled MLV as compared to non
labelled. We do not observe such effect in DOPC lipids, which may reflect the preference of
fluorophores to accumulate more in a gel phase of DPPC and DMPC lipids thus decreasing
general disorder, as it has been shown in a case of higher concentrations of cholesterol (45).
Nevertheless, the data suggests that the lipids molecular order is generally preserved. This
is a rather positive conclusion with aspect to the use of fluorescence probes, which are often
criticized for their negative effects on the lipid membranes’ structure. However, we could
notice slight differences in the heterogeneity of the parameter, which standard deviations
are generally lower in labelled membranes. This can be pictured by more uniform lipid

behavior and overall orientational membrane homogeneity imposed by the fluorescent dye
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(compare also plots in Fig. 4.18 and Fig. 4.20).
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Figure 4.21: The influence of fluorescent dyes on lipid packing probed by PR- CARS
and SRS microscopy. Graphs S (left) and 54 (right) compare the values for all MLVs
made of DOPC, DMPC and DPPC pure or labelled with TMA-DPH (DOPC, DPPC) or
di-8-ANEPPQ (DMPC) fluorescent dyes.

4.6 Conclusion

All of nonlinear contrasts studied, 2PEF, SRS, CARS and FWM provide detailed infor-
mation and we have shown that are suitable to probe different orientational behaviors of
lipid assembly. We have shown that the PR-2PEF is able to read qualitatively the molecu-
lar organization of lipids, but the quantitative retrieved information is not the same as the
obtained by the label-free techniques as CARS, FWM and SRS. The label-free nonlinear
contrast are highly sensitive to the changes of lipids organization imposed by cholesterol
or depending on the structure of lipidis acyl chain. Moreover, we have demonstrated that
the presence of the fluorophore in the membrane does not modify the molecular order
of lipids Sy at small concentrations, but increases of overall homogeneity of the probed

membranes is non-negligible.

4.7 Perspective

The advantage of the SRS technique over the 2PEF is the label-free visualization of
the lipids in cell membranes. However, the direct investigation of the cell membrane

whose thickness ranges between 0.5 and 0.7 nm remains a challenge, mainly due to the
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resolution limitation and the high CH bonds content in the interior of the cell. Here,
we show preliminary results obtained from PR-SRS measurements of a cell membrane
of a COST7 fibroblast-like cell. Fig. 4.22 shows the PR-SRS intensity response (centered
to probe the CH stretching vibration of lipids at 2845 ¢cm™!) depending on the input
excitation polarization angle o from the COST7 cell. No significant difference is seen for
two points taken either from the edge or from a high intensity pixels inside cell, which

remains almost isotropic.
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Figure 4.22: PR-SRS intensity signal response from the COS7 cell line.

A closer inspection of the deduced Sy and Sis) values (Fig. 4.23) shows that the interior
of the cell is homogeneously isotropic while slightly higher S; values are detected at the
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Figure 4.23: The deduced S,, Sfls) and o maps for enlarged view of the border of the
COST7 cell.

edge of the cell. The ¢y image shows that the molecular bonds in average lie along the
border of the cell as expected from the geometry of the membrane. Plotting the S, versus
Sf) values in the graph shown in Fig. 4.24 clearly indicates a very low order distribution
of the CH molecular bonds (Sy values ~ 0.1, but still with higher values of Sy than the
considered points inside of the cell. The relatively low S, measured is most probably due
to the important isotropic population of CH bonds (from lipids and proteins) inside the

cell, that is also contributing within the focal spot size.
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Figure 4.24: Graph of the Sy versus Sf) values taken from the edge (green) and from a
high intensity pixels inside the COST cell.

The higher S, signal at the border of the cell equals to 5 pixels (= 1 g m) which
seems, however, too large for the cell membrane of a few nanometers (Fig. 4.23). This can
be however explained by the convolution process between nanometric order region and
a PSF (focal spot size) of &~ 300 nm. It has been shown indeed, that for such punctual
objects, the molecular order map tends to considerably enlarge in scale (Carolina Rendon
phD, in preparation). Considering that higher SRS signals could be obtained by more
accumulations, there is therefore some hope to be able to better quantify molecular order
in cell membranes using PR-SRS.
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Chapter 5

Central nervous system, myelin:

architecture, disorder and imaging

5.1 Central nervous system (CNS)

5.1.1 Architecture of the CNS

The central nervous system (CNS), which consists of the brain and spinal cord, is com-
posed primarily of two kinds of cells: neurons and glia (Fig. 5.1a) (144, 145). Every
aspect of the CNS development and function involves neuron-glial partnership. While
neurons are directly involved in the transmission of electrical impulses and information
processing, glial cells are responsible for correct neuronal development and for the func-
tionality of mature neurons. There are three types of glial cells; astrocytes, microglias
and oligodendrocytes. Each of them display distinct function in the CNS. The first class
of cells, astrocytes (of a ramified morphology), the most numerous in the CNS, play a
crucial role in the development of the nervous system, including potassium homeostasis,
neurotransmitter uptake, synapse formation and regulation of blood-brain barrier (146).
Microglias, which constitute about 10% of CNS glia (147), are the immunoeffector cells
in the CNS and their role can be either neuroprotective or neurotoxic to the functions
of surrounding cells. They continuously migrate through the CNS in order to react to
the potential pathogen or to CNS injury. Moreover, they are responsible for removing
cellular debris from the brain by phagocytosis, regulating astrogliosis and assisting in
the development of CNS (148). The main function of oligodendrocytes is the formation
of a plasma membrane, named the myelin sheath (Section 5.1.2) around the elongated

body of nerve cells (Fig. 5.1b), which plays an important role for electrical insulation
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Figure 5.1: Architecture of the central nervous system (a) The glial cells and neurons dis-
tribution. (b) Structure of a neuron. The red arrows show the flow of the action potential

on the node of Ranvier (From: www.cnz.org).

allowing the fast conduction of electrical impulses (144, 145). It is clear that the correct

and balanced cooperation of glial cells is indispensable for the proper function of the CNS.

5.1.2 Myelin

Myelin sheath, for the first time named so by Virchow in 1854 (149), is the most abundant
membrane structure in the nervous system of vertebrates. The myelin sheath, as a multi-
lamellar membrane wrapped around the axon (Fig. 5.1b), is responsible for the saltatory
conduction of nerve impulses. It acts as the electrical insulator enabling the action poten-
tial to occur only in the areas on the axon exposed to the extracellular space called the
node of Ranvier. The electrical impulse jump from node to node, which might be even 1
mm away. Such a propagation of electrical impulses is much faster (even 100 times) than
in unmyelinated nerves (150).

The insulating properties of the myelin sheath are due to its structure, its thickness and
its unique composition. Based on the transmission electron microscopy images (TEM), the
myelin sheath is a multilayered stack of membranes with a characteristic periodic structure
of altering electron-dense and -light layers (Fig. 5.2a). The dense and -light lines represent
the closely condensed cytoplasmic and extracellular membranes, respectively (Fig. 5.2a).
The compaction of each of these layers is tight and results in periodicity of about 12 nm
(Fig. 5.2b) with the myelinated segments of axons around 150 - 200 pm in length (144).

The thickness of the myelin sheath varies according to the diameter of the axon: bigger
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Figure 5.2: (a) Representative EM image of the myelin sheath structure (cross section
view) (Adapted from (151)). (b) Molecular organization of the major myelin components;
MBP - myelin basic protein, PLP - proteolipid protein, MOG - myelin-oligodendrocyte
glycoprotein.

axons have thicker myelin, and vice versa. Therefore the thickness is better defined by
the g-ratio, which is the ratio of the axonal diameter divided by the diameter of the axon
and in most vertebrates ranges between 0.6 and 0.7 (152).

One of the most important features defining the functionality of myelin is its unique
composition. The myelin sheath is composed of lipids (= 70% by dry weight) and pro-
teins (= 30% by dry weight) with a low water content (150). According to a last report
the myelin sheath contain more than 700 different lipid moieties (153) among which the
most abundant are fatty acids, phospholipids and their lyso-derivatives (e.g. phosphatidyl-
cholines (PC) and lysophosphatidylcholines (LysoPC), etc.) which serve as the structural
matrix, cholesterol and its derivatives important for myelin functionality, but also lipids
involved in several signaling mechanisms, such as ceramides, cerebrosides, sulfatides, di-
and triacylglycerolipids and sphingomyelin (SM). Among proteins of the CNS maintaining
the correct structure of myelin, the most abundant are myelin basic protein (MBP) and
proteolipid protein (PLP), and a secondary by a lower amount the myelin-oligodendrocyte
glycoprotein (MOG) (Fig. 5.2b).

The components of the myelin sheath present the extraordinary ability to self-assemble
into a highly ordered and stable structure. Due to the balanced intermolecular forces be-
tween lipids as well as between lipids and proteins, it results in the formation of organized
and tightly packet multibilayers (154). For instance, it has been demonstrated that MBP,
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by acting as an electrostatic ”glue” between negatively charger bilayers and positively
charged amino acids groups, maintain the structure and stability of the cytoplasmic re-
gion of the myelin sheath (155). Other studies have shown that the adhesion between
bilayers highly depends on the lipid composition (156, 157), in particular, the ratio be-

tween the saturated to unsaturated lipid molecules (158).

Any small destabilization of myelin membrane assembly can result in swelling, vesicula-
tion and even desintegration of the myelin structure, which is a common underlying feature
of several neurological disorders such as Multiple Sclerosis or Experimental Autoimmune
Encephalomyelitis (EAE), spinal cord and brain injuries, leukodistrophies, Alzheimer’s

disease and Parkinson’s disease. In this study we will focus on EAE.

5.2 Neurodegenerative disorders: Multiple sclerosis
and EAE

Multiple sclerosis (MS) is one of the most common neurodegenerative pathology of the
CNS characterized by the formation of multiple lesions, which include a widespread in-
flammation, focal demyelination, and a variable degree of axonal loss. Although evolution
of MS has been shown to be highly heterogeneous (160), many experimental evidences
for the pathological sequence of events can be derived from the experimental autoimmune
encephalomyelitis (EAE), which is the mice model for MS disease. The most common
form of the disease has two distinct clinical phases, the relapsing-remitting episodic phase
(RR-EAE) and a chronic, non-relapsing stage (C-EAE), which is a late stage of the RR~
EAE often leading to death (Fig. 5.3a) (159). Although the molecular etiology of MS is
unknown, a primary event in pathological manifestation of the disease is the breakdown
of the blood-brain barrier (BBB) initiated by autoreactive T-cells. Activated T-cells as
well as monocytes, B-cells and eventually macrophages migrate through the BBB, which
in the normal condition forms a barrier inaccessible for the immune system. The release
of cytokines by activated T-cells results in the stimulation of glial cells to transform into
their pathological state (gliosis and inflammation) and this process is associated with the
demyelination, axonal loss and oligedendrocytes destruction in active MS lesions (Fig. 5.3b
and c) (161). Until now, the primary mechanism leading to demyelination process in mul-
tiple sclerosis remains unknown, however, morphological transformations of the myelin
lamellar structure are well established. Numerous studies of the ultrastructural sequence

of the degradation have been reported (163-165). The general pattern of the demyelination
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Figure 5.3: (a) Schema showing disease progression in RR- and C-EAE with clinical

Relasing-Remitting EAE Control spinal cord

Chronic EAE

scores of animals post induction (Clinical score: 0, no clinical signs; 1, loss of tail tone;
2, fully flaccid tail; 3, complete hind limb paralysis; 4, complete forelimb paralysis; 5,
moribund; 6, dead). Following the acute phase (AP), alternate relapse (RL) and remis-
sion (RM) phases, where RL is associated with worsening in clinical score and RM with
partial recovering in RR-EAE, lead to the C-EAE. (b) and (¢) Representative large-view
images of the architecture of spinal cord in RR-EAE, C-EAE and controls. Histology and
immunohistochemistry labelling of astrocytes (gliosis), microglia (inflammation), myelin
(demyelination) and axons (axonal loss). Scale bars: B: 500 pm, C-K: 25 pm, E-G: 50 ym
(Adapted from (159)).
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a)

Normal nerve

Nerve affected
by MS

Damage myelin

Figure 5.4: (a) Scheme of the normal and MS nerve fibers (From: www.mayoclinic.org).
(b) Electron microscopy images of damaged myelin sheaths (cross section view) with
ongoing splitting and swelling of myelin membranes. Scale bars: A-C: 200 nm, D: 100 nm
(Adapted from (162)).

process encompasses the enlargement of individual myelin sheaths due to a loss of bilayer
adhesion, an interlamellar splitting and swelling and, as a consequence, the formation of
the vesiculated myelin debris (Fig. 5.4) (162, 164, 166, 167). As multiple sclerosis is a
disease specific to humans, the degradation evolution can only be indirectly extrapolated
from the mice models, using EAE. However, the structural similarities in the pattern of
myelin breakdown between EAE and the acute lesions of human MS indicate a common

mechanism for myelin destruction (167).

In the EAE pathology, many factors can contribute to the demyelination process. While
evidence that proteins play a structural role in myelin is significant (168), lipids, which
constitute 70-85% by dry mass must contribute to the myelin adhesion. For instance, it
has been reported that the lipid composition is changing in the heathly and EAE white
matter, in particular, the ratio of charged to uncharged lipids (156-158, 169) and such as
alteration in the distribution of intermolecular forces can decrease of myelin stability and
provoke the swelling process. Moreover, lipid’s abnormalities have been also seen in the
nonlesional white matter (normal appearing white matter - NAWM) (170). Many findings
suggest that lipids play an important role in myelin adhesion and their molecular organiza-

tion might be affected in EAE tissues, even before any clear morphological sign of damage.
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5.3 Structural and functional imaging of the CNS

5.3.1 Different approaches to image myelin sheaths

The architecture of the neuronal networks and their alterations in neurodegenerative dis-
eases has been widely studied by different imaging techniques. Each of them has its own
advantages and drawbacks. For instance, the magnetic resonance imaging (MRI) as well as
its derivatives (magnetic resonance spectroscopy (MRS), magnetization transfer imaging
(MTTI), diffusion-weighted imaging (DWI)), although extremely powerful techniques able
to map the white matter density in the whole brain and spinal cord with &~ 200 pm resolu-
tion (171-173), does no provide a sufficient specific information on the myelin architecture.
The positron emission tomography (PET), by the use of exogenous radioactive labeling
agents, provides &~ 1 mm resolution images that are more specific since based on direct la-
beling (174). These techniques, providing three-dimensional (3D) reconstruction, become
important tools for the diagnosis of various white matter abnormalities. The produced
information, however, is poorly correlated with functional deficits and also insufficiently
accurate to evaluate the relative amount of neurodegeneration and demyelination (175),

due to the lack of high spatial resolution.

To overcome this problem, fluorescence imaging of myelin, which gives an access to
sub-micrometric resolution, has been developed. Immunohistochemistry and immunoflu-
orescence (159, 176), selective binding dyes (167, 177) or lipophilic dyes (178), have been
used for myelin staining, allowing for instance observation of myelin vesiculation in the
acute lesions of MS and experimental autoimmune encephalomyelitis (EAE) (167). Usu-
ally developed for fixed tissue samples imaging, new labels are now accessible for in vivo
imaging (179, 180), however the short time of observation accessible (few hours) still
hampers the long-term analysis of enzymatic activities and demyelination dynamics. In
addition nonspecific binding and inefficient diffusion of dye can also obscure the data
analysis.

The transmission electron microscopy (TEM) technique, due to its high spatial reso-
lution capability, is used mostly to provide an ultrastructural information about myelin,
even on a single lipid layer. Another technique, X-ray diffraction (181) is also able to
provide detailed molecular insights of myelin. However, the complex sample preparation,
such as fixation and dehydratation, including a cutting the tissue into sections, exclude
these techniques for in vivo imaging and disease progression.

Finally, label-free optical methods, such as optical coherence tomography (OCT) (182,
183), third harmonic generation (THG) (36, 184) and confocal reflectance (185) provide
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high resolution (few 100’s of nm) imaging of myelin architecture. The first one, OCT,
by measuring the difference in the refractive index between tissues components, can be
sensitive to experimental motion artifacts. The two others, THG and confocal reflectance,
are specifically sensitive to the inner and outer interface of the myelin sheath and not
necessarily to its volume. Complementary studies are therefore still needed to find more
reliable optical contrasts.

5.3.2 Coherent anti-Stokes Raman Scattering imaging of myelin

The vibrational based contrast Coherent anti-Stokes Raman Scattering has been applied
to visualize the myelin sheath for the first time by Wang et al. in 2005 (46). They have
demonstrated that CARS microscopy, sensitive to the CHs vibration modes, permits to

retrieve the molecular orientation and vibrational spectral profiles of myelin lipids in a live
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Figure 5.5: F-CARS images of myelin sheath using vertically polarized (a) and horizon-
tally polarized (b) beams with the intensity profiles below the images for the lines shown
in the images. (¢) The symmetry axis of the CHy groups in the equatorial plane of the
myelin is perpendicular to the x direction, leading to a larger I than I,. (d) Diagram
depicting the measurement of the g-ratio from CARS images. (e) The g-ratio measured
with F-CARS images (Adapted from (46)).

spinal tissue in epi- (E-CARS) and forward (F-CARS) directions. Since this time, CARS
microscopy applied to neuronal tissues has been extensively developed. Myelin from the
CNS or peripheral nervous system (PNS) was observed using fixed slices (37, 186), fresh
tissues (187, 188) or in vivo (24, 189, 190). Now, it is possible to perform 3D high resolu-

tion, video-rate CARS images (38) in live animals over weeks (25). CARS microscopy in
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combination with other techniques, such as electrophysiology for instance, have allowed
to observe the myelin envelope behavior following high-frequency stimulation (188). Small
details of the myelin morphology, such as the node of Ranvier or the Schmidt-Lanterman
clefts, has been already observed by CARS microscopy (46), but the recently developed
method for resolution enhancement in CARS microscopy (191) has given a possibility to
obtain even more insights into the structural information of myelin. A serious limitation
of the technique is however the depth penetration. CARS signals from myelin reach up
to &~ 250 um depths for fresh and ~ 100 pm depths for fixed nervous tissues. This issue
has been partially overcome by implementation of laminectomy surgery in the spinal cord
(25), or by craniotomy to expose the subcortex white matter (24) or even by microen-
doscopy to reduce the use of surgery (> 2 mm) (189).

The myelin sheath has been largely characterized in terms of detected level of the

signal, spectral profile, polarization dependence and the measurement of g-ratio.

e F-CARS as well as E-CARS images can be obtained from the myelin sheath (Fig. 5.5a).
At the equatorial plane of the axon, the CARS radiation from myelin sheath pre-
dominantly goes forward and the E-CARS arise from the back-reflected F-CARS.
As a result the F-CARS is 18.9 times that of E-CARS, according to Wang et al.
(46).

e In the femtosecond regime, the CARS signal of axonal myelin is dominated by
symmetric and asymmetric CHsy stretching vibrations of hydrocarbon chains from
lipids (2845 cm™ and 2885 cm™! respectively) which are the major components
of myelin. Little signal originates from CHj stretching vibration of proteins (2930
cm™!) that constitute 15 — 30% of the weight of the myelin sheath (37, 46). In the
picosecond regime, small variations of vibrational bonds intensities can be detected
by combination of CARS microscopy and Raman microspectroscopy on the same
platform (37) and this can reflect the conformational and/or chemical changes of

lipids in myelin multilayers (see below).

e The myelin sheath reveals a strong polarization dependence due to the compact mul-
tilamellar structure and highly ordered CHy groups inside lipid membranes (Fig. 5.5a
and b). In the equatorial plane of myelin fibers CHy vibrations are oriented az-
imuthally with respect to the bilayer normal (Fig. 5.5¢). For quantitative analysis
of myelin density this polarization effect can by minimized by using a circular po-

larization scheme (186).
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e The g-ratio, defined as the ratio of the inner diameter to the outer diameter of a
myelinated axon (Fig. 5.5d) (152) was found to be in the range between 0.4 and 0.6 in
spinal cord tissue (186, 192) and 0.6 to 0.7 in the sciatic nerve (Fig. 5.5¢) (187, 190).

With these advances of CARS microscopy, the mechanistic disruption of myelin in
various models has been studied. In CARS imaging, the degeneration is characterized
by changes of myelin morphology, such as swelling and vesiculation, reduction of CARS
contrast and loss of polarization dependence. Study of the spectral profile of myelin fibers
in the different stages of the EAE neurodegenerative model showed interesting results
(37). It has been found, for instance, that degraded myelin has higher degree of lipids
unsaturation and lower lipid-packing ordering as compare to normal myelin, and that the
lipid conformation is not fully recovered in regenerated fibers. Moreover, the morphology
and density of myelin has been shown to be strongly affected throughout the progression
of EAE pathology in wvitro with structures showing decreasing straightness with disease
progression (37, 38, 193).

The g-ratio, as a general myelin health indicator, has been largely quantified using the
CARS contrast. It has been found that, in general, the g-ratio is increasing i.e. the myelin
fiber is thinning in the proximal region of the nerve injury, but also decreasing when mea-
sured in the distal area to the lesion (190, 194) or in remyelinated myelin fibers (37). The
analysis to calculate a g-ratio is, however, a time consuming task because performed on
a single myelin fiber level. Further image-based analyses, such as the image segmentation
for an automatic g-ratio calculation (192) or the 2D Fourier transform method (193),
allow to obtain a more accurate and automatic way to assess the myelin health level on
a big spatial scale of a few hundreds of pm.

Benefiting from the fact that the myelin sheath displays a strong polarization depen-
dence, the polarization-based method to assess the myelin health was proposed by Fu et
al. (187). The progressive degradation of myelin treated by lysophosphatidylcholine (lyso-
PtdCho), a well known demyelinating agent has been observed during a time of exposure
together with a polarization and g-ratio measurement. Similar study has been performed
recently by de Vito et al. (47) applying the developed polarization method to read the
loss of polarization dependence of myelin exposed to lyso-PtdCho and comparing the or-
der coefficients to the g-ratio measurements. In both cases the g-ratio has been found to
increase with the disruption of myelin sheaths together with the loss of the polarization
dependence. These measurements were, however, intended to give a degree of demyelina-

tion and not to better investigate lipid structural order damages in myelin.
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The possibility to image myelin by CARS together with another contrasts such as
reflectance (38), two-photon fluorescence (25, 37, 188) or second harmonic generation
(coming from fibrous filaments of astroglial cells) (195) opens a door for the future fast
live imaging of the architecture of the white matter and its changing in the presence, for

instance, a neurological disorders.

5.3.3 Two-photon fluorescence imaging of other components of
the CNS

Two-photon fluorescence (2PEF) can be used to visualize the cellular networks of the CNS
or PNS in complementary to CARS. It is obvious that imaging of myelin wrapped around
the axon cannot provide itself a sufficient information about the structure, dynamics and
functionality of the CNS. As has been discussed in Section 5.2, in human pathologies
including traumatic injury and multiple sclerosis, numbers of factors, such as axonal and
myelin degradation as well as the formation of a glial scar (gliosis), have their own role in
the neuronal degeneration leading to dysfunction of the CNS. Apart from myelin imaging
by CARS, 2PEF imaging of the concomitant structural dynamics of axonal fibers or glial
cells may enable to provide more detailed understanding of disease-related mechanisms
in such pathologies.

2PEF has been widely applied to image the functional dynamics of neural tissue either
in the brain (12) or in the spinal cord (11). Methods for specific labeling of neuronal
subpopulations are numerous (180), but one of the most powerful for in vivo studies and
surgically non invasive way is transgenic expression of fluorescent proteins (13, 18, 196,
197). Genetically encoded markers provide a good contrast and allow for long-term in
vivo imaging (Fig. 5.6a and b). 2PEF functional imaging has been applied for monitoring
individual regenerating axons and local microvasculature changes (13, 15, 18, 198) or
recruitment and dynamics of inflammatory cells (14, 16, 199) after experimental spinal
cord or brain injury (Fig. 5.6¢). It has been found, for instance, that activated microglia
which followed the blood-barrier disruption, can have various behavior, switching their
role from patrolling to shielding of the injury site (199), but also are associated with the
collapse of certain axon terminals (14) (Fig. 5.6d).

In the context of the animal model for the human multiple sclerosis, the EAE disease,
the microglia proliferation and activation (148, 200) or the interaction with the spinal
cord blood barrier (201) was directly observed. It has been shown, moreover, that after
the invasion of immune cells, axons having intact myelin sheaths start to degenerate but,

when detected in the very early stage of degeneration, can be spontaneously reversible
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Figure 5.6: (a) Schematic diagram showing the vertebral clamp and laminectomy. The
tips of the vertebral clamp are inserted under the vertebral transverse processes and glued
into place with cyanoacrylate. (b) Image of an anaesthetized mouse with an implanted
window. The window structure is being supported by a clamp attached to a plastic base.
The animal is freely breathing while in the support, but the window remains stationary
relative to the clamp. (¢) 2PEF images showing the morphological characteristics of axons
(Thy1-CFP), blood vessels (Rhodamine in blood vessels), myelo-monocytic cells including
granulocytes and most macrophages (LysM(+)-GFP), and subpopulations of dendritic
cells, microglia and macrophages (CD11c¢(+)-YFP) after window implantation at day 18
and 26 respectively. Scale bar: 20 ym (Adapted from (13)). (d) Time-series images of
distended axon terminal (DAT) collapse during close apposition with LysM(+)-GFP cell.
Left: the DAT before collapse and a LysM(+)-GFP cell (arrowhead) migrating towards
the DAT. Middle: the DAT during collapse. Right: the axon terminal several hours after
DAT collapse. The arrow points to a nearby DAT that did not collapse throughout 20h
of imaging. Scale bars: 50 pm (Adapted from (14)).
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(202).

5.4 The purpose of the study

Recently developed techniques for in vivo and in vitro imaging helped to better understand
the dynamics of the CNS in the presence of neurodegenerative diseases on the cellular
level. However, many aspects of molecular mechanisms which leads to degradation of neu-
ronal networks remain still unknown. For instance, what is the role of inflammatory cells
on myelin loss in neurodegenerative diseases? Can they be better related to molecular

scale mechanisms?

In Chapter 6, we will focus on the fundamental question about the self-assembly of
lipids in multilamellar myelin sheaths in process involving the EAE model, which is closer
to pathologies than the previously published PR-CARS (47, 187). Using PR-CARS mi-
croscopy, we will explore the complexity of the orientational alteration of lipids in myelin
sheaths during the active demyelination process. We will demonstrate how the lipid order
is changing in the progression of EAE. We will show, in particular, that although the
g-ratio is able to reveal small details about the morphology of degenerated myelin, it
does not necessary need to be an identifier of the progression of EAE. The label-free PR
method developed in this work to read molecular order at the sub diffraction scale can
be a very valuable tool, if used properly, giving a unique information not accessible by

existing methods.

In Chapter 7, we will demonstrate a potential of CARS and 2PEF microscopy for
imaging of the architecture of CNS in the progression of EAE. Both techniques provide
a high resolution contrasted images on a large spatial scale and when used on the same
microscopy are able to deliver a unique information on the role, behavior and possible

cooperation of specific CNR components in the EAE development.
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Chapter 6

Local organization of myelin lipids in

autoimmune demyelination probed
by PR-CARS microscopy

In this Chapter we will study the capabilities of PR-CARS microscopy to explore the
molecular scale lipid packing organization in the myelin sheath of axons in spinal cord

tissues.

Lipids, as a major components of myelin (= 70% dry weight), undoubtedly play an
essential role in the self-organization of myelin. The tight lipid packing within the myelin
sheath wrapped around the axon is of vital significance for effective transmission of elec-
trical signals through nerves. The myelin sheath membranes, as multicomponent systems
made mostly of lipids and proteins, display however complex phase and structural be-
havior. Lipids and proteins have a great ability to self-assemble into organized and stable
structures (154), relatively insensitive to perturbations (203). In neurological disorders
however, the compact, multilamellar structure of myelin is highly perturbed. It undergoes
several steps of transformation leading to degradation; loss of bilayer adhesion, swelling,
and disintegration from the lamellar structure forming at the end degradation products
(myelin debris) (164, 166, 167). Although the large malformations of myelin ultrastructure
in the advanced stages of demyelination is known, its subtle structural variations at early
stages of demyelination remains poorly characterized.

First, structural changes in neuronal fiber tracts are usually studied by imaging meth-
ods that are still limited to access such information specifically and quantitatively. As has
been described in Chapter 5, techniques such as Magnetic resonance imaging (MRI) and

derivatives, or positron emission tomography (PET), are becoming important tools for the
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diagnosis of various white matter abnormalities, however the scale of the obtained infor-
mation is not adequate to evaluate quantitatively demyelination processes at early stage.
To access finer scales, the myelin ultrastructure has been studied using higher resolution
imaging such as transmission electron microscopy (TEM) (150, 204), neutron scatter-
ing (205, 206) and small angle X-ray diffraction (XRD) (181, 207, 208). These techniques
are however highly invasive.

In parallel, biochemical and biophysical studies have shown that such fine morpholog-
ical alterations occur in conjunction with modifications of the lipid composition (charged
vs. uncharged (156-158), saturated vs. unsaturated (37)) in the myelin sheath, which are
thought to contribute to the loss of lipid membrane inter-layer adhesion. These changes
include the formation of liquid-ordered phase (L,) (46, 169, 209, 210) due to a high content
in cholesterol and cerebroside, similarly as in isolated lipid membranes (211). It has been
evoked that sub-diffraction scales domains of a liquid-ordered and liquid-disordered phases
can lead to budding and vesiculation (212). Note that lipid’s abnormalities have also been
seen to be already present in the nonlesional white matter (normal appearing white mat-
ter) (170). Until now, only the combination of confocal Raman microspectroscopy and
CARS microscopy have addressed lipid-packing information by optical means, showing
a higher degree of lipid unsaturation in degraded myelin, which tends to increase lipid-
packing order. These findings suggest that lipid organization might be affected in EAE
tissues, even before any clear morphological sign of damage (37).

Besides glycolipids, phospholipids and cholesterol, myelin contains myelin basic pro-
tein (MBP) and proteolipid protein (PLP) making up to 80% of the total proteins. These
proteins, in particular MBP, have shown to be also altered to the demyelination process,
affecting interaction forces between lipid layers (155, 169, 213). MBPs are thought to con-
tribute to the phase transition of lipid multilayers (214) and reversely, lipid modifications
have been seen to provoke a cohesive meshwork of proteins at the membrane interface,
which drives structural changes (169, 215).

Being able to read those fine structural alterations in the myelin sheath during the
degradation, potentially in wvivo, is thus of determining importance for a better under-
standing of the course of the demyelination progression. Optical imaging is able to address
such scales, in particular combined with polarization. As was mentioned in Chapter 5,
polarization dependence detection has been already applied to CARS imaging in such
tissues, emphasizing a loss of polarization contrast dependence upon chemically-induced
demyelination.

Benefiting from CARS microscopy, the morphology and density of myelin has been
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shown to be strongly affected throughout the progression of EAE in vitro (37, 38, 193).The
g-ratio (ratio between the inner and outer diameter of the myelin fibers (152, 186, 190,
192) has been found to increase with the demyelination process and decrease with the
remyelination provoked by injury in mice spinal cord (190) or in EAE (37). The g-ratio
measured in mice spinal cords exposed to lysophosphatidylcholine (lyso-PtdCho), a well
known demyelinating agent, was also found to be higher than in the normal myelin, due
to the swelling process which enlarge the myelin sheath (47, 187). Even though the g-ratio
can quantify events of demyelination/remyelination, it does not give any information on

the possible molecular alterations within in the course of the disease progression.

To obtain more insight about the myelin structure, e.g. molecular packing information
within the myelin sheath, polarization-resolved CARS (PR-CARS) has been developed
as a sub-diffraction scale sensitive optical technique. Most of the PR-CARS approaches
applied to myelin have been based on the use of tunable incident excitation polarizations
to excite CH bonds in lipids. Different strategies have been developed to model molec-
ular order in myelin lipid membranes. These models are based on the calculation of the
CH, vibrational modes orientations, using either their mm2 symmetry tensor (without
invoking orientational disorder) (78, 186) or a single diagonal tensor term undergoing a
Gaussian orientational disorder (46). These models are over-simplified and in particu-
lar do not account for possible variations in lipids conformation, lipids composition and
macroscopic disorder present in the complex samples. Other approaches do not interpret
molecular organization but rather focus on the correlation between PR-CARS modula-
tion responses and the local g-ratio, with visible correlation found in lyso-PtdCho induced
demyelination (47). This suggests that PR-CARS is a good indicator of myelin health,
however these studies did not relate the measured polarization dependencies to molecular

order properties, nor to the progression of a disease.

In the present work we apply PR-CARS to explore the complexity of the orientational
alteration of lipids in myelin sheaths during the active demyelination process that is asso-
ciated with the progression of EAE. We show, in particular, that the the g-ratio revealing
small details about the morphology of degenerated myelin, does not necessary report the
myelin damage related to the progression of EAE. PR-CARS analysis of molecular order
permits to analyze in more detail the myelin damage progression in EAE, in particular by
the read-out by orientational organization of lipids which relates to both lipid composition

changes and sub-diffraction scale morphological transformations.
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6.1 Sample preparation and Methods

All samples were prepared at Institut de Neurosciences de la Timone (INT Marseille) by
Franck Debarbieux and Alexandre Jaouen. All experimental procedures were performed in
accordance with the French legislation and in compliance with the European Community
Council Directive of November 24, 1986 (86/609/EEC) for the care and use of labora-
tory animals. The research on animals was authorized by the Direction Départementale
des Services Vétérinaires des Bouches-du-Rhone (license D-13 — 055 — 21) and approved
by the National Committee for Ethic in Animal Experimentation (Section N°14; project
87 — 04122012). C57BI6 mice (chronic MOG(35 — 55)/CFA EAE) were housed in cages
with food and water ad libitum in a 12 h light/dark cycle at 22 + 1°C.

For the EAE induction, MOG(35—55) peptide (75 pug in Freund’s adjuvant containing
800 pg of mycobacterium tuberculosis) was injected into 3 different s.q. locations (bilater-
ally over the femur, and at the base of the tail), and pertussis toxin (400 ng) was injected
i.p. Two days later mice were sedated and injected with a second dose of pertussis toxin
(400 ng) i.p. Mice had easy access to food and water at all times. Supplement with a
3% agarose jelly containing to maintain animal hydration and weight. Glucose (1 — 3%)
was added to the jelly for additional calories. First clinical signs typically arised 13 — 14
days post induction and were translated into clinical score as follows: 0, no detectable
signs of EAE; 0.5, tail weakness; 1, complete tail paralysis; 2, partial hind limb paralysis;
2.5, unilateral complete hind limb paralysis; 3, complete bilateral hind limb paralysis; 3.5,
complete hind limb paralysis and partial forelimb paralysis; 4, total paralysis of forelimbs
and hind limbs (mice with a score above 4.5 to be killed); and 5, death. Control samples

were also included from healthy mice.

For the ex vivo sample preparation, groups of animals were sacrificed when reaching
predetermined clinical scores for subsequent ex vivo imaging of the myelin content in the
dorsal spinal cord. Spinal cords were dissected, post-fixed overnight at 4°C and rinsed 3
times in PBS prior to embedding in a 3% agarose matrix to ease handling and 3D posi-
tioning under the microscope. Care was taken to align the dorsal surface of the spinal cord
with the upper surface of the agarose cube. Note that the fixation method visibly does
not affect the results presented in this chapter, indeed we performed a few measurements

in fresh tissues that revealed very similar data.

For PR-CARS imaging (see Chapter 2, the OPO femtosecond excitation was chosen

116



6.2. PR-CARS analysis in the myelin sheath of spinal cord tissues

(80MHz 150fs) with excitation wavelengths A, = 830 nm Ag = 1087 nm, temporally
synchronized and spatially overlapped on the sample plane. The corresponding excited
wavenumber corresponds to lipid vibrations around 2845 cm™! (dominated by the CH,
stretching modes). The total power delivered to the sample lies in the range of 10-12
mW, focused by a water immersion objective (40X/1.15W Nikon Instruments Inc.). Imag-
ing was performed in the epi inverted microscope geometry, using the dichroic mirror
T770SPXR (AHF analysentechnik AG). Scanning rate was 20 us per pixel, over 30 um
size images (100 x 100 pixels). For polarization imaging, the linear polarization angle of
incoming beam was then rotated (see Chapter 2) in 10° steps over the range 0°-170°. The
nonlinear signal collected by the objective was filtered using a shortpass filter (ET750sp-
2p8, Chroma Technology Corp.) before being detected by PMT (R9110, Hamamatsu
Photonics K. K.). The PMT detects the signal in the spectral range of 650 nm, previously
filtered by a bandpass filter.

For statistical analyses, ANOVA tests where performed over populations with (x :
p < 0.05) considered as statistically significant; (xx : p < 0.01) as highly statistically
significant; (x % % : p < 0.001) as extremely statistically significant.

6.2 PR-CARS analysis in the myelin sheath of spinal

cord tissues

Fig. 6.1a shows a typical CARS image of myelin sheaths in a mouse spinal cord, imaged at
about 20 — 30 um below the spinal cord surface with linear polarization excitation along
the spinal cord axis, reconstructed from stitched images of 100 pum x 100 pm sizes sub-
images (see Chapter 7). The zoomed views show longitudinal sections of lipid multilayers
of about 3—5 pm in total diameter, wrapped around axons, here labeled with CFP, a Cyan
Fluorescence Protein mutant (Thyl-CFP) expressed in the mouse and excited with 2PEF
at the pump wavelength 830 nm (the modality for CARS/2PEF multimodal imaging will
be more detailed in Chapter 7). The myelin morphology is seen to be strongly affected
when the EAFE score disease increases, from straight myelin tubular structures (Fig. 6.1b,
score 0) to swelled features (Fig. 6.1c, score 1) coming from vesiculated myelin, and finally
to the formation of debris with spherical shapes of various sizes, coming from disrupted

myelin detached from the axon (Fig. 6.1d, score 2.5).
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B CARS - myelin (2845 cm™) EAE progression
[ ] 2PEF - axons (Thy1-CFP)

Figure 6.1: (a) CARS (violet, myelin lipid region around 2845 cm™!) and 2PEF (magenta,
Thy1-CFP labeled axons) image of a fixed spinal cord tissue taken at score 1. Scale bar:
100 pm. (b-d) Zoomed view showing the changes of myelin morphology through the
progression of the EAE disease. Scale bars: 10 ym. (b) score 0, (¢) score 1, (d) score 2.5.
White arrows point myelin swelling events, while yellow arrows point myelin debris. All
intensity images are formed with polarization lying along the spinal cord axis (horizontal

on the image). Measurement depth below the sample surface: 20 pm.

6.2.1 Molecular order of lipids in the myelin sheath

A PR-CARS polarization analysis has then been performed on zoomed views of the myelin
sheath structure, benefiting from high image sampling (pixel size is about 20 nm). Fig. 6.2
shows a typical image of a PR-CARS result in from a control spinal cord. The high
contrasted intensity image (Fig. 6.2a) displays a strong and homogeneous signal from
the longitudinal view of the myelin sheath wrapped around the axon. In our experiment
this signal is dominated by symmetric and antisymmetric CHy stretching vibrations of

! respectively) which are the

hydrocarbon chains from lipids (2845 cm™! and 2885 cm™
major components of myelin (75 — 80% of the weight of the myelin sheath). Little signal
originates from CHj stretching vibration of proteins (2930 cm™!) that constitute 15— 30%
of the weight of the myelin sheath (37, 46). The analysis of the PR-CARS measurement

(Fig. 6.2b-d) shows a strong orientational dependence of lipids, as evidenced by the Sy
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image. This is consistent with a tight packing of lipids in the multilamellar structure
of myelin. The S5 image is strongly contrasted, advantageously emphasizing the myelin
organized regions on a vanishing background (Ss = 0 in an isotropic environment). A zoom
on a y image shows that the general orientation of CH bond dipoles in the equatorial
plane, is along the myelin tubular axis, as expected from lipids chains oriented radially in
a concentric axonal structure.

The accessible fourth order symmetry of the CH bonds distribution provides additional
information. Sf) is non negligible with values higher than the surrounding background
(Fig. 6.2b), to an extent that can be informative on the bonds’ distribution shape (see
below). The Sia) values are close to 0 (Fig. 6.2c), confirming the cylindrical symmetry of
the orientational distribution of bonds in the lipid organization. In what follows, Sy will
be often used as a shortened notation for Sf), and S4a) will be discarded.

Finally, S5, Sf) and Sﬁa) values plotted in scattered graphs (Figs. 6.2e,f) allow finer
interpretation of the CH bonds orientational distribution in the lipid multilamellar struc-
ture. Clearly an order is visible (Fig. 6.2e) with (.Ss, Sis)) values above the measured data
from the background, which features isotropic behavior. Comparing those values to model
orientation distributions such as detailed in Chapter 1 allows moreover deduction of more
quantitative signatures. Some comments have to be made however on the degree of rele-

vance of the data interpretation.

First, Sy, Sy values are only collected for high-enough intensity values, that guaranty
sufficiently low bias and low noise. All studies will be performed for total intensities above
1400 counts (counts means here analog signal values), which guaranties standard devia-
tions of 0.02 for Sy and 0.08 for Sy (see Chapter 2, figure Fig. 2.9). From the preliminary
study performed in Chapter 2 we are also ensured that the S bias is negligible. Concern-
ing Sy, the remaining bias (which does not surpass 0.15 with the chosen intensities) is
systematically removed from all measured values, accounting for the local pixel intensities
and the reference noise-intensity dependence depicted in Fig. 2.9. The scattered graphs
of (Figs. 6.2e.f) finally ascertain that there is no intensity-order correlation of the mea-
sured molecular order above 1400 counts, meaning that above this intensity thresholding,
the measured parameters can be relevant for statistical analysis and comparison between
different myelin regions and scores.

Second, some care has to be taken regarding the existence of non-resonant background
in the data (see Chapter 4, Section 4.3.3). Considering our previous studies performed on
model multilamellar lipid membrane vesicles, it is obvious that the non-resonant FWM

signal can lead to an underestimation of S5. The difference between measured values and
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Figure 6.2: (a) PR-CARS total intensity image of myelin sheath from a control spinal
tissue (summed over 18 input polarization angles «), centered at 2845 cm™! CH-stretching
vibrations. Scale bar: 5 um. (b) Corresponding S5 map. (¢) S map. (d) Sy map.
For those maps (not for the data analysis below) the PR-CARS dependent intensity is
averaged over 3 x 3 pixels. A region of the S, map is zoomed in order to make more
visible the complete orientational information, represented by a stick oriented with the o
angle with respect to the horizontal axis, and which color is S,. (e) Experimental values
of S5, Sf). These values are taken at high intensity signals from the myelin sheath (##
in the intensity image (a)) and the lower intensity signal from a surrounding background
(# in the intensity image (a)). For the myelin sheath region, the inset image shows the
treated pixels which correspond to intensity above 1300 counts. The inset scattered plot
is a zoom of S5, Sf) in the myelin sheath region, emphasizing levels of intensities. To
visualize better intensities in this region, a zoomed color bar has been applied between
1300 and 1675 counts. Solid lines: theoretical (S5, Sis)) values for a Gaussian distribution
which width o varies from 0° to 170°. Other lines represent a Gaussian superimposed by
an isotropic distribution, which proportion in molecular population is 50% and 25% (see

Chapter 1). (d) 51 55 values in the same myelin region.
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real ones (measured in absence of non-resonant background by SRS) have been estimated
to be about 0.2 in DPPC multilamellar vesicles (MLVs), S, being almost un-affected (see
Chapter 4). In what follows, we will display raw data, however it is worth noting that the
real Sy values have to be increased by an offset, which is most probably not higher than
0.2, considering that MLVs data are very close to values measured in myelin (see below).

Third, (S, S;) values depend on possible out-of-plane orientations of the observed dis-
tributions. All the models in Chapter 1 assume that the molecular angular distributions

are lying in the sample plane. In order to properly report structural properties of myeli-

0.5 Hemmmm

0.4:

0-0"1....1....1....1....1....1....1‘

Figure 6.3: S and S; mean values measured on a myelin sheath as a function of the sample
depth Z. The shadow regions indicate the standard deviation of the order parameters (over
all pixels in selected regions along the myelin sheath, according to an intensity thresholding
of 75% of the maximum intensity measured in the image). Z= 0 corresponds to the depth
of the myelin tube equatorial plane. Insets: Sy images after intensity thresholding, at
Z=0 (point 1) and 1 pm above (point 2). Both images are superimposed with the CARS

intensity images in grayscale.

nated axons, one needs to ensure that the PR-CARS measurement is performed at the
equatorial plane of the axon/myelin tube. Any out-of-plane orientation of the observed
distribution can indeed bias the results interpretation by adding a component which tends
towards isotropy. In order to estimate how the (Ss,Sy) order parameters depend on this

effect in the myelin sheath, we performed PR-CARS measurements at several focusing
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planes (Z steps every 0.5 pm) crossing the whole 3D tubular structure of the myelin
sheath from bottom to top (Fig. 6.3). The mean Sy, S, values are measured along a
myelin straight feature with an intensity threshold of ~ 75% of the total intensity. The
resulting order parameters exhibit a dependence on the geometrical changes caused by
different planes of focusing. First, Sy decreases when the plane of measurement departs
from the equatorial plane of the myelin tube. This is consistent with the fact that when
lipid molecular distributions start tilting out of plane, their projection in the sample plane
looses order strength, towards more ”apparent” isotropic distributions. However S, seems
to still be robust over a defocus region of +5 pym around the equatorial plane. This means
that as long as the myelin sheath looks visually in focus (which is the case for this defocus
range), the S measurement is reliable. Moreover its standard deviation does not depend
on Z. Sy on the other hand is very robust to a defocus change, which is consistent with
the fact that defocus changes the apparent disorder of the distribution, not its shape. The
only noticeable changes of Sy is a slight increase at the largest depth of focus, however in

this region the intensity also drops down and bias on S, is also most probable.

At last, the measured Sy values can also be underestimated if the sample exhibits bire-
fringence. Birefringence acts indeed as a distortion for excitation fields polarization state,
making them elliptic and tilted relative to their expected directions (85) (see Chapter 2).
Birefringence is however known to be non-negligible in the myelin sheath, due to their
tight and regular arrangement of lipids (216). We estimated the birefringence phase shift
in myelin sample slices of known thicknesses, as described in Appendix C. The found bire-
fringence phase shift extrapolated for a depth of penetration of 30 ym (maximum focus
depth used here) is in the range of 10° to 20°. The induced polarization distortions have
then been included in a model of the myelin sheath response (using input Sy, Sy values
close to the measured ones). The birefringence values are seen to induce a negligible bias
of (< 0.05) for Sy, and of 0.05 for S;. Even though the myelin birefringence is non neg-
ligible, the shallow depth penetration used here therefore allows neglecting this effect in
what follows. It means however that care has to be taken in case of future investigations

at deeper penetration distances.

Finally, based on proper selection of data points that originate from myelin sheaths
equatorial planes, at shallow depths and with intensities above 1400 counts, the analysis
of the (Ss,54) scatter plots of Fig. 6.2e can reasonably be used to model the observed
angular distribution. Overall, a relatively high degree of order can be seen with averages
< S5 >=0.33+£0.05 and < S; >= 0.104+0.07 in the investigated region of interest of the
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myelin sheath (Fig. 6.2¢). Interestingly, this molecular order is not far from that observed
in DPPC MLVs (< S >= 0.25 to 0.41 from PR-CARS data), which is made of pure lipids
(see Chapter 4). The presence of several lipid types and proteins visibly does not enlarge
much the angular distributions in the myelin sheath, confirming its tight organization
along the axons. Looking closer at standard deviations, the orientational behavior of CH
bonds exhibits a higher level of heterogeneity than in MLVs, which is coherent with their
diversity (these bonds belong to C'Hy and C'Hj in lipids and proteins) and the complexity
of the inter-lamellar interactions in myelin. Exploiting the information brought by Sy
brings further information. First, S, is non negligible and positive, which means that
the orientational distribution of CH bonds in myelin is not a Gaussian nor a cone (see
Chapter 1, Section 1.4.2). To explain this feature, a model accounting for the presence of
an isotropic distribution (in addition to an existing Gaussian) has been introduced. The
measured Sy, .9, values lie in a region where this isotropic population might raise to an
amount of 25% to 50% of the total molecular population, the rest being part of a Gaussian
angular dependence. Accounting for the fact that Sy is probably slightly underestimated
due to the presence of non-resonant background, the amount of isotropic population is
probably closer to 25%. This population can most probably be attributed to the presence
of lipid layer sub-diffraction scale morphological features such as isotropic folds or small

vesicles, as already speculated in MLVs (Chapter 4).

6.2.2 Relation between lipid packing orientational order and

myelin morphology

The morphology of myelin sheath is changing during demyelination. The mechanism in-
volves a structural transformation of the compact, multilamellar structure of myelin, as
seen in the previous section, to swelling and the formation of degradation products named
myelin debris. In this section we investigate if there is a correlation between the morphol-
ogy of the myelin sheath (Fig. 6.1) and PR-CARS observations. When the EAE disease
progresses in mice (increasing score), clear morphological features appear that are visible
on the images. The number of swelling events increases, and finally the number of debris
becomes dominant at high score (a more detailed analysis of these morphological signa-
tures is given in Chapter 7). Here, to focus on the correlation between ”visual” morphology
and lipid packing orientational order, we show results that distinguish morphological fea-
tures regardless of the scores. A more quantitative comparison between scores will be
given in the next section.

PR-CARS measurements were performed at different stages of the EAE disease pro-
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Figure 6.4: PR-CARS analysis of the different characteristic morphological features visi-
ble in the demyelination process. (@) Example of an intensity images, taken from samples
with a clinical score 2 (upper) and 1 (lower). Symbols (x, #, x#) refer to different mem-
brane location. White square region of interests (ROIs) are represented for (b). Scale bars,
5 pum. (b) left: Sy maps (superimposed on the intensity image) of characteristic features of
myelin degradation in white ROIs of (a): ’healthy’ myelin, ’swollen’, ’blebbed’ and prod-
ucts of degradation: 'debris not filled (NF)’ and ’debris filled (F)’. middle: corresponding
histograms of Sy values, taken within the dashed square ROIs in (b). right: combined
images of Sy and ¢, showing S5 as a colorscale and @9 as the orientation of sticks for
each measured pixel. (¢) Schematic morphological interpretation of the myelin multilayer
within a pixel position (see (a)) corresponding to (x) 'healthy’, (#) ’swollen’ and (*#)
'blebbed’ myelin.
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gression in mice. CARS imaging was first performed to localize areas on fixed spinal
tissues, chosen randomly over mm distances. Second, PR-CARS was performed in several
small ROIs (10 x 10 to 30 x 30 um size) at various places. CARS images permitted to
determine 5 categories which are considered as representative of the different characteris-
tic features observed within the demyelination process. These categories are depicted in
Fig. 6.4: "normal” myelin has a visibly compact structure, with visible straight borders
forming a tubular structure around the axon; "swollen” myelin defines more loose mem-
brane formations within this straight structure, that has been identified to occur from
loss of interlamellar adhesion and compacity within the lipid layers assembly; ”blebbed”
denotes a later stage of swelling, which forms a more pronounced protrusion outside of
the straight myelin sheath structure; "debris” denotes a lipid multilamellar structure from
vesiculated myelin, that has detached from the myelin sheath. The debris shape is spher-
ical and is not any more physically connected to the membrane. Such debris, reported
in the literature (164, 167), are found in two categories: "non filled debris” (debris NF),
which show a clear lipid signal on their edge with axon signal inside visible by TPEF (see
data in Chapter 7), and filled debris (debris F') that are pure lipids volumetric structures.
Note that a few debris were observed in control spinal cords. We assumed, however, that
they are not related with a progression of the disease and we did not take them into ac-
count. Nevertheless, we detected an increased amount of damaged or vesiculated myelin

with the progression of the disease (see Chapter 7), as previously reported (37, 193).

For each category we measured molecular order of CH bonds, deducing (.S, .S;) from
PR-CARS data as previously described. We did not observe significant changes of Sy in
this study, therefore this parameter is omitted in what follows. We depict in Fig. 6.4b
(left part) a zoomed image on each type of category found on samples of scores 1 and
2. On these images, Sy values collected for a characteristic region are represented in an
histogram (Fig. 6.4b, middle), illustrating the heterogeneity of molecular order for each
mentioned category. At last, mean orientation () and order (S;) are represented in
these regions (Fig. 6.4b, right), illustrating the spatial properties of such molecular order

in healthy and damaged regions.

A few important observations can be made: 1) the average S, values decrease from
normal (Se =~ 0.30) to swollen (Sy ~ 0.25) and blebbed (Ss ~ 0.17); 2) in blebbed and
debris structures, Sy is more heterogeneous than in normal structures, with lower molec-
ular order in their inner membrane part than on their edge ; 3) molecular order in debris
is preserved at their edge, with similar S5 values as in swollen regions, with only inner

membranes perturbed with high disorder; 4) the overall orientation of CH bonds, illus-
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trated by (S,p2) images, seems to follow the membrane macroscopic structure whatever

the disorder, even for low S5 regions where the molecular scale disorder is high.

The transformation of normal, compact myelin structure into the final debris results
therefore in important local rearrangements of multilamellar membranes structure. In-
terestingly, the CH molecular order measured in myelin is very close to that measured
in MLVs in PR-CARS (see Chapter 4), which was found from S, ~ 0.22 (DOPC, not-
filled MLVs) to Sy ~ 0.40 (DPPC, not-filled MLVs). This shows that the presence of
proteins does not strongly perturb CH order in the normal myelin sheath, confirming its
tightly packed structure. Molecular scale order is however visibly decreased from normal
to swelled /blebbed myelin, showing that the lipid layers organization is clearly perturbed
at a molecular scale, especially in the inner membrane region. This perturbation could
be partly due to lipid composition changes, that have been reported but not intensively
studied (37, 158). More presumably the membrane morphology is affected, which is well
known from the literature with studies essentially done in electron microscopy (150).
We can indeed speculate that from one region of the damage to another, the lipid layer
adhesion is perturbed from well parallel stacked layers (schematically represented in ,
Fig. 6.4a) to partly folded inter-layer membrane regions in swollen myelin (x# in Fig. 6.4a)
and finally to completely folded multi-layer membrane regions in blebbed myelin, where
layer adhesion is lost (# in Fig. 6.4a). In particular, it has been shown previously that
folds of tens of nanometer in height can lead to important modifications in the measured

molecular order (S shifts of up to 0.2), readable by PR microscopy (51).

Interestingly, even though molecular order modifications are strong from normal to
blebbed myelin in the inner membrane, the averaged orientation of the CH organization
is still following macroscopic membrane directions. It means that the order perturbation
occurs at the molecular scale (lipids interactions perturbations) or even at the mesoscopic
scale (membrane folds), rather than macroscopically. Sill as a result, the myelin sheath
morphology is changed at microscopic scales, creating swelling and blebbing. Therefore
even very small disorder events (molecular/mesoscopic scale disorder) are able to create
longer scale damage events that extend spatially at up to micrometers distances, ulti-
mately leading to debris.

Debris structure are the products of demyelination that are likely to originate from
the loss of lipid organization of the inner membrane, described above in blebbed myelin.

However we noticed that lipid order within debris is still high, showing that the overall
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multilamellar structure is preserved. We observed also that lipid order in the periphery
of not-filled debris is rather high as compared to filled debris, similarly as what has
been observed in DPPC MLVs in which the filled structures exhibited a lower molecular
order (see Chapter 4). In not-filled debris, CH molecular order can even reach values
measured in normal myelin sheaths. It is probable that membrane folds are decreased due
to higher membrane tensions, as already observed in cell membranes (51). In contrast, the
filled debris exhibit high heterogeneities: the lipid population inside the debris shows in
particular very high disorder close to isotropy, most probably due to randomized packing.

These observations stay valid over a large population of observed regions; measurements
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Figure 6.5: (a) General histograms (over all measured pixels) of characteristic features of
myelin degradation plotted for all measurements, regardless the clinical score of the EAE
disease (about 1000 pixels per regions). Number of regions measured: normal myelin (/N
= 136), swollen (N = 91), blebbed (N = 82), debris filled (F) (N = 30), debris not-filled
(NF) (N = 20). % : p < 0.001. (b) Corresponding standard deviations og, within
each region, taken per category. The error bars are the standard deviation values over all

regions measured.

performed on 359 regions (on average 70 regions per category) (note that the number of
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measurements is quite heterogeneous, from myelin normal (136) to debris (20), since debris
are less present at low scores). All measurements are summarized in global histograms
in Fig. 6.5a. Independently of the stage of the EAE disease, normal myelin exhibits the
highest degree of lipid packing (< Sy >= 0.32), which corresponds to the smallest aperture
o of the effective distribution function ~ 80°. The degradation of lipid packing in the
myelin lamellar structure of swollen regions is manifested by a decrease down to < Sy >=
0.23, which correspond to an aperture o of ~ 100°. Modeling this increase of angular
distribution by membrane folds would correspond to folding amplitudes of about 10 nm
over the spatial extent of the optical resolution of the imaging microscope (see reference
(51) for the modeling method). In blebbed myelin, the averaged global order goes down
to < Sy >= 0.14, which corresponds to an aperture o of ~ 120°. Concerning myelin
degeneration products, the outer membrane of not-filled debris exhibit an averaged order
of < S5 >= 0.25, which is higher than for filled ones < Sy >= 0.17. All cases show
significant differences between each others, except for not-filled debris which resemble

normal myelin.

The heterogeneity of molecular order within these regions is seen to increase for de-
graded myelin, as compared to normal myelin. We depict this trend in Fig. 6.5b, where
the standard deviation of Sy (og,) is plotted per category, over the number of pixels
measured in each individual region. Normal myelin exhibits very low standard deviation
(05, = 0.06). This value is not noise-limited (as visible in the low background value where
os, = 0.03), but still characteristics of very homogeneous lipid packing. From normal to
debris, this standard deviation increases with og, = 0.08 in swollen, blebbed myelin and
not-filled debris, and ogo = 0.09 in filled debris. The filled debris regions indeed exhibit a
very large histogram, mostly due to the fact that in these structures the inner membrane

shows very disordered characteristics.

From those observations we can conclude that: 1) the lipid structural organization in
myelin is affected in regions where myelin is affected morphologically, even in fine modifi-
cations such as swelling; 2) these organization changes are occurring at the molecular (lipid
composition) and mesoscopic (loss of membrane adhesion, membrane folding) scales, since
the macroscopic orientation of lipid distributions is non random even in highly disorder
regions; 3) these changes occur principally at the inner part of the myelin sheath, close
to the axon; 4) myelin debris are highly organized lipid structures, similarly as in MLVs.
These conclusions support the fact that myelin degeneration and the formation of debris
occurs most probably in conjunction with a local degradation of the lipid inter-layers

contacts, an effect that is strong enough to induce long range deformations of the whole
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myelin sheath. The lipid organization is able to restore after the formation of debris, which

seems to show that the composition has not drastically changed in the myelin debris.

6.3 Evolution of lipid organization in the myelin sheath

with the progression of EAE

The different myelin morphological features described above, which characterize demyeli-
nation, were visible in all samples independently on the EAE clinical score, even though
their occurrences varied from score to score. In this Section, we evaluate how Sy, in these
different regions, depends on the clinical scores of EAE. This should allow a better as-
sessment of the finer evolution of myelin microscopic-scale properties during neurodegen-
eration. For each measured score, two spinal cords have been imaged with equal number
of regions per spinal cord, except for score 4 where only one sample was measured. First,
normal myelin can be classified depending on its sheath thickness. For this we quantified
the g-ratio of all measured myelin sheaths, defined by the ratio between the inner to the
outer diameter of the myelin sheath (Fig. 6.6a). This parameter has been widely used in
the literature to quantify the thinning of myelin sheaths, and more recently related to
PR-CARS data in the frame of chemically induced demyelination (37, 47, 192). Values of
g-ratio are found to be in the range from 0.3 to 0.65, which is consistent with what has
been reported in the literature (186, 192). We then plotted g-ratio values versus < Sy >
values measured in all studied regions, independently on the EAE score (Fig. 6.6b). We
observe only a slight correlation between the two parameters, increasing < S, > values
corresponding to increasing g-ratio.

We then plotted g-ratio values for the different clinical scores of EAE (Fig. 6.6¢). The
variation of g-ratio values was seen to be very large even inside a given score population
(as visible by the large standard deviations - note that at scores 1.5 and 4, the measured
population size is low). There is no drastic trend of dependence between g-ratio and score.
Notably, this shows that g-ratio assessment is probably not an obvious indicator of the
disease evolution. Previous works have reported the use of g-ratio as a demyelination
assessment (37, 47, 190, 192-194). In particular larger correlations were found between
CARS polarization contrasts (here quantified with Sy) and the g-ratio (37, 47, 192). These
works however addressed different situations. Observations of induced lesions have shown
in particular that the g-ratio was increasing in the proximal region of the nerve injury, but
also decreasing when measured in the distal area to the lesion (190, 194). In the present

work, random regions are taken in the tissue. Other studies were focussed on remyelinated
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Figure 6.6: (a) Calculation of g-ratio in the equatorial plane of myelin fiber on the
intensity image (a: inner diameter, b: outer diameter, g-ratio is the ratio between the
inner and outer diameters). (b) Mean < S, > values of all measurements versus g-ratio,
with linear interpolation and correlation coefficient of the fit. (¢) Top: mean g-ratio values
versus the EAE score. Bottom: S, values versus different scores of EAE, for all different
morphological categories of myelin detailed in text. Statistical analyses are shown relative
to the control sample: * : p < 0.05, *x : p < 0.01, % % * : p < 0.001. Samples correspond
to number of regions measured: control (N,ormar = 26, Ngworien = 5, Notebvea = 3), score 0
(Nnormat = 28, Nywotten = 26, Nyeprea = 25), score 1 (Nyormar = 17, Nowotten = 11, Nyjepbed
= 8), score 1.5 (Npormar = 9, Nawotten = 5, Npgevvea = 10), score 2 (Nyormar = 22, Nwolzen =
17, Nyepbea = 15), score 2.5 (Nyormar = 19, Nsworten = 16, Nygeppea = 10), score 4 (Nyormai
= 11, Nuwotien = 6, Npzeppea = 9)-

myelin fibers (37) and explanted sciatic nerved exposed to lysophosphatidylcholine (lyso-
PtdCho), a well known demyelinating agent (47). In the sciatic nerve, the myelin sheath is
also thicker than in the spinal cord and therefore more easy to address by optical imaging
analysis, due to its lower dependence to slight defocussing for instance.

In the present data, more pronounced variations were observed in Sy values plotted
for different EAE clinical scores (red curve in Fig. 6.6c). Sy decreased from 0.33 4 0.02
(control sample) to values in the range of 0.29+0.01 (scores 0, 1, 1.5, 2.5) and even down
to 0.27 £0.02 (score 2), before raising again at score 4 (S5 = 0.34+0.01). All values show
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statistically significant changes as compared to the control sample, except scores 1.5 and
4 which are poorer in statistics. These data suggest that the molecular order inside myelin
sheath decreases with the clinical signs of the EAE disease.

At last, we studied how molecular order - score relation behaves depending on scores.
Fig. 6.6¢ reports S5 score dependence in swollen and blebbed myelin. Apart from a small
loss of order for scores 1.5 to 2.5, with visible heterogeneities, there is no strong changes

of molecular order between scores in swollen/blebbed myelin for these affected regions.

Finally the most striking feature of this study is that in apparently normal myelin
sheaths, even though the macroscopic morphology is similar from score to score, lipid
order undergoes local molecular /mesoscopic-scale disorder with the EAE disease progres-
sion. This result emphasizes the potential of PR-CARS to reveal features that are not
visible at a macroscopic scale, which is particularly interesting in the context of the mon-
itoring of the evolution of a pathology. In particular it shows that in the context of EAE,
the more traditionally used g-ratio factor, which is based on macroscopic-scale morpho-
logical information, seems less robust. Note that normal myelin is the most abundant
population regardless the clinical score, and could thus serve ultimately as a convenient

and robust assessment of the disease.

The present analysis brings also new elements of information in the understanding of
the microscopic scale lipid membrane behaviors in neurodegenerative diseases, which has
been a topic of high interest since decades. It has been reported that in the EAE pathology,
different factors can contribute to the demyelination process that encompass molecular
composition modifications and sub-diffraction scale morphological changes. While PR-
CARS microscopy cannot distinguish between those two factors, quantitative elements
can be gained from the measured modifications of lipid molecular order. Changes of lipid
order phases in model multilamellar membranes (see Chapter 4, Section 4.5.4) have shown
for instance that going from a liquid disorder (typically DOPC MLV at room temperature)
to liquid order phases (typically DPPC at room temperature) can shift the measured
order parameter Sy from 0.2 to 0.4 (as read by PR-CARS). Our observation in the myelin
sheath seems consistent with the changes observed previously in EAE models (37, 158),
that have shown that lipids integrity (charge,saturation) is altered to lead to an increase
in membrane fluidity, and to a decrease of myelin adhesion that provokes vesiculation.
The loss of order and increase of heterogeneity observed with the disease progression is
also consistent with the formation of lipid domains (46).

In parallel, it is known from our numerical models that increasing a single lipid mem-
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brane curvature can lead to significant changes in the read out of the S; parameter.
Typically, a 10 nm height change within the diffraction limited spot of 200 nm leads to
an increase of Sy of 0.1 (51). Local folding has been quantified in demyelination processes
using X-ray diffraction: it has been reported in particular that the highest efficiency of the
myelin sheath to transfer an electrical impulse is reached when the lipid bilayers are highly
compact against one to another, with a spacing of &~ 3 — 4 nm between lipid layers (155).
An increase of spacing between bilayers (= 6 — 7 nm) has been seen to occur during
the swelling process (155). Our data suggest a decrease of Sy from normal to swollen of
about 0.1, that could be consistent with such a small modification. Such fine morpholog-
ical changes could be due to changes of membrane physical properties mentioned above,
that lead to perturbations of electrostatic and hydrophobic forces, especially at the inner

interface of the myelin sheath.

6.4 Conclusion

In this Chapter we have shown the possibility to probe lipid molecular orientational orga-
nization with a high level of detail, within the myelin sheath of mice spinal cord tissues.
Our detailed PR-CARS analysis, performed in ex vivo spinal cords, shows that it is pos-
sible to follow quantitatively the molecular order of lipids within a single myelin sheath.
Modifications of lipid order have been found in myelin structures that seem morphologi-
cally unaffected, emphasizing the possibility of the technique to decipher processes that
occur at early stages of demyelination. The higher degradation of lipids order have been
found in the processes of swelling and blebbing, especially at the inner interface of the
myelin sheath, supporting the fact that myelin debris formation is progressing in conjunc-
tion with profound modifications of the molecular-scale packing in those regions. This
supports early works which addressed local lipid modifications, and provides a way to
address those questions in tissues, potentially in vivo.

Although these data are at this stage performed in the fs regime and thus un-resolved
spectrally, future directions can be envisioned to study more precisely the origin of the
observed phenomena by adding more chemical specificity. Indeed addressing lipid types
and proteins could bring added values considering previous works performed on the lipid
composition changes in the progression of the EAE disease. It would be interesting in
particular to report local molecular order measurements on chemically specific units (e.g.
saturated versus unsaturated parts of lipids), but also possibly cholesterol and proteins.

Ultimately if applied in vivo, this methodology could serve as a early biomarker for
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demyelinating diseases progression.
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Chapter 7

Multimodal imaging of the CNS
architecture in the progression of
EAE

In this chapter we will present multimodal CARS and two-photon florescence imaging
methods that give access into fine details in the architecture of the spinal cord tissue in-
cluding axons, myelin and immune cell spatial organization. The potential of our method
for multimodal imaging relies on the simultaneous imaging of different components of the
central nervous system (CNS), which by carrying the information on the structure, dy-
namics and the morphological alterations reflect the healthiness or a pathological state of
the tissue in the progression of a neurodegenerative diseases, Experimental Autoimmune
Encephalomyelitis (EAE) and Multiple Sclerosis. Using this methodology, we present qual-

itatively the features of EAE progression on a sub-micrometric scale.

7.1 Animal model for studying Chronic Experimen-

tal Autoimmune Encephalomyelitis

In this study we imaged chronic MOG(35—55)/CFA EAE mice model in order to develop a
multimodal imaging protocol that allows to monitor the architecture of spinal cord tissues
during progression of the EAE disease. We used triple transgenic mice with multiple

fluorescent cell populations:

e transgenic Thyl-CFP mice expressing cyan fluorescent protein (CFP) in most dorsal

root ganglion (DRG) axons,
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e LysM-GFP mice expressing enhanced green fluorescent protein (GFP) in peripheral
myelo-monocytic cells, including granulocytes, circulating macrophage precursors

and activated infiltrating macrophages,

e CD11c-EYFP mice expressing enhanced yellow fluorescent protein (EYFP) in sub-
populations of myelo-monocytic cells resident to the spinal cord, such as dendritic

cells and subset of microglia.

These mice were prepared at INT by A. Jouen and F. Debarbieux. They were back-
crossed to C57/Bl6 mice (The Jackson Laboratory) and then crossbred to create Thyl-
CFP//LysM-GFP//CD11c-EYFP triple transgenic mice (13, 14). A total of 21 adult mice
were housed in cages with food and water ad libitum in a 12 h light /dark cycle at 22+1°C.

All experimental procedures were performed in accordance with the French legislation
and in compliance with the European Community Council Directive of November 24,
1986 (86/609/EEC) for the care and use of laboratory animals. The research on animals
was authorized by the Direction Départementale des Services Vétérinaires des Bouches-
du-Rhone (license D-13 — 055 — 21) and approved by the National Committee for Ethic
in Animal Experimentation (Section N°14; project 87 — 04122012).

All measurements have been made in fixed spinal cords. The description of the C-EAE
induction, monitoring of the clinical score of the disease and an extraction of a spinal cord

sample is detailed in Chapter 6.

7.1.1 Multimodal imaging and image post-processing

Multimodal imaging of all spinal cord samples from triple transgenic mice has been done
using the ”"Main configuration” of the fs optical set-up described in Chapter 2 (Sec-
tion 2.1.2 and Appendix B.2). All emitted signals were collected in epi-direction by four
identical non-descanned detectors (PMTSs).

In our multimodal microscope we excite simultaneously three fluorescent proteins
(CFP, GFP and EYFP) by 2-photon excitation processes and the lipids localized predom-
inantly in the myelin sheath by CARS. In order to optimize the excitation wavelengths
and to find optimal set of filters for spectral separation of all fluorophores we recorded
emission spectra (QE65 Pro, Ocean Optics) in a spinal cord sample from triple transgenic
mouse (for this spectrometer replaces the PMT and no emission filter is used). As can be
seen in Fig. 7.1a, a cyan fluorescent protein can be efficiently excited at 800 to 900 nm

wavelengths while green and yellow fluorescent proteins at 910 to 970 nm wavelengths.

136



7.1. Animal model for studying Chronic Experimental Autoimmune Encephalomyelitis
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Figure 7.1: (a) 2PEF excitation spectra of fluorescent proteins CFP, GFP and EYFP
(Adapted from www.spectra.arizona.edu). (b) 2PEF emission spectra of fluorescent pro-
teins CFP, GFP and EYFP taken from the spinal cord sample.

In our scheme, the cyan fluorescent protein has been excited by the pump w, beam (830
nm) coming from a Ti:Sapphire output in a 2PEF process. The Stokes beam, on the
other hand, needs to be spatially and temporally overlapped on the focal spot of the
objective in order to produce two independent nonlinear processes such as multiphoton
excitation of two other fluorophores (GFP and EYFP) and CARS targeting lipids in the
myelin sheath. By selecting the frequency difference of the pump w, and the Stokes wg
(1087 nm) beams to resonantly excite the stretching CH vibrations (2845 cm™1) of lipids
we detect the myelin sheath in the spinal cord tissue at w,s = 671 nm. At the same
time, the two other fluorescent proteins (GFP and EYFP), which spectrally are close
one to another (Fig. 7.1a), can be excited by sum-frequency generation (SFG) process
(wsre = 2/(1/wp + 1/was) = 941 nm) similarly as has been done in (10). The resulting
fluorescent emission spectra are shown in Fig. 7.1b. Obviously, the emission spectra for
GFP and EYFP are partially overlapped. We reduced this crosstalk by spectral filtering
of the emission fluorescence signals using a set of narrow bandpass filters and dichroic mir-
rors as shown in Fig. B.4 (Appendix B.4). We furthermore corrected the residual spectral
crosstalk by a post-acquisition image process (see below). The collinearly combined beams
wp, and w,s were focused into the sample by a 20x air objective lens with a numerical
aperture of 0.75.

This method allowed us generate and collect all the signals simultaneously without
motion induced mismatch between color channels, which can occur when each contrast is

produced separately.
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High resolution 3D mapping of a spinal cord tissue

We performed a 3D large-area imaging of spinal cord samples by stitching small scan
regions (100 x 100 pm) together, into a large scan region of mm sizes. The first scan is
performed with galvanometric scan mirrors and then the field of view (FOV) is enlarged
in (X,Y, Z) with the help of a motorized stage devices (Méarzhauser) for lateral position
control (X,Y") while the axial position (Z) was controlled by a piezo-stage device (PiFoc,
Physik Instrumente). 10% spatial overlap was maintained between two neighboring FOVs
to assist in stitching the individual images into one large area. Scanning and data ac-
quisition were performed using a custom-build LabVIEW (National Instruments Corp.)
program (80). In order to obtain high resolution 3D (X,Y,Z) maps, small FOVs of
100 pm x100 pm size with 300 x 300 pixels each (333 nm/pixel) were recorded across an
imaging volume. The typical dwell time for each pixel was 40 ps. 2D maps were recorded
plane by plane (~ 2 mm x1.7 mm size big) over a depth of 50 um by increasing Z every
2 pm, starting form the spinal cord surface at the bottom of the sample. Complete 3D

large-area maps were typically acquired overnight.

Post-acquisition image processing

Prior to analysis, some post-acquisition image processing was required to generate 3D
maps of the spinal cord. First, all the raw 2D images were stitched together using ” Stitch-
ing stack” and ”Stitch Grid of Images” plugin on Fiji software (217) or using a home-made
Matlab program. Second, due to the partial overlapping of the fluorescence emission spec-
tra (Fig. 7.1b) the correction of the crosstalk between the fluorescence intensity signals
was made using the linear spectral unmixing method (218) (see Appendix D). This correc-
tion was performed on raw data and all presented images are pseudo-colored and contrast
enhanced for clarity. Occasionally, there was a (X,Y") drift between the Z planes in the
3D map. This was realigned using the StackReg plugin on Fiji (219).

7.2 CARS and 2PEF functional imaging of the CNS
components
In this section we present the ability of multimodal CARS and 2-photon florescence mi-

croscopy to investigate in details the morphology and structural dynamics of CNS com-

ponents as well as the potential of these techniques to follow the CNS related diseases.
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7.2.1 Validation of the method for multimodal imaging of the
CNS components

In order to validate our protocol to simultaneously visualize all addressed labeled CNS
components, we recorded images on the same FOV of a spinal cord tissue extracted from
a mouse manifesting complete tail paralysis (clinical score 1.5 of the C-EAE disease). It
has been shown, that at this stage of the disease or spinal cord injury (SCI), in addi-

tion to commonly present axons and surrounding myelin sheath, the cells addressed here

a) 1) CARS (2845") 2) 2PEF (830 nm) 4)sFG excited 2PEF (941 nm)

0 T T 0 T
== Myelin Cells EYFP
sl = Axons CFP == Cells GFP

Intensity (a.u.)
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=
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N
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o
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Figure 7.2: 2D images (summed over the entire depth of 50 pum) of the same FOV
recorded with CARS and 2-photon processes on in all spectral channels denoted 1 (lipids,
CARS), 2 (CFP), 3 (EYFP) and 4 (GFP). Detectors 1 and 2 did not required any image
processing while detectors 3 and 4 were corrected for the intensity crosstalk between the

fluorescence signals. (¢ and d) Resulting intensity profiles along the red lines shown in
(a) for CARS/2PEF and SFG emitted signals, respectively.

can be visualized (14, 37, 38). Fig. 7.2a demonstrates obtained 2D images of intensity
signals for CARS, 2PEF and SFG processes, addressing myelin (CH stretching vibra-
tions), axons (Thyl-CFP) and two population of cells (CD11c-EYFP and LysM-GEP),
respectively. Images representing the intensities from cells expressing CD11c-EYFP and
LysM-GFP fluorescent proteins (detector 3 and 4, respectively) were corrected for the

crosstalk between the fluorescence signals using the linear spectral unmixing method (see
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Appendix D). High intensity signals are observed, especially for CARS and 2PEF excit-
ing the CFP fluorescent protein. Less contrasted EYFP and GFP are possibly due to the
lower efficiency of their fluorescence emissions, however, they are still easily distinguishable
from the surrounding background. All addressed components of spinal cord architecture
display moreover their distinct, characteristic morphologies. Myelin sheath, imaged by
CARS (detector 1), is characteristic for its parallel running multilayered lipid membranes
around the Thyl-CFP axons visualized with 2PEF (detector 2). Note, that the highest
contribution to the CARS signals recorded in the epi-direction comes form lipids in the
equatorial plane of the myelin fiber as has been shown previously (46). The intensity pro-
files of the myelin and axons fibers, shown in Fig. 7.2b, exhibit a strong 2PEF signal in
the inside the myelin lipid layer, as expected. The population of CD11c-EYFP and LysM-
GFP cells, imaged by SFG, display distinct morphological features. While CD11c-EYFP
cells, as a resident to the spinal cord, have morphologies typical of microglia (220) with
ramified processes, the infiltrating LysM-GFP cells localized mostly in the vascular lumen
are spheroid or slightly ramified, which is consistent with the expression of this florescent
protein in granulocytes and macrophages precursors (221). Fig. 7.2c shows clearly that
these two subpopulation of cells do not spatially overlap validating in the same time the
ability of the multimodal microscopy to simultaneously image and distinguish between
the components of the spinal cord’s tissue, even if these structures are spectrally similar.

In the next section we will demonstrate that the multimodal CARS and 2PEF imaging
of the components of a spinal cords tissue can deliver rich information about the architec-

ture and morphological alterations caused by the neurodegenerative disease progression.

7.2.2 Architecture of normal appearing white matter studied by
CARS and 2PEF

In order to study the architecture of the white matter, we performed the large-view high-
resolution 3D maps of spinal cord tissues with CARS and 2PEF multimodal imaging. All
spinal segments (lumbar) were imaged on the dorsal side over 50 yum of depth. To facilitate

their visualization, we generated 2D images by summing up the whole obtained 3D stacks

Figure 7.3: (Next page) Representative 2D image (summed over the entire depth) of
2PEF and CARS signals demonstrating Thyl-CFP axons (cyan) and myelinated struc-
tures (magenta) in spinal cord tissue extracted from the control mouse. Inset: Enlarged

view of the longitudinal arrangement of myelin/Thyl-CFP axons structures.
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7. Multimodal imaging of the CNS architecture in the progression of EAE

of images over its maximum intensity. As a first step we investigate the morphology of
normal appearing white matter an a control mouse. Fig. 7.3 illustrates the morphology
of normal-appearing white matter in spinal cord tissue extracted from a control mouse.
The two recorded intensity signals of CARS addressing the myelin sheath by its lipid
membranes and 2PEF exciting Thy1l-CFP in axons are merged to obtain 2 color image.
Interestingly, we did not observe the population of CD11c-EYFP cells, such as dendritic
cells and microglia, which are residential to the spinal cord as has been shown in (13, 37,
38, 222), thus this observation require further investigation. In this high-resolution 2D
image we can follow the axons and surrounding myelin sheaths which are distributed in
a spatially well organized pattern, running in parallel with the spinal cord geometry. We
can delineate, moreover, individual axons surrounded by a myelin sheath as well as their
individual profiles (inset in Fig. 7.3). Note that some of the axons are not labelled due to

the incomplete level of Thyl-CFP expression.

7.2.3 Multimodal CARS/2PEF imaging for studying the pro-
gression of C-EAE

As described in Chapter 5 (Section 5.2), there is a profound alteration of the central
nervous system in the progression of EAE and multiple sclerosis pathologies. These al-
terations encompass a widespread inflammation, degradation of axons and surrounding
myelin lipidic membranes as well as oligedendrocytes destruction in active EAE or MS
lesions (159). Although the mechanism of progression in EAE and MS is unknown, the
recruitment of microglial cells and macrophages has been shown to be associative with the
progression of EAE (38, 223-225). In order to investigate the morphological hallmarks of
the EAE progression, such as demyelination and axonal loss in relation with spatiotempo-
ral distribution of immune cells, we mapped the extracted spinal cord samples at different
stages of the disease by multimodal CARS and 2PEF imaging. The high-resolution 3D
large-scale images were performed over a size of 2 mm on spinal tissues. Fig 7.4, Fig. 7.5
and Fig. 7.6 demonstrate the architecture of the spinal cord tissues belonging to mice
which show no detectable signs (clinical score 0 for the C-EAE), manifest clinical symp-
toms as complete tail paralysis (score 1.5 for the C-EAE) and unilateral complete hind

limb paralysis (score 2.5 for the C-EAE), respectively.
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7.2.4 The morphological features of white matter in clinical
score ( for C-EAE

At score 0 of the EAE disease, where no clinical symptoms were visible, the white matter
display, apart from normal-appearing parallel running axons and myelin, slightly enlarged
and tortuous myelinated Thyl-CFP axons, suggesting alterations of the axons even at a
very early stage of EAE, despite the preservation of myelin (inset 1 in Fig 7.4). On the
periphery, a strong degradation of white matter is clearly visible (double arrowheads in
Fig 7.4) as well as a spatial displacement of many Thyl-CFP axons. It is possible that
this degradation and axonal displacement is caused by extraction of the spinal cord tissue,
therefore, we do not consider them as morphological signs of EAE progression. While no
presence of LysM-GFP cells is observed the population of CD11c-EYFP cells having a
normal ramified morphology with small body and long processes is spread all over the
spinal cord tissue (inset 2 in Fig 7.4). Moreover, we observe areas on the spinal cord tissue
(inset 3 in Fig 7.4), where the Thyl-CFP axons even if having tortuous-like forms did
not degraded while myelin sheath clearly show a signs of degradation such as a swelling,
blebbing or has transformed into debris (for details see below). This alterations can, but
do not have to occur in a presence of nearby localized CD11c-EYFP cell having a normal
morphology. Nevertheless, it has been shown that the close apposition of these cells might
participate in modulating the morphology of damaged axons through modification of the

spinal cord microenvironment in the case of injured spinal cord (14, 226).

Figure 7.4: (Next page) Representative 2D map (summed over the entire depth) of the
spinal cord tissue extracted from a mouse at clinical score 0 for C-EAE. CARS and 2PEF
processes illustrate respectively myelin sheaths (magenta), Thyl-CFP axons (cyan) and
CD11c-EYFP cells (yellow) which are spread all over the spinal cord tissue. We did not
observe signal from LysM-GFP cells. Enlarged views of the morphological features are
presented: Insetl: slightly degenerated myelin (arrow) and tortuous-like Thyl-CFP axon
(double arrowhead); Inset2: CD11c-EYFP cells of normal, ramified morphology; Inset3:
Slightly degenerated Thy1-CFP axons (double arrowhead) and myelin (arrow) fibers with
few debris of myelin sheath in the presence of CD11c-EYFP cell. Double arrowheads on
the periphery of the spinal cord show degraded myelin and axons possibly caused by

extraction of the spinal cord tissue.
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7.2.5 The immunological response of neuronal tissue to C-EAE

progression

Contrary to the spinal cord extracted from mice showing no signs of the EAE disease
(score 0), the architecture of CNS components in spinal tissue drastically changes where
mice start to manifest a clinical symptoms such as the complete tail paralysis. In the
spinal cord tissue extracted from mice determined as score 1.5 of the EAE (Fig. 7.5) we
can observe boundary of focal lesions in the interior and on the periphery of the spinal
cord tissue. All morphological hallmarks of ongoing neurodegradation are already visible
on this stage of the disease. Myelin sheath display active morphological transformation
characteristic for demyelination process (inset 1 in Fig. 7.5) such as swelling, blebbing or
(less frequently) complete disruption (163165, 167) at almost every place in the spinal
cord tissue (inset 1 in Fig. 7.5). While myelin sheath exhibits clear transformations from
its compact form, the Thyl-CFP axons do not degrade in the same way. Axonal degrada-
tion, known as Wallerian degeneration is generally seen as an enlargement of individual
axons, swelling and forming axonal ovoids in actively demyelinating sides (162, 227, 228).
It has been shown that such axonal abnormalities can be related with destabilization
and alteration of microtubules that are necessary for axonal transport (159, 229). At
this stage of the EAE progression, we observe widespread modifications of axonal fibers,
mostly enlargement of individual Thy1-CFP axons and swelling and, less frequently, highly
damaged Thyl-CFP axons and axonal ovoids (inset 1 in Fig. 7.5). As has been shown
previously (37, 159, 223-225) the demyelination and axonal dysfunction are associated
with inflammatory sites in active lesions on spinal cord tissues and brain. Similarly, we
observed a high degree of inflammation and gliosis which were manifested by the pres-
ence of abundant CD11c-EYFP and LysM-GFP cells representing activated microglia and
macrophages. These cells are widely distributed all over the spinal cord tissue and in some

areas they formed a large aggregates or clusters (arrowhead in Fig. 7.5). Interestingly, we

Figure 7.5: (Next page) Representative 2D map (summed over the entire depth) of bound-
aries of lesions in a spinal cord tissue extracted from mouse at clinical score 1.5 for C-EAE.
CARS and 2PEF processes illustrate myelin sheaths (magenta), Thyl-CFP axons (cyan),
CD11c-EYFP (yellow) and LysM-GFP cells (green) which mostly form aggregates (ar-
rowhead) spread in the spinal tissue. Enlarged views of the morphological features are
presented: Insetl: Demyelination process and degeneration of Thyl-CFP axons (arrow);
Inset2: Aggregates of spheroid LysM-GFP cells with few amoeboid CD11c-EYFP cells
around highly degraded Thy1-CFP axons (arrow).
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7.2. CARS and 2PEF functional imaging of the CNS components

observed that these clusters of CD11c-EYFP (less frequent) and LysM-GFP cells (more
frequent) accumulated more in areas where the Thyl-CFP axons exhibited a high degree
of damage (presence of axonal ovoids), although events of active demyelination have been
found everywhere. Moreover, the CD11c-EYFP cells undergo morphological and molec-
ular changes in response to EAE. In the mature intact spinal cord CD11c-EYFP cells
are ramified with a small body and long processes consistent with typical morphology of
microglial cells observed in score 0 of EAE (inset 2 in Fig 7.4, Section 7.2.4). In response
to EAE, these cells transformed into amoeboid-like structures with shortened processes
and developed large body, consistent with morphology of activated miroglia (inset 2 in
Fig. 7.5) (220). The alteration of axons and myelin closely associated with persistent mi-
croglial /macrophage activation in the forebrain and the spinal cord has been observed
previously in a mouse model of multiple sclerosis (37, 38) as well as a morphological
transformation of microglial cells in immunological response after spinal cord injury (14).
However, it has been not found yet, to our best knowledge, that the accumulation of the
activated microglia/macrophages is associated more to highly damaged axons despite the

overall demyalination and neurodegeneration.

7.2.6 Widespread demyelination and axonal degeneration in clin-
ical score 2.5 for C-EAE

At a stage of the EAE disease, where mice show significant symptoms of the EAE disease,
such as unilateral complete hind limb paralysis (score 2.5 for the C-EAE) the spinal cord
demonstrates a high degree of degeneration (Fig. 7.6). We observe widespread ongoing

neurodegeneration of white matter encompassing both demyelination and axonal damage

Figure 7.6: (Next page) Representative 2D map (summed over the entire depth) of highly
degraded spinal cord tissue extracted from mouse at clinical score 2.5 for C-EAE. CARS
and 2PEF illustrate complete or partial degeneration of myelin sheaths (magenta) and
Thyl-CFP axons (cyan), as well as amoeboid (interior of the spine) and ramified (pe-
riphery of the spine) CD11c-EYFP (yellow) cells spreading all over the spinal cord and
spheroid LysM-GFP cells (green) forming mostly an aggregates (arrowhead). Enlarged
views of the morphological features are presented: Inset1: Advance stage of demyelination
and neurodegeneration in the absence of myelo-monocytic cells. Inset2: myelin and Thy1-
CFP axons debris surrounded by aggregates of CD11c-EYFP and LysM-GFP cells. Some

of them contain myelin and Thyl-CFP axons debris (arrow).
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7.3. Final remarks and conclusions

all over the spinal cord tissue (inset 1 in Fig. 7.6). The degradation of Thyl-CFP axons
frequently appears to be in its advance stage (manifested by axonal ovoids) as well as the
myelin sheath which is largely swollen or blebbed and surrounded by numerous debris. The
middle groove (septum) separating a spinal cord into two sides is dominated by almost
completely degraded myelin and Thyl-CFP axons which are accompanied by abundant
LysM-GFP cells (activated macrophages) and little CD11c-EYFP cells of amoeboid mor-
phology (activated microglia). We observed that the LysM-GFP and CD11c-EYFP cells
often contain remaining products occurring from demyelination and neuronal degrada-
tion, in the interior of their body as shown in Fig. 7.6 (arrow in the inset 2). Although
the proliferation and activation microglia were observed in active EAE (148, 200, 230) or
after spinal cord injury (14), their role is not completely understood. It has been shown,
however, that microglia can play a role as a link between myelin degeneration and regen-
eration (231) by active clearing myelin debris. It has been observed, moreover, that in
active EAE lesions inefficient clearance of these debris by microglia can limit demyelina-
tion process (232). Here, at this stage of EAE disease, the extreme abundance of myelin
and axonal debris, especially in the spinal cord septum, visibly surpass the amount of
active CD11c-EYFP cells that contain the degradation products after demyelination and

axonal degradation, but the question about their dynamic remains open.

7.3 Final remarks and conclusions

In this chapter we presented the capability of multimodal CARS/2PEF microscopy to map
the architecture of spinal cord tissue by addressing its characteristic components, such
as myelin sheath, axons and two kinds of cells, resident and infiltrating of CNS. Using
this methodology we were able to observe in details the morphology of healthy tissue
and its structural alterations during progression of EAE disease on a sub-micrometric
scale. Although these studies are yet qualitative, they give an overall and large amount of
information about the demyelination, neurodegeneration and importantly, spatiotemporal
distribution of resident and infiltrating cells that are associated with many hallmarks
of EAE progression. The relationship between all of these CNS components has never
been studied in details by using multimodal nonlinear imaging such as presented here.
Many questions about the molecular mechanism in progression of EAE remain open and
relatively noninvasive methods such as multimodal imaging over a large scale of specimen
(still preserving sub-micrometric resolution) can be a first step toward the understanding
a pattern of neurodegenerative diseases.

Because of the goal of present discussion is rather to demonstrate a potential of the
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multimodal CARS/2PEF imaging to investigate such a complex sample and not to give a
complete analysis of EAE progression, we presented here only few examples of our data.
We performed such measurements on large amount of samples with various pathological
stages of EAE disease (from score 0 to score 4, with few samples per score). The ex-
amples presented here are consistent with observations found in other samples, however,
all of these results require detailed, quantitative and statistical studies. Such studies are
currently under work, for example the implementation of recently developed methods
such as 2D Fourier transform (193) that can have a great impact on more quantitative
conclusions.

Finally, the multimodal CARS/2PEF has been used here to visualize the architecture
of fixed spinal cord tissues, but it can be used for any other sample including live tissues

for in vivo imaging of the disease progression.
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Conclusion and perspectives

In this thesis we presented the potential of polarization-resolved nonlinear microscopy to
readout the molecular organization of lipid assemblies at sub-micrometric scale. We have
seen here, that the methodology to probe the molecular order based on tunable linear
polarization depends "only” on the nonlinear process used that drives the nonlinear inter-
action between light and matter, without invoking any specific constraints on molecular
distribution. Such an advantage gave us the possibility to probe the molecular organi-
zation using different nonlinear contrasts, label-free methods based on the vibrational
oscillations of induced molecular dipoles (SRS, CARS and FWM) but also using fluores-
cence (2PEF) to specifically excite fluorescent probes that can visualize the bio-molecular

assemblies.

Comparison between these methods have driven us to the conclusion that noninvasive
vibrational methods are indeed suitable and highly sensitive to probe the orientational
behavior of lipids in model as well as biological membranes at sub-micrometric scale.
We demonstrated moreover that fluorescent probes, when embedded into the lipid mem-
branes, do not harm spatial organization of lipids, at least on small concentrations, and

are able to reflect orientational behaviors with a high precision.

So far, most of approaches developed to probe molecular order have been confined to
use a picosecond laser source due to its spectral sensitivity to resolve even a single molec-
ular bond, or mode in complex lipid membranes, often struggling with a small amount
of signal. We have shown that using picosecond laser system is not mandatory in such
applications and can be replaced by femtosecond laser source in the case when no high

spectral resolution is really needed.
With this knowledge, we have applied the femtosecond laser system, to probe the lipid

organization and their orientational behavior in highly complex membranes, such as the

myelin sheath in mice spinal cords. Using the EAE neurodegenerative disease as a model
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Conclusion and perspectives

we have shown that myelin is a highly dynamic structure having fascinating capability to
self-assembly into organized structures even during the demyelination process. The PR
methodology was able to detect even small changes on molecular organization of lipids in
myelin before any signs of damage. Moreover, by multimodal CARS and 2PEF imaging
of the spinal cord architecture during the progression of EAE we were able to follow the
process of degradation and spatiotemporal organization in which many components of

central nervous system have its own role.

All of these results demonstrate a potential of probing the lipids molecular organiza-
tion in biological samples using both label-free and fluorescence methods. Together with
multimodal imaging, such studies could bring a new light not only on the fundamental
processes that drive molecules to self-assembly but also to help for understanding certain
mechanisms of lipid related diseases progression and the way the evolution of the pathol-
ogy can be monitor. In this context, it would be of general interest to probe the lipids
organization at sub-micrometric and microscopic scales in real time and in the future in
living organisms. Such studies necessitate a fast polarization measurement and analysis
since dynamical processes are involved with sub-second time scale. Along this direction,
the recently developed method in our laboratory which uses direct measurement of order
parameters (based on fast polarization modulation per pixel using Pockels cell polariza-
tion tuning) could speed-up the time of measurement. Another interesting perspective is
also to couple polarization tuning with techniques that allow to image deeper into tissues,
such as adaptive optics, providing that birefringence characterizations are accounted for

to correct polarization distortions inherent to in-depth tissue penetration.

Overall, this PhD was dedicated mostly to the investigation of lipids organization in
model and biological membranes, but it can be also used to probe other molecular assem-
blies, such as protein aggregates or crystals. Moreover, benefiting from the multimodality
of the model it is possible to extend this studies toward probing various structures in

biological systems by various nonlinear processes at the same time.
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Appendix A

Relation between the order
parameters (p,, ¢,) and the Fourier

coefficients deduced from the
PR-CARS measurement

Deduction of the order parameters from the CARS-FWM intensity is not as straightfor-
ward as from the SRS signal since the relation between the nonlinear susceptibility and

the electric field is not linear:

Pl(was) = Z XIJKLE;JEp,KEp,L- (A‘l)
JKL
with the CARS dipole is oriented along direction I (X or Y'). The intensity oriented along

X (using electric field polarized in the (X,Y") plane) is thus proportional to the square of
the CARS dipole which leads to:

[)CgARS x Z XXJKLX;MNOE}EKELEME;,EE. (A.2)
JKL
MNO

and the total intensity is the summation of the intensity along X plus the intensity along
Y:

[CARS  _  [CARS | [CARS (A.3)

]CARS

In the same way as for SRS intensity, we can write the as a truncated Fourier series

with the angular frequencies are going up to the sixth order due to the presence of six
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electric fields in the intensity relationship (71, 78):

IC4RS () o ag  +ag cos(2ar) + by sin(2a)
+ay cos(4ar) + bysin(4a) (A.4)
+ag cos(6ar) + b sin(6ar),

where
ag = 3(36p3 + 10p3 + 10¢3 + pi + ¢})
az = 55(24pops + 3paps + 3q2aa)
ay = (P35 — 43+ 2pops)
ag = 35(P2ps — G2aa) (A.5)
by = 35(Pog + 3p2qs — 3page)
bi = +=(2poqa + p2g2)
be = 3*12(292614 + Paqa).

In the polar-resolved CARS signal, the retrieval of the distribution function from
the Fourier coefficients is not straightforward. The nonlinear dependency of the Fourier
coefficients with respect to the distribution function parameters is due to the nonlinear
dependency of the CARS signal with respect to the susceptibility tensor, which is not the
case in SRS. To estimate the distribution function parameters, an iterative algorithm can
be employed to find the right set of parameters (71) (see Section 2.3.2, Chapter 2).

The Fourier coefficients (a,, a,) of the CARS/FWM intensity written in terms of
the angular distribution function parameters (p,, ¢,) can be used in the case when the
polarization state of the excitation fields is linear in the excitation volume. In practice,
the presence of reflection optics along the path of the excitation light may introduce dis-
tortions in the polarization. Therefore, the presence of such distortions which can affect
and possibly bias the read out of the symmetry orders, needs to be take into account
when calculating the order parameters from the Fourier coefficients found from PR mea-
surement (71). Polarization distortions, especially in the picosecond set up (Fig. 2.1 and

Section. 2.1.3), have been introduced to the calculation according to (71).
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Configuration of wavelengths and
experimental optical elements used

in these studies

Common abbreviations used in the description: OPO: optical parametric oscillator; AOM:
acousto-optic modulator; A/2: tunable achromatic half-wave plate; P, P-1, P-2: polarizing
beamsplitter cubes; PMT: photomultiplier tube; PD: photodiode.

Objectives used in the studies:

Obj. 1: NA = 1.15, 40x, water (Nikon)

Obj. 2: NA = 0.75, 20x, air (Nikon)

Obj. 3: NA = 0.45, 20x, air (Olympus)

Obj. 4: NA = 0.6, 40x, air (Olympus)

Obj. 5: NA = 1.0, 60x, water (Nikon)

B.1 The configuration in the ps system

Due to it high spectral resolution the picosecond set-up was used in particular:

e to perform CARS and SRS spectra of MLVs made of pure DPPC lipid. For each
wavenumber in the range from 2750 cm~! 3000 cm™! with a step of 10 cm™! we
recorded SRS and CARS stack of polarization dependence images (from 0° to 170°

with a polarization step of 10°) (Chapter 4).

155



Appendix

e to perform the spectra (from 2020 cm™' 3220 cm™! with a step of 10 cm™!) and
PR-CARS and FWM measurements on MLVs made of deuterated d62-DPPC lipid,
pure or mixed with cholesterol (Chapter 4).

Figure B.1 shows the combination of wavelengths and optical elements of the ps set-up

used in these studies.

w,= 735 nm;

| 700sP we= 929 nm (v=2845cm™); w, = 607 nm;
w, | BPe29s3 w.= 884 nm (v=2100cm™); w..= 628 nm;
we= 869 nm (v=2300cm™); w,¢= 636 nm;

Y
=
3

]

. : Signal : .
Flip mirror = H PD & Lock-in amplifier — fre * Computer
SRG

_
: OPO 1
: o191 |——)

Nd:YVO '

Ag mirror

50/50 T

Figure B.1: The experimental configuration used in the picosecond set-up. The sample is
illuminated by the different combination of the pump (735 nm) and the Stokes (929, 884
or 869 nm) beams. The spectrally filtered SRS (wggre) signal is collected in the forward
direction using either PD and lock-in amplifier after reflection on the flip mirror and the

CARS (wqg) signal is directed to the PMT after removing the flip mirror.

B.2 The fs system - configuration 1, 2 and 3

In the case when higher SRS/CARS/FWM intensities were of a superior importance with-
out the need for spectral resolution, we used the femtosecond set-up with a few different
configurations (Figure B.2) that differ in their accessible wavenumber and fluorescence

excitation/emission spectral ranges:

e Configuration 1 to perform PR- CARS and SRS measurements (centered at 2845
cm™!) on MLVs made of pure DPPC, pure DOPC (immobilized in 1% of agarose
gel or suspended in H,0) lipid (see Chapter 4).
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e Configuration 1 to perform all PR-CARS measurements (2845 cm™') on myelin

sheaths in spinal cord tissues (see Chapter 6).

e Configuration 2 to perform the simultaneous PR- CARS, SRS (2845 cm™!) and
2PEF measurements on MLVs made of DPPC, DOPC (immobilized in 1% of agarose
gel or suspended in HyO) lipids labelled with the TMA-DPH fluorescent dye (2PEF

excitation: ~ 780 nm, fluorescence emission ~ 450 nm) (see Chapter 4).

e Configuration 3 to perform multimodal measurements on spinal cord samples (see

Chapter 7) using the detection scheme shown in the Fig. B.4.

@ R Configuration 1:  Configuration 2:  Configuration 3:
w,= 800 nm; w,= 780 nm; w,= 830 nm;
w T we= 1036 nm; we= 1002 nm; ws= 1087 nm;
= FGB37 w,e= 651 nm; W,s= 639 nm W,e= 671 nm;

w

2PEF

_ |
Fip e e e
| Wsre

700SP |

750SP 850LP H
. Obj. -
obj.5 |~ Ti:Saph
_
P - OPO SHG
. e
Obj. 1 0r2 m 3 oPO Ti-Saph
N2 == 3
P2
770SP/770SP xly
P 4
Ag mirror
W
A
Epi detection path 950LP

Figure B.2: The experimental configurations 1, 2 and 3 of the femtosecond set-up. The
sample is illuminated by the the pump and the Stokes beams in one of the three configu-
rations. The spectrally filtered CARS (w,s) and 2PEF (wyppr) signals are collected either
in the forward direction using PMTs or in the backward direction shown in the Fig. B.4.
The spectrally filtered SRS (wgre) signal is collected in the forward direction using PD
detector. Optical elements used specifically in the configuration 1 are color coded in red,
in the configuration 2 in blue and in configuration 3 in green. Black color corresponds to
elements used in all configurations. The epi-detection path for this configuration is shown
in Fig. B.4.
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B.3 The fs system - configuration 4

The configuration 4 (Figure B.3) was similar to configuration 1, 2 and 3 but due to its
different spectral range we present it separately. It was used to performed PR-CARS,
SRS and TPEF measurements on MLVs made of DMPC lipid and labelled with the di-
8-ANEPPQ fluorescent dye (see Chapter 4). Since the fluorescence emission in this case
(=~ 650 nm) falls in the spectral range of CARS emission of configuration 1, 2 and 3, it

was necessary to shift the CARS emission wavelength.

2 x 775SP

BP676/29

Obj. 5

L H PMT Signal Lock-in amplifier R & Computer
wSRL
v

Ti:Saph
- T
- : OPO SHG
Obj. 2 N 8
2 — oPO -I Ti:Saph
N2 == 3
P2

770SP

or n xly
650SP .

or 770SP

Ag mirror w,

I 605LP  Wjper I Configuration 4:
I Iy w,= 671 nm;
700sp  Was BP629/53 W= 830 nm;
600SP 1 or —
FGB37 waST_PE?ES;:Zm
= | BP560/55 Wo = nm

Figure B.3: The experimental configuration 4 in the femtosecond set-up. The sample
is illuminated using only the Stokes beam (w?IFF) to target the 2PEF process or by
the pump (w,) and the Stokes (wg) beams to target the CARS and then SRS processes
with a minimal 2PEF spectral leakage for the CARS channel. The spectrally filtered
signals are collected sequentially. For the sequential measurement, first, we collect the
fluorescence signal in the epi-direction using optical elements color coded in red. 2PEF
frequency used here (wg corresponding to 942 nm) is more favorable for an efficient 2PEF
excitation/emission of the lipid probe di-8-ANEPPQ. After shifting the Stokes beam (wg
corresponding to 830 nm) the CARS signal (w,g corresponding to 561 nm) is collected in
the epi-direction using elements marked in blue and SRS signals (wsg; corresponding to
830 nm) is collected in the forward detection using elements marked in green. Black color

corresponds to elements used in all cases.
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B.4 Epi-detection configuration in the fs system

Epi-detection scheme (Fig. B.4) was used to perform all multimodal experiments on mice
spinal cord tissues where 4 different nonlinear responses need to be recorded in the same
time (Chapter 7). It was also used to obtain all PR-CARS data from myelin in spinal
cord samples (Chapter 6).

hY
<
= T
<
BP500/24 —— -
0D per
BP475/40
PMT -H— 488LP
W5per
H PMT
waS
750SP 514LP 635LP BP676/29 / (BP655/50)

Figure B.4: Epi-detection configuration in the femtosecond system. Emitted light is spec-
trally divided and collected by 4 x PMTs. The emitted CARS signal is usually detected
on the PMT in the straight configuration (Det.1). Colors of filters and dichroic mirrors

correspond to the appropriate spectral range.
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Appendix C

Birefringence effect measured on

myelin in the spinal cord tissue

The measurement of birefringence following the method presented in (62, 67, 71) has been
performed on a d = 30 um thick cross section of spinal cord tissue in phosphate-buffered
saline (PBS) (Fig. C.1a). Focusing a laser beam (A = 800 nm) on the sample surface we
rotated the linear polarization o from 0° to 170° with a step of 10°recording the stack
of images of transmitted intensity modulation after a polarizer of vertical orientation
(e.g. along the Y direction of the sample plane). For comparison, we performed the same
experiment on a 170 um thick glass coverslip next to the spinal cord slice tissue (with
PBS) assuming it is isotropic and free of birefringence sample. In brief, the resulting
polarization response in this isotropic case should be proportional to cos?(a), since there
is no perturbation of the incident polarization state. which can be decomposed in a Fourier
series (I (a) = ap+ag cos(2a)+by sin(2ar)). This specific situation corresponds to amplitude

and phase of the polarization which can be expressed as:

H = L/(@+1)=1 (C.1)

If a birefringence occurs in the sample with local thickness d, along a given direction ©,(d)
(typically the local direction of lipid chains in a thick multi-layer membrane), then the
fields components along this axis and its perpendicular will be phase-shifted by a value
®,(d). Accounting for this phase shift leads to a new intensity modulation, which contrast
is not anymore Hy = 1 since the polarization extinction is lost due to the existence of

ellipticity. The new measured modulation characteristics are:

Hy = (3 +b) <1

oo = 1/2arctg(bs/as)
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Figure C.1: (a) CARS image (2845 cm™!) of spinal cord slice (mean thickness= 30 pm)
on the region where the birefringence has been measured. (b) Hy calculated map from
the polarized signal measured on the spinal cord slice. (¢) Deduced birefringence ®y(d)
map of the birefringence main axis. (d) Hs calculated map from the signal measured on

a glass coverslip.

where Hy and ¢9 are related to the birefringence phase shift ®,(d) and the main birefrin-
gence axis direction Oy(d) (see (62, 67, 71) for details).

Values of H, calculated from the transmitted signal through the spinal cord sample are
depicted in Fig. C.1b. Hj is clearly lower than 1 in many places of the sample, principally
concentrated on the myelin sheath diameters. The deduced phase shift ®,(d) is shown in
Fig. C.1c. In comparison, the reference glass coverslip H, is very close to 1 as can be seen
in Fig. C.1d. The resulting ®;(d) values range from 10° to 20°for the 30 pm (on average)
thick slice of the spinal cord sample, which indicates that the sample birefringence is
quite large, as also previously reported in the literature. In practice, we do not perform
PR measurements deep in the sample (maximum of 40 pm), thus the effect on data

interpretation will be minimized, especially for the determination of Ss.
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Image post-processing of recorded

signals with multimodal microscopy

We used the linear spectral unmixing method (218) in order to spectrally separate the
intensity signals recorded with multimodal microscopy. Fig. D.1a presents the 2D raw
images (summed over the entire depth of 50 um) recorded with CARS and 2PEF pro-
cesses on four separated detectors. Visibly, the CARS signal (detector 1) addressing CH
stretching vibrations (2845 cm™!) as well as the 2PEF signal (detector 2) exciting CFP
fluorescent protein are characteristic for their pure, high intensity signals and do not re-
quire any further image processing (Fig. D.1a, detectors 1 and 2). On the other hand, the
detectors 3 and 4, which display EYFP and EGFP intensities through 2PEF excited by
SFG processes, contain an intensity signals from other detectors (Fig. D.la: detectors 3
and 4) and therefore required a correction by linear spectral unmixing method.

Finally, Fig. D.1b demonstrates obtained 2D images of intensity signals for CARS,
2PEF and SFG processes, addressing myelin (CH stretching vibrations), axons (Thyl-
CFP) and two population of cells (CD11c-EYFP and LysM-GFP), respectively. The
graphs in Fig. D.1c and d showing the intensity profile along red lines (Fig. D.1) con-
firm a spectral separation of signals for myelin and axons (detector 1 and 2) as well as
for two population of cells (detectors 3 and 4) after correction with the linear spectral
unmixing method. The accuracy of these signals, especially from cells has been further
validated by recording emission spectra of resulting fluorescence intensities as shown in
Chapter 7.
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Figure D.1: Scheme showing the post-acquisition image processing used to remove
crosstalk between the recorded fluorescence signals. (a) Raw images of the same FOV
recorded with CARS and 2-photon processes on detector 1, 2, 3 and 4, respectively. (b)

The same images as in (a) after linear spectral unmixing method operation. Detectors

1 and 2 did not require any image processing while detectors 3 and 4 were corrected by
subtracting the crosstalk from other detectors with appropriate intensity ratio ;. (¢ and
d) Resulting intensity profiles along the red lines shown in (b) for CARS/2PEF and SFG
emitted signals, respectively.
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