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Abstract

Hypomielination with atrophy of the basal ganglia and cerebellum (H-ABC) is a central
neurodegenerative disease due to mutations in the tubulin beta 4a gene. Diagnosis is made by

integrating clinical data, magnetic resonance imaging of the brain and genetic analysis.

In this work we have used three different imaging approaches for the study of the central nervous
system affected by H-ABC: magnetic resonance imaging (MRI), second harmonic generation
(SHG) microscopy and fluorescence microscopy. Our experiments were performed in the taiep
rat, which is the only spontaneous tubulin beta 4a mutant available for the study of this

pathology.

The pathological signs presented by taiep rats and the morphological changes we found by our
longitudinal MRI study were similar to those of patients with mutations in TUBB4A. Using the
novel label free SHG microscopy, we identified microstructural differences between the central
nervous system of taiep rats compared to control animals. We contrasted our MRI and SHG
findings with images of fluorescently labeled tissue from taiep and control rats. The
fluorescence microscopy results corroborate the hypomielination of taiep rats in the corpus
callosum, the cerebellum and the striatum. On the other hand, the comparison of fluorescence
with SHG microscopy results, indicate that microtubules from oligodendrocytes were the source

of abnormal signal, which was clearly localized in white matter regions.

The importance of this work stems from the demonstration that nonlinear optics can be used not
only to study and advance the understanding of the pathophysiology of tubulinopathies, but that
it also has the potential to represent a new diagnostic approach to the medical problem.
Demyelinating disorders are difficult to diagnose, and therefore new complementary techniques
could be helpful for the description of those features of the disease that could potentially be used

as clinical markers.

A diverse readership may benefit from the information detailed in this work, whether they are
from scientific areas involved in the study of the cell cytoskeleton, the development of optical

imaging devices or interested in the study of neurobiology and neurodevelopmental disorders.



Resumen

Hipomielinizacion con atrofia de los ganglios basales y el cerebelo (H-ABC) es una enfermedad
neurodegenerativa central debida a mutaciones en el gen TUBB4A. El diagnostico se realiza

integrando datos clinicos, imagenes por resonancia magnetica del cerebro y analisis genético.

En este trabajo hemos utilizado tres enfoques de imagenologia diferentes para el estudio del
sistema nervioso central afectado por H-ABC: imagenes de resonancia magnética (MRI),
microscopia de generacion de segundo armoénico (SHG) y microscopia de fluorescencia.
Nuestros experimentos se realizaron en la rata taiep, que es el Unico mutante espontaneo de

tubulina beta 4a disponible para el estudio de esta patologia.

Los signos patologicos presentados por las ratas taiep y los cambios morfolégicos que
encontramos en nuestro estudio de resonancia magnética longitudinal fueron similares a los de
los pacientes con mutaciones en TUBB4A. Utilizando microscopia por SHG sin necesidad de
marcaje, identificamos diferencias microestructurales entre el sistema nervioso central de ratas
taiep en comparacion con los animales de control. Contrastamos nuestros hallazgos de MRy
SHG con imagenes de fluorescencia de tejidos de ratas taiep y de control. Los resultados de la
microscopia de fluorescencia corroboran la hipomielinizacion de ratas taiep en el cuerpo
calloso, el cerebelo y el estriado. Por otro lado, la comparacion de la fluorescencia con los
resultados de la microscopia de SHG, indica que los microtubulos de los oligodendrocitos son

la fuente de sefial anémala, ubicada claramente en las regiones de materia blanca.

La importancia de este trabajo surge de la demostracion de que la éptica no lineal puede usarse
no solo para estudiar y avanzar en la comprension de la fisiopatologia de las tubulinopatias, sino
que también tiene el potencial de representar un enfoque diagnoéstico nuevo del problema
médico. Los trastornos desmielinizantes son dificiles de diagnosticar y, por lo tanto, nuevas
técnicas complementarias podrian ser Gtiles para la descripcion de aquellas caracteristicas de la

enfermedad que potencialmente podrian usarse como marcadores clinicos.

Un publico diverso puede beneficiarse de la informacion detallada en este trabajo, ya sean de
areas cientificas involucradas en el estudio del citoesqueleto celular, el desarrollo de dispositivos
Opticos para la adquisicion de imagenes o interesados en el estudio de la neurobiologia o de los

trastornos del desarrollo del sistema nervioso central.
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Introduction

The efficient transmission of electric impulses trough axons require an electric insulator, this
insulator is the myelin sheath!. The myelinating cells of the central nervous system are the
oligodendrocytes, which extend many processes that concentrically wrap around the nerve
axon?. Oligodendrocytes undergo a complex and precisely timed program of proliferation,
migration, differentiation, maturation, and myelination to finally produce the insulating sheath
of axons®. Myelin is necessary for the formation, health and function of the central nervous
system (CNS)*.

There was a time when disorders that primarily affect myelin where mostly undefined and the
few that were known had to be diagnosed via metabolic investigations. The introduction of
magnetic resonance imaging, in the late eighties, completely changed the diagnosis approach
and opened new possibilities in the white matter field study. The high sensitivity of MRI to
white matter abnormalities made possible the recognition of patterns in patients that shared the
same diagnosis, and to also recognize that the patterns were different from patients with other
diagnosis®®. Even though, in many cases it was not possible to establish a specific diagnose.
Later in 2001, the idea of defining new white matter disorders by their MRI pattern was finally
validated when the first mutated genes were identified in withe matter disorders defined by MRI
(EIF2B1-5 for vanishing white matter and MLC1 for megalencephalic leukoencephalopathy
with subcortical cysts)”®. The development of next-generation sequencing in 2005 allowed the
rapid sequencing of large amounts of DNA®. Whole exome sequencing provides a definitive
diagnosis in 80-90% of patients’®. The technological advances, MRI and next generation
sequencing provided new information that changed a concept that was ideated in the 1930s,
leukodistrophy, which at that time was used to describe disorders primarily affecting myelin,
either directly or through involvement of oligodendrocytes, caused by a genetic defect and
clinically progressive sign and symphtoms. Nowadays, we know that some leukodistrophies are
caused by mutations that affect proteins that are specifically expressed in cell types other than
oligodendrocytes, like CSF1R gene which is expressed in microglia, macrophages and
monocytes!; and there are leukodistrophies that are not necessarily progressive like
megalencephalic leukoencephalopathy with subcortical cysts that was found to have an

improving variant along with only transient abnormalities on MRI*2. Another important
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discovery is that a high percentage of genetic defects found in leukodistrophies affect the highly
complex process of mRNA translation!. The discoveries behind the reconceptualization of
leukodistrophies tell us how the availability of different techniques offered new perspectives to

understand these diseases.

Hypomielination with Atrophy of the Basal Ganglia and the Cerebellum

One of the diseases that was defined thanks to MRI patterning and next-generation sequencing
is hypomyelination with atrophy of the basal ganglia and the cerebellum (H-ABC). It was
described for the first time in 2002 by Van der knaap et al.; when they were studying a group of
102 patients with unclassified leukoencephalopathies that had hypomyelinating disorders, they
identified seven patients whose putamen was absent without evidence of a lesion in the region.
These individuals had a distinct MRI pattern consisting of a triad of radiological signs:
hypomyelination, atrophy of the caudate, putamen and the cerebellum (Fig. 1.1). Although the
severity of the clinical picture varied among the patients, the overall pattern was very similar.
The onset of H-ABC was variable, ranging from infancy to childhood. And the clinical profile
included developmental delay, dystonia, choreoathetosis, rigidity, opisthotonus, and oculogyric

crises, progressive spastic tetraplegia, ataxia and more rarely, seizures’.

Figure 1.1 Brain structures in a patient suffering from H-ABC. (a) Sagittal T1-weighted magnetic
resonance images obtained at 5 years show atrophy of cerebellum (open arrow), corpus callosum
(arrow). (b) Axial T2-FLAIR weighted magnetic resonance images obtained at 5 years old show atrophy
of the brain cortex and ventriculomegaly (open arrow). (c) Atrophy of caudate (open arrow) and
putamen (arrow) are also observed*,

By 2013 only 22 cases of H-ABC had been reported in the literature, from all of those none

were from siblings, which hindered the identification of causative mutation. Using exome



sequencing Simons et al. studied eleven H-ABC patients and some of their relatives with the
intention of establishing if H-ABC was the effect of a single monogenic entity or a group of
heterogeneous leukoencephalopathies. They identified the TUBB4A c.745G>A mutation,
which causes a nonsynonymous change from an aspartic acid to asparagine at the residue n. 249
of the TUBB4A protein (p.Asp249Asn)™. After modeling TUBB4A they could generate a
hypothesis about the effects of the mutations according to its localization. The mutation’s
position might affect the dimerization of tubulin, the polymerization or the stability of
microtubules. They also hypothesized that the TUBB4A mutation results in primary disturbance
of neurons and the secondary involvement of glial cells. Finally, they concluded that a single
de novo mutation in TUBBA4A resulted in H-ABC.

To date, more than 40 mutations of TUBB4a have been found in H-ABC patients!®2!, The
p.Asp249Asn is the most common mutation among all of them: it is also the mutation that our
group identified in the first Mexican patient diagnosed with H-ABC (Fig. 1)1%%
Leukodistrophies are still difficult to diagnose and even more for sporadic diseases like H-ABC
that are still not very familiar to clinicians. The features of H-ABC found in magnetic resonance
images (MRI) together with the clinical signs give a strong indication of the disease, but
definitive identification can only be provided by genetic analysis. The necessity of the genetic
study for confirmation is an obstacle in low income countries and therefore the real population
of patients affected by H-ABC may be higher. Approximately 200 children have been diagnosed
with this rare disease, so far®,

Tubulinopathies

H-ABC is also part of a family of diseases called tubulinopathies, which comprises a wide,
overlapping range of brain malformations caused by mutations in genes that codify for tubulins
and for microtubule associated proteins®*. The main clinical symptoms of tubulinopathies are
motor impairment, intellectual disability and epilepsy?®. Patients who suffer from
tubulinopathies may present many different complex brain malformations. One of the most
common morphological imaging patterns in patients of tubulinopathies are the dysmorphic basal
ganglia which are seen in about 75% of cases. Other abnormalities include hypoplasia or

agenesis of the corpus callosum, brainstem, cerebellar hypoplasia and dysplasia, and cortical



malformations like lissencephaly and polymicrogyria®®. Tubulin mutations can cause
neurodevelopmental diseases and neurodegeneration. It is not clear how tubulinopthies impair
tubulin functions and neuron activities, causing neurodegeneration or neurodevelopmental

defects?’.

Tubulins are the building blocks of microtubules (MTs) which have an important role in brain
development: to better understand tubulinopathies it is necessary to know about the composition

and function of microtubules.

The Microtubules

The cell’s cytoskeleton performs a variety of tasks among them controlling cell shape, cell
movement, cell division, organization of cell components and the transport of proteins. The
cytoskeleton is formed by a network of protein filaments: microfilaments, intermediate
filaments and microtubules (MTs). Those filaments are not rigid, instead they are dynamic

structures in constant modification®.

The ability of MTs to rapidly assembly and disassembly is essential for basic cellular processes
such as cell division (mitotic spindle), motility and differentiation®. In animal cells, long MTs
grow out from centrosomes providing the tracks for intracellular transport. MTs also form the
core of eukaryotic cilia and flagella, arranging in very organized and stable bundles®. During
nervous system development, cellular events such as mitotic division, relocation of migrating
neurons and the extension of dendritic and axonal processes highly depend on microtubules®!,
And in cells with particularly long ramifications like oligodendrocytes, the myelinating cells of
the central nervous system, the MTs cytoskeleton is especially important for long distance

transport32,

Microtubules are hollow cylinders formed by alpha/beta tubulins assembled in a head to tail
heterodimer. The human genome has nine genes for each a- and B-tubulin, called isotypes®:.
The isotypes differ in their amino acid sequence encoded by different genes. Some of those
isotypes are ubiquitously expressed and others are found in some specialized cells, like
TUBB3A in sperm®, TUBB3 in neurons® and TUBBL1 in platelets®. The evidence suggest that
the isoforms of tubulins tune the functional properties of MTs depending on the cell type,
developmental profile and subcellular localization®. During brain development, tubulin
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isotypes are differentially expressed, for example Tubb3 isotype is mainly expressed during the
early stages of neurite outgrowth and drops at lower levels at mature stages®”.

The polar heterodimers of tubulin form protofilaments which stack together to build the wall of
the tube. The microtubule is made of 13 protofilaments arranged parallel to each other. Alpha
and beta tubulins alternate along their length, forming a polarized microtubule, with a-tubulin
exposed to one side and B-tubulin exposed to the opposite side. The B-tubulin side is called the
plus end, because tubulin dimers attach to this end faster than they do to the a-tubulin exposed

end. The MT polarity guide intracellular transport .

Microtubules and the nervous system

The vertebrate brain development relies on three cellular processes which are highly dependent
on the cell cytoskeleton: neurogenesis, neuronal migration and neuronal differentiation®..
Meaning that mutations that affect tubulins usually relate to brain malformations?*. Even more,
it has been suggested that patients with a reduced myelin volume should be analyzed for tubulin
mutations®®. As it was mentioned before, not all alpha- and beta-tubulin isotypes are expressed
in all cell types; for example, TUBB3 is only expressed in neurons, TUBB4a, TUBB2b and
TUBB2a are expressed in brain tissue; while others are ubiquitously expressed like TUBB,
TUBB4b, TUBB6 and TUBBS. This work focuses on the TUBB4a isotype, which has its highest
expression in the cerebellum, putamen and white matter®®. So far, variants in seven tubulin genes
have been associated with an overlapping range of malformations of cortical development
(MCD), regarding TUBA1A, TUBB2B, TUBB2A, TUBB3, TUBB4A, TUBB (TUBBS5), and
TUBG1264°, To date, four tubulin isotypes (TUBB3, TUBB2A, TUBA4A, and TUBB4A) have

been associated with neurodegenerative phenotypes?’.

Mutations in TUBB4a
TUBBA4A is expressed in the CNS, particularly in the cerebellum and white matter of the brain
and also in the striatum®. The cells where TUBB4A is primarily localized are neurons and

oligodendrocytes, with the highest expression in mature myelinating oligodendrocytes®!.

To predict the possible effects of the amino acid changes caused by missense point mutations it
IS very important to consider the identity of the new residue, the localization of the amino acid

change and its interactions with surrounding aminoacids.
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The tubulin monomers are described by three domains that serve different functions: the N-
terminal (nucleotide binding domain), the second domain and the C-terminal (outer surface
domain)*2. Mutations in TUBB4a have been found in all three tubulin b-4A monomer domains,
even though most of them were found at the intra-dimer interface®®. Lately, mutations have been
classified according to their positions: Inter-dimer interface, kinesin-binding site and intra-dimer
interface, looking for possible relations between the mutation position and the patient
phenotypes. The canonical p.Asp249Asn mutation is located in the intra-dimer interface, in the
second domain T7 loop, a region that interacts with the GTP nucleotide at N-terminal side of
the a-tubulin, which is thought to be important for longitudinal interactions between

tubulins®®16,

The taiep rat
The study of animal models of diseases has provided medical knowledge necessary for the
alleviation of human suffering*®. Moreover, for a disease without a clear pathophysiology they

are essential tools for the validation of hypothesis.

In general, laboratory rats are the prominent model for the study of complex diseases and
pharmacology because of their anatomical, physiological and genetic similarity to humans**,

In 1989 Holmgren et al. described a spontaneous neurological mutant rat, detected in a colony
of Sprague Dawley rats, which they named taiep®. Taiep is an acronym formed by the names
of the symptoms suffered by the rat: tremor, ataxia, immobility, epilepsy and paralysis. The
taiep rat suffers from hypomielination at birth and progressive demyelination of the central
nervous system in adulthood. Among the regions affected by demyelination there are the optic

nerve, the fasciculus gracilis, the corticospinal tract, the corpus callosum and the cerebellum*4¢-
48

Since the discovery of this mutant, different studies have described the abnormalities found in
the rat nervous system, including a very particular one: the accumulation of microtubules within

its oligodendrocytes*6:4749,
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Figure 1.2. Structural context of Ala302 in the TUBB4A protein. In the quaternary context, Ala302
(green) lies in a cleft along the microtubule separated more than a nanometer from any neighboring
protein (Garduno 2020).

The mutation responsible for the myelin alteration in taiep rats, is a single missense mutation
that converted Ala302 to Thr (GCG to ACG) (Fig. 1.2), the mutation was found in taiep rats
from both the University of Wisconsin® and the Benemérita Universidad Auténoma de
Puebla*. Duncan et al. proposed that the mutation was localized in a domain that mediates
lateral interactions between dimers. Even though, our rendering of the mutated protein in a 3D
model of a microtubule for the position of the amino acidic change suggests it might not be
involved in lateral interactions because it is located in a cleft and not in the surface that is in

contact with neighboring dimers*.

Our approach
The aim of this work was to explore new possibilities for the characterization and the diagnosis

of neurodegenerative diseases in which hypo or de-myelination is caused by tubulin anomalies.

Magnetic resonance imaging (MRI) was used to first understand the pathological course of the
disease in the animal model, the taiep rat. The MRI features of the tubulinopathy were described
and compared to the human radiological observations, resulting in the presentation of this rat as
the first spontaneous mutant that could serve as an animal model for the human disease*®. Later,
the MRI information obtained was also used to analyze auditory consequences related to the
tubulinopathy?? and to make a longitudinal volumetric comparative analysis between brain

structures of a Mexican diagnosed H-ABC patient and the animal model**,
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On the other hand, the use of second harmonic generation (SHG) microscopy, in a commercial
nonlinear microscope for the assessment of central nervous system tissue sections was proposed
and tested. Most of the research of SHG from microtubules is performed in custom made optical
systems® %3, These systems are optimized in many aspects, like the control of polarization of
excitation beam, the use of high numerical aperture objectives for excitation and similar
objectives or with a higher numerical aperture (NA) for collection of SHG light, and finally they
also include photon counting detection. Even though, the characterization of commercially
available nonlinear microscopes for imaging microtubules could popularize the use of this
application. Commercial microscopes are precisely designed and provide specialized software
for imaging, but this high functionality also imposes some restrictions for alternative use of light
sources, variety of condensers and detection systems. The restrictions could be related to

availability of compatible options and also to monetary limitations.

Our nonlinear microscope has an infra-red (IR) tunable pulsed laser for excitation, objectives
with NA from 0.25 to 1.46, a condenser with NA of 0.55, three options for detection path (one
in forward and two in backward direction), two sets of filter cubes, one for the detection of
wavelengths below 485 nm and the other for the detection of wavelengths between 500- 550 nm
and photomultipliers for signal detection.

We had to establish a protocol for living cells imaging and also for acute tissue sections from
CNS imaging. We aimed to obtain SHG signal from microtubules in vivo and to achieve that
goal we had to first test laser power, with different objective combinations to understand the
range of powers to be used without sample damage. Other parameters of image acquisition like
imaging speed and averaging had to be tested in parallel to avoid photodamage. The conditions
for sample preparation and preservation were also optimized for SHG imaging. We selected the
forward nondescanned detection path because we determined that it was the best for
microtubules imaging, as it reduced the detection of contributions from other endogenous
signals. In images obtained in backward detection path we observed that the intensity of SHG

signal was very low compared to the fluorescence arising from two photon excitation.

Although imaging microtubules by SHG is challenging we were able to apply our protocol for
label free imaging microtubules in acute tissue sections of the brain and cerebellum of mice and

rats. Our path in the implementation of SHG imaging of tissular microtubules involved previous
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steps and a variety of samples that were suitable for label free SHG imaging. We used a strong
and stable SH generating molecule to establish the basic imaging conditions, this sample helped
us understanding the limitations and benefits of our system. To determine the ideal structure to
image we started imaging a nonlinear crystal BBO (Beta Barium Borate crystal) and corn starch,
we chose the latter as the testing sample because its imaging is straightforward, it has strong
signal, it does not deteriorate and is inexpensive compared to the nonlinear crystal. With the
knowledge obtained we moved to the imaging of more complex samples like collagen from
fixed tissue sections, then to collagen and myosin from acute dissected muscle and finally

imaging microtubules from living cell cultures in structures like mitotic spindles and axons.

Consistent differences between pathological and control tissue were found in the central white
matter. The proposed SHG imaging technique is able to distinguish between tubulin loaded
tissue, due to tubulin mutation, and normal tissue. The analysis of the images including SHG,
fluorescence microscopy and MRI, strongly suggest that the source of the difference in signal
seen in SHG images are the oligodendrocytes rich in tubulin that characterize the tubulinopathy
in the CNS of taiep rat.

It was concluded that the nonlinear approach of SHG microscopy has comparative advantages
to other microscopy techniques previously used to assess the myelin defect in taiep rats. SHG
is able to obtain signal from live microtubules without the use of any exogenous marker: is label
free. Tissue preparation is relatively simple and common solutions used in cell culture and tissue
preservation are used. In the case of taiep rats, microtubules from oligodendrocytes were the
source of abnormal signal, which was clearly localized in white matter regions. Our findings
open the door to the possibility of diagnostic approaches that rely on the imaging of bundles of

(living) microtubules in their physiological condition.

Ethics Statement
All animals were provided by the animal facility of the Benemérita Universidad Autonoma de
Puebla where taiep rats were originally described and raised.

All experimental procedures were carried out following the rules of the Declaration of Helsinki
of 1975 revised in 2013 and in compliance with the laws and codes approved in the seventh title
of the regulations of the general law of health, regarding health research, of the Mexican
government (NOM-033-Z00-1995 and NOM-062-Z0O0-199) and in accordance with the
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recommendations of the National Institutes of Health Guide for the Care and Use of
Experimental Animals (eighth edition, 2011). All the procedures for animals and patients were
approved by the institutional committee of bioethics in research of the University of Guanajuato

and the Benemérita Universidad Autdbnoma de Puebla.

Justification of the work
This work is justified from two perspectives: On one hand the need of an animal model to

study a recently described disease and for which very little is known about the
neuropathological changes in the white matter of patients suffering from it, mainly due to the
lack of pathologic samples. And on the other hand the need of noninvasive imaging techniques

with microscopic resolution to analyze CNS pathological tissue.

General objective
Explore new possibilities for the characterization and the diagnosis of neurodegenerative

diseases in which hypo or demyelination is caused by tubulin anomalies
Specific objectives
Detect differences between the cytoskeleton of oligodendrocytes of control versus taiep rats

using optic imaging techniques like SHG and fluorescence.

Implement a protocol for the SHG imaging of tubulin in biological systems, using the
commercial NLO LSM 710 ZEISS microscope (Germany). In parallel, define the possibilities

and the limitations of the imaging system.

Describe the radiological features of taiep rat’s brain and discover if they are comparable to
those seen in H-ABC patients, to determine if this rat is a adequate animal model for

tubulinopathies.
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Magnetic Resonance imaging and tubulinopathies

A very well established and noninvasive technique used in the diagnosis of neurodegenerative
diseases is MRI, which consist in the application of magnetic fields that interact with hydrogen
protons found in tissues. The magnetic resonator is able to excite and then detect the change in
the trajectory of relaxing protons>.

The scanner uses pulse sequences, consisting of radiofrequency and gradient pulses, to produce
MR images. The duration and the timing of the pulses are precisely determined to enhance the
relaxation time of protons: spin-lattice relaxation time and spin-spin relaxation time, denoted
T1 and T2, respectively. Both relaxations happen simultaneously but pulse sequences used to
better measure T1 are different from the sequences used to measure T2. Contrast in brain is
obtained from the difference in relaxation times between tissues and cerebrospinal fluid; tissue
types are usually classified as fat based and water based. Regions rich in lipids such as myelin
have short T1 (e.g. 100-150 ms) and T2 (10-100 ms), water based tissues have midrange T1
(e.g. 400-120 ms) and also T2 (40-200 ms) and fluids have the longest T1 (e.g. 1500-2000) and
T2 (700-1200 ms). In T1 weighted images fluids are very dark (unless flowing), tissues that are
water based are mid grey and fat based tissues have the highest intensity>*. In T2 weighted
images fluids are very bright, and water and fat based tissues are gray, being the fat based tissues

usually darker.

MR imaging features of H-ABC became clear in a study seeking to define new disease entities
among leukoencephalopathies of unknown origin’. Using T1 and T2 weighted images, they
defined an imaging pattern that differed from others, and consisted of a combination of
hypomyelination and atrophy of the basal ganglia and cerebellum (H-ABC). In the 2002 analysis
they argued that abnormal white matter containing little myelin has long T1 and T2, which
results in low signal on T1 weighted images (hypointensities) and high signal on T2 weighted
images (hyperintensities), but when there is diffuse deposition of a small amount of myelin, the
effect in T1 shortening is more pronounced than in T2 shortening. Resulting in T2 weighted
images with high intensity and T1 intermediate or high signal intensity.
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Since its characterization, many studies have confirmed the triad of radiological features in H-
ABC patients carrying mutations in TUBB4A'"?, Efforts are being made to correlate

phenotypic severities with TUBB4A genotype?™.

Longitudinal study of taiep rats central nervous system

MRI studies are relatively innocuous compared to other imaging techniques such as X-Ray,
making this imaging technique ideal for repeated studies in the same subject over a time course.
In the case of recently described diseases, like tubulinopathies, there is not so much information
available. Clinical studies reported MRI evidence in the variability of CNS abnormalities
expected in patients with mutations in TUBB4A and a few of them analyze MRIs from patients
at two different ages. Longitudinal studies allow the extraction of information about disease

evolution, which is necessary to fully understand the effects of a mutation.

In this work the progression of the disease in living taiep rats was documented by MRI. Taiep
rat brains were imaged since they were 1 month old and until they were 8 months old. It was
planned that rats should be imaged once every month, but problems with the MRI antenna after
the third month changed the time plan of the study. After all a full set of data for the 10 rats
included in the study for the 1%, 2", and 8! months was obtained.

Longitudinal analysis in animals that suffer a disease is not always possible, since many of them
might die early or at different, unpredictable time points. In our case, the longitudinal study was
possible because, even if taiep rats suffer from neurodegeneration they have a long lifespan
reaching 18 to 24 months of age®. The study of MRI applied to rodent’s brain requires
resonators with high magnetic fields to obtain the necessary high resolutions to image small
structures. Typical magnetic fields used are 4.7, 7, 9.4, 11.7 T°® compared to clinical scanners
at 1.5 or 3 T. An Helium-cooled 7.0 T scanner (BRUKER PHARMASCAN 70/16 Billerica,
MA, USA) (Fig. 2.1 a, b) equipped with a gradient set with Gmax = 760 mT/m BRUKER, from
El laboratorio nacional de imagenologia por resonancia magnética (LANIREM) at Instituto de

Neurobiologia UNAM, Juriquilla, Campus Queretaro was used in this work.
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Figure 2.1 Equipment used for the MRI study and rat anesthesia. a) 7 Tesla magnetic resonance imaging
machine. b) Small animals coil. ¢) The rat receives isoflurane induction anesthetic dose in an induction
chamber. d) The rodent remains anesthetized with a maintenance dose during all the procedure. e) The
animal recovers from anesthesia in its laboratory rat cage.

In order to make the most of the study four different sequences of magnetic pulses were
included. They were applied in order to obtain anatomical information, diffusion data for white
matter analysis and relaxometry data for water content analysis. In this work the T2 weighted
images (WI) were used for anatomical and volumetric studies. The other data, related to
diffusion and relaxometry analysis are not part of this thesis work and will not be discussed

further.

To determine the characteristics of the MRI sequences, it was essential to minimize the time
rats spend anesthetized (max of 1 hour) and it should also be sufficient to obtain, first, the
anatomical information in T1 and T2 WI (as it is usually obtained for patients) and data for the
analysis of myelin content such as diffusion and relaxometry studies. Time was distributed as
indicated in Table 1.
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Table 2.1 Magnetic resonance imaging sequences

Sequence Duration Data type

DTI EPI 60dir ~30 min Diffusion

T1 FLASH ~4 min Longitudinal magnetization, anatomical.
T2 Turbo RARE ~5 min Transversal magnetization, anatomical.
T1T2 map RARE ~20 min Relaxometry

DTI: diffusion tensor imaging, FLASH: Fast low angle shot, RARE: Rapid Imaging with
Refocused Echoes.

Materials and methods

The MRI study included six taiep and four Sprague Dawley wild-type (WT) rats as controls at
1, 2, and 8 months. During the in vivo MRI recording, the animals were anesthetized with
isoflurane (Sofloran, PiSA Mexico), 5% concentration dose for induction, and 1-2% to maintain
an adequate anesthesia level (Fig. 2.1 c-e). A pulse oximeter monitored the rats' oxygenation
level, and the body temperature was kept constant throughout the experiment using a thermo-

regulated water circulation system.

T2-weighted images

Coronal images were acquired from contiguous 0.8 mm sections in the coronal plane using a
Rapid Acquisition with Refocused Echoes (RARE) sequence with the following parameters:
repetition time (TR) of 2,673.5 ms; echo time (TE) of 33 ms, field of view (FOV) 20 x 18 mm?,

matrix size 200 x 180 corresponding to an in-plane resolution of 0.1 x 0.1 mm?2,

Sagittal and axial sections were acquired using a sequence with a TR of 15 ms, TE 3 ms, FOV

100 mm?, and an in-plane resolution of 0.208 x 0.208 mm?.

Volume analysis

Volume analysis of the whole encephalon, the corpus callosum (CC), the cerebellum (Cb), the
lateral ventricle (LV), 3" (3V), and 4th ventricles (4V) was carried out using ITK-SNAP (V
3.6.0) software®’. The areas used to calculate volumes were obtained for each slice by manually

tracing the anatomical structure's contour.
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Statistical analysis

Statistical analyses were carried out with GraphPad (version 9.1.0 GraphPad Software Inc., La
Jolla, CA, USA). Data are plotted as mean + SEM. Points represent individual measurements in
at least n = 3 per group. Statistical differences were analyzed with appropriate tests, indicated
in figure legends, comparing the WT and taiep groups. For all experiments, p < 0.05 was

considered significant.

Results

Anatomical features of taiep rats analyzed by MRI

a) WT b) taiep ¢)  Anatomical atlas

S

Figure 2.2 T2 weighted images allow the anatomical analysis of brain and cerebellum. a) Wild Type
(WT) brain coronal section of one month old rat brain. b) taiep coronal section at the same plane as in
(@). Scale bar 5 mm. c) Paxinos® rat brain atlas in the same plane seen in (a) and (b).

The goal of this first anatomical analysis was to make a qualitative comparison between WT
and taiep rats brain structures using T2-W1.The Paxinos Rat Brain atlas (2006) was used as an
anatomic guide (Fig. 2 c). The images analyzed correspond to 24 planes along the axis of the
rat’s head, each plane had a thickness of 1.05 mm and the in plane resolution was 10 pixels per
millimeter. After a scrutiny of all volume imaged, we identified three planes where differences

in recognizable anatomical structures were more pronounced (Fig. 2.3 and Table 2.2).

In the most rostral plane, the corpus callosum (CC) of taiep rats appears thinner than in WT
rats at 1 month; thinning becomes more pronounced at 2 months, and at 8 months of age CC is

no longer visible, while in WT rats it seems to thicken over time as expected (Fig. 2.3 a).

In the second plane, WT rat brains display distinctive white matter features at all ages. In this
coronal section, the CC is well-defined and its low signal separates the neocortex (above) from

the striatum (below) (Figure 3.2 b). Caudate-putamen, globus pallidus (basal ganglia) and

21



internal capsule are clearly delineated in healthy rats at all considered ages (Figures 2.3 b). When
analyzing equivalent coronal sections of the taiep rats, it was found that the CC gets thinner, the

internal capsule is not visible and basal ganglia are poorly defined at any age (Fig. 2.3 b).

WT taiep WT taiep WT taiep

1 month

2 months

8 months

. Corpus

1. Corpus callosum
callosum

2. \Ventriculus

3.  Striatum

1. Caudate-

. Ventriculus putamen
Internal 2. Hippocampus
capsule 3. Thalamus

. Caudate- 4. Medial
putamen lemniscus

5.  Globus pallidus

Figure 2.3 T2 WI from one WT and one taiep rat brain. Coronal sections were taken at three different
planes and time-points. a) Corpus callosum, striatum, and lateral ventricles of WT and taiep are visible
in the first plane. b) In the second plane is possible to discriminate the caudate-putamen from the globus
pallidus and the internal capsule in control rats, while in taiep those structures are indistinguishable. ¢)
In the third plane the thalamus and the hippocampus are visible in the healthy rat, as well as a
myelinated, hypointense hippocampal layer. In the three planes the CC is thin or not visible, the
ventricles of taiep rats are enlarged and hyperintense signal is obtained from their surrounding areas.
Six taiep and four WT rats were analyzed in parallel with equivalent results.

The most caudal plane offers a thorough view of the CC, the hippocampus, the thalamus, the
medial lemniscus (ML), the internal capsule, and the ventricles of the WT rat. In the case of
taiep rats the white matter is indistinguishable from the neighboring structures and, particularly
in this plane, the CC is undetectable already since the first month of age. While in the control
animals the hippocampus is always well delineated, its anatomical profile in the taiep rats is
poorly identifiable. In taiep rats the fimbria is not visible and, at 2 months, two out of six rats
already presented hyperintensities where this structure should be located. There is also atrophy
of the basal ganglia, with poor definition of the areas otherwise occupied by the striatum as well

as hyperintensity of the ventricular system, which aggravates with the age of the subjects. The
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signal from the ML of taiep rats is undetectable at 1 and 2 months but at 8 months the region of
the ML gives hyperintense signal opposite to the low signal of ML in WT rats of any age.

a) b)

1 month 2 months 8 months

1 month 2 months 8 months

Figure 2.4 Comparative analysis of the development of brain structures in the taiep rat. a,c) Sagittal T2-
weighted MRIs obtained at 1, 2, and 8 months for the wild-type and taiep rat. Signals of the white matter
of cerebellum (open arrows) and corpus callosum (arrows) are less visible in taiep rats compared to
WT. b, d) Axial T2-weighted MRIs obtained at 1, 2, and 8 months. Progressive enlargement of lateral
ventricles (arrows) and cerebellar demyelination (open arrow) is observed in taiep rat at 8 months. Six
taiep and four WT rats were analyzed in parallel with equivalent results.

The sagittal images include the whole brain where the CC and the ventricular system are clearly
visible, corroborating from another projection plane the high signal from the CC and the
enlargement of the ventricles (Fig. 2.4 a, c). At 2 months, an area of hyperintensity around the
ventricles is also evident in two out of six mutant rats; at 4 months it can be detected in four rats
and at 8 months all the animals presented this periventricular hyperintensity, whereas in WT
rats this signal does not appear (Fig. 2.3 a, b, ¢). The axial images allow the visualization of the
ventricular system, the corpus callosum and the cerebellum. In the taiep rat, the cerebellar and
callosal white matter generate hyperintensities, consistent with the loss of lipid content (Fig. 2.4
b, d). In both planes the difference between healthy and mutant rats is evident even from the

first month, suggesting that the cerebellum is especially affected by demyelination.
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Table 2.2 MRI features per subject.

Rat/feature taiep 1 taiep 2 taiep 3 taiep 4 taiep 5 taiep 6 SD1 SD2 SD3 SD4

1 Il Nl il

1 1 N Il Il

G I N Il Il Ml il
low signal

1 1 Il Il Il N

i 1 N Il Il Il sl

hippocampus
el e el el
i I I Il Nl il
1 1l I s
G I I Il Nl el s

NA: not available

thicker
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Longitudinal Quantitative Analysis of Magnetic Resonance Images of the taiep Rat
T2 weighted images were used for manual segmentation of whole encephalon, corpus
callosum, cerebellum, lateral ventricles, third and fourth ventricles in taiep and control rats
of 1, 2 and 8 months. The free software ITK Snap was selected to perform the segmentation

and volume analysis.

Encephalon

The encephalon of control rats grow while the taiep rat’s encephalon maintain the same
volume. In WT rats, the encephalic volume increased significantly (p=0.0283) from 1 month
(1900.2 * 40.4 mm?®) to 2 months (2168.1+ 22.3 mm?) and then remain unchanged (p=0.933)
until 8 months (2253.3 + 8.5 mm®). Instead, in the taiep rat, the encephalic mass did not show
the same growth pattern, i.e., no significant (p=0.348) increase of volume was observed at
any analyzed age (to 1 month: 1757.5 + 38.6 mm?; to 2 months:1898.1 + 22.7 mm?3; and to 8
months:1949.8 + 89.8 mm?). Comparing WT and taiep rats, the encephalic volume did not
show significant differences at 1 month of age (p=0.383). However, a delay in the growth
rate in taiep rats is statistically significant at 2 and 8 months compared to WT volumes (p=
0.0197 and 0.0159, respectively) (Fig. 2.5 d).

Cerebellum

Cerebellar volume remain unchanged in WT and taiep rats. WT and taiep rat’s cerebellar
volumes were calculated in the same animals where the encephalic volumes were previously
measured. Cerebellar volumes were 233.5 + 11.5 mm?® vs. 212.48 + 14.5 mm® at 1 month;
253.4+ 16.7 mm?® vs. 248.25 + 11 mm? vs. at 2 months, and 275.4 + 30.1 mm?3 vs. 258.6 +
14.3 mm? at 8 months, for WT and taiep, respectively (Fig.2.5 e). Considering the delay in
encephalic growth in taiep rats, we calculated the ratio between the cerebellar and encephalic
volumes. We did not find significant differences (p >0.05) at the three ages between those

ratios, either for control or taiep rats (Fig. 2.6 a).
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Figure 2.5 Segmentation and volumetric analysis. a) Excerpts from the 24 coronal planes used, including the
segmentation in colors. The whole encephalon in red, the corpus callosum in green, right lateral ventricle in
magenta, left lateral ventricle in orange, third ventricle in blue, fourth ventricle in cyan and cerebellum in
yellow. b) WT volume reconstruction of segmented structures. Lateral view of the whole encephalon, lateral
view from above and view from below. c) taiep volume reconstruction of segmented structures. d-g) Scatter
plots of the values of encephalic volume of cerebellum, corpus callosum and lateral ventricles. d) Encephalon
volume of WT rats increased and no significant difference in volume was found in taiep rats encephalon. €)
Non-significant differences were obtained for the cerebellum volume of WT and taiep rats along the analyzed
periods. f) CC volume of taiep rats remains smaller than cc WT CC volume at all analyzed ages. g) Lateral
ventricle volume increases significantly compared to WT lateral ventricle volume at 8 months. The data
obtained for each rat are represented by one point in the plot (at least n=3 for group). Two-way ANOVA

followed by Tukey’s multiple comparison test was performed. Different letters indicate significant differences
between groups (d-g).
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Corpus callosum

The corpus callosum of WT rats was easily recognizable in the brain's MRIs (Fig 2.3), while
in the taiep rat, the corpus callosum appeared very thin in some slices or even
indistinguishable in others (Fig 2.3). Corpus callosum volumes were measured in the regions
where it was visible in the T2-weighted images. In WT rats, the corpus callosum volume
increased significantly from 1 to 2 months (39.4 + 7.95 mm?® and 58.4 + 1.8 mm?3 respectively;
p=0.03) and from 1 to 8 months (74.3 + 7 mm? p= 0.0001). However, no significant
differences (p >0.05) were found when comparing corpus callosum volume from 2 months
to 8 months of WT rats. There were no significant differences in taiep rats when the volume
of the corpus callosum was compared at different ages (at 1 month: 6.06 + 1.1 mm?; at 2
months: 7.3 + 1.5 mm?3 and at 8 months: 6.6 + 1.7 mm?3) (Fig. 2.5 f).

Considering the differences in the encephalic volume between WT and taiep rats, the corpus
callosum volume related to the encephalic volume was calculated. Data obtained showed that
the corpus callosum volume of WT rats increased proportionally to the encephalic volume.
Significant differences between 1 and 8 months (p=0.010), but not between 1 and 2 months
or 2 and 8 months were measured, suggesting that the corpus callosum grows slowly during
wild-type rat development. Instead, in the taiep rat, the volume of the corpus callosum related
to the encephalic volume did not show significant differences (p>0.05) at any of the analyzed
ages, indicating that the corpus callosum is atrophic and it does not grow during development
(Fig. 2.6 b). It is important to note that the corpus callosum volume related to the encephalic
volume in taiep rats is significantly smaller (p <0.0001 when compared at the same age
between both group of rats) than that observed in WT rats at all the analyzed ages.

Ventricles

The volume of lateral ventricles did not show significant differences (p> 0.05) at the analyzed
ages (8 + 1.4 mm? and 18.7 + 7.6 mm?) in WT rats. Instead, in the taiep rat, even though
there were no significant changes in the volumes of the lateral ventricles (6 + 1.2 mm? and
15.5 + 4.8 mm?®) between the first and second month (p=0.801), a dramatic increase in their
volume appeared at eight months (45.7 + 4.4 mm?®); (p<0.0001 comparing 1 vs. 8 months and

p<0.0002 comparing 2 vs. 8 months) (Fig. 2.5 g). Related to the encephalic volume,
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ventriculomegaly was significant in the taiep rat (p<0.0001 comparing 1 vs. 8 months;

p=0.0007 comparing 2 vs. 8 months) at 8 months (Fig. 2.6 c).
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Figure 2.6. Scatter plot of the values of encephalic volume. WT encephalon volume was significantly
bigger than that of taiep rats at 2 and 8 months (b). Non-significant differences were obtained for
cerebellum/encephalon volume ratio of WT and taiep rats along the analyzed ages (c). The data
obtained for each rat are represented by one point in the plot (at least n=3 for group). Two-way
ANOVA followed by Tukey’s multiple comparison test was performed. Different letters indicate
significant differences between groups (b-c).

Discussion

In this study we aimed to discover if radiological features of taiep rat’s brain were
comparable to those seen in H-ABC patients, to determine if this rat was a possible animal
model for tubulinopathies. The diagnosis of diseases like H-ABC is a difficult task, in part
due to the similitudes with other neurodegenerative diseases and also because, as it was
recently described there are few data available to further characterize its pathophysiology.
Having an animal model for tubulinopathies will speed up the study of the disease
mechanisms and will also represent an opportunity for monitoring the evolution of the disease

once pharmacological or genetic therapies are designed. When we put together the motor
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problems of taiep rats, with the evidence of hypomyelination and demyelination related to a

tubulin defect, we see that taiep is an adequate animal model for tubulinopathies.

For imaging we used a helium cooled high magnetic induction scanner (7 T), which permitted
us to obtain higher quality images than common clinical scanners which usually work at 3 T

or less.

The general characteristic of T2 W1 in taiep rat’s brain was a homogeneous high signal across
white and gray matter. In healthy individuals myelinated fibers produce low signal in T2 WI.
However, in taiep rat brains the white matter tracts are almost indistinguishable from their
surrounding structures due to their high signal. High intensity in the T2 WI MRI signal is
interpreted as a sign of demyelination because as the myelin sheets degenerate, the space
once occupied by myelin phospho- and glycolipids is now filled with cerebrospinal fluid and
the signal generated from the atrophied fibers becomes more intense as the degeneration

progresses.

The identified structures with abnormal MR signal in the CNS of taiep rats were: the fibers
that cross the caudate putamen, the globus pallidus, the medial lemniscus, the dentate gyrus
in the hippocampus the internal capsule, the corpus callosum, the ventricular walls and the
cerebellar WM.

The caudate-putamen and the globus pallidus of taiep rats are indistinguishable at 1, 2 and 8
months, while images of the control rats of the same age allow the differentiation of those
areas. Atrophy of these striatal structures in taiep rats has not been previously reported, but
is one of the main characteristics observed in H-ABC patients’ and is important because
damage in the nervous network that involves the basal ganglia are related to motor problems

like dystonia®®.

Another white matter structure that shows demyelination in MRI of taiep rats is the medial
lemniscus (ML) which displays high T2 WI signal during the first 2 months and is
hyperintense at 8 months. In control rats the ML signal is low because this is a white matter
pathway formed by the myelinated axons of second order neurons located in the nuclei
gracilis or cuneatus. In taiep rats the high signal indicates hypomyelination, which agrees

with previous description of the corticospinal tract and fasciculus gracilis of the mutant rats*®.
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Partial myelination of the fasciculus gracilis and corticospinal tracts was seen in 2 months
mutant rats but no myelin was present by 12 months. The MRI indicates that the
demyelination observed in the spinal cord*“%® is maintained along the corresponding

pathways, such as the cortico-spinal tract or gracilis tract.

In our MRIs the dentate gyrus is seen as a distinct thin, dark line at all ages in the
hippocampus of healthy rats, however, in taiep rats it was recognizable only at one month
(Figure 3 c). This particular difference could indicate degradation of neurons near this area.
Other studies confirm the presence of morphological®* and physiological®? changes in the

taiep hippocampus.

The cerebellum of taiep rats has lost all the characteristic patterns of white matter at all
analyzed ages. In coronal and sagittal sections, the signal from cerebellar white matter is also
homogeneous with respect to the surrounding cerebellar gray matter. Our results showed that
cerebellar volume of WT and taiep rats remains unchanged during development. Even
though, the first anatomical descriptions of the taiep rat showed that the cerebellum seems to
be atrophic as its weight is 16% lower than in the WT rat *°. Hyperintense signal from
cerebellar WM could be related to cerebellar atrophy that possibly develops during the

intrauterine life due to still unknown mechanisms, but it does not advance after birth.

The corpus callosum and the internal capsule in the tubulin mutants display high signal. In
healthy animals those structures are formed by highly myelinated fibers and therefore are
expected to generate dark areas in T2 WI, as is the case for control rats. The results of
volumetric analysis where we report no increment in CC size of taiep rats in contrast to the
growth experienced by WT rat’s brain between their first and second month of life are also

coherent with the low contrast obtained in the corpus callosum of taiep rats.

Another important finding is related to lateral ventriculi: in taiep rats, they showed hyper
intensities around them accompanied with an increase in ventriculari volume. Encephalic
volume loss produces a compensatory enlargement of the cerebrospinal fluid spaces and that
is the case with some H-ABC patients'*. The hyperintensity around ventricles recalls
periventricular leukomalacia (PVL). PVL is associated to failure of pre-OL differentiation
and as a result hypomyelination®® and even though it is not possible to identify cystic lesions

at any age, there is indeed ventriculomegaly, loss of periventricular white matter and thinning
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of the CC, typical signs of PVL, which can also be found in some H-ABC patients. It is
possible that both diseases share a common phase during in utero development, when pre-
oligodendrocytes suffer hypoxia in PVL and tubulin malfunction manifests itself as deficient
myelination around the ventricles and further demyelination® during the early life of the

patients in H-ABC and also in maturing taiep rats.

Anatomical data obtained from the MRI study allowed us to detect and follow in time the
macrostructural changes associated to H-ABC. The qualitative and quantitative analysis
performed in major structures of the CNS of taiep rats produced valuable information for a
publication where the taiep rat is presented as the first available animal model for
tubulinopathies®®. After that, the volumetric information was compared to new clinical data
of a Mexican patient of H-ABC, which was published in a special issue about cerebellar
ataxial®. After analyzing the progression of the disease using MRI T2 WI from the taiep rat
with success, we also believe that new information may be obtained from many more MRI
applications, including some to deepen the anatomical knowledge of the affected CNS, like
MRI diffusion tensor imaging® or techniques that could quantitatively estimate the change

in myelination levels®®.
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Second harmonic generation microscopy

The nonlinear phenomenon of SHG applied to imaging has unique features that make it very
promising for medical applications. SHG produces intrinsic contrast from structural protein
arrays that are highly ordered and non centrosymmetric, so it is label free®’. It also has
inherent optical sectioning, providing the possibility of three dimensional imaging of native
tissue® %, And as infrared light is used for excitation it can produce images deep in optically
thick preparations’®. All those features are necessary for imaging in physiological conditions

and are crucial for intravital tissue microscopy’?.

Collagen, muscular myosin, and tubulin are the three non-centrosymmetric biological
materials known so far, that form highly ordered arrays which emit SH signals®.. When
tubulin interacts with an intense short laser pulse, it scatters frequency-doubled photons,
which can be exploited for label free imaging. The only SHG emitters in the central nervous
system are collagen and microtubules’?. Collagen is abundant in the meninges’®, vessel walls
and the choroid plexus’®; while microtubules, despite being ubiquitous, are highly organized
and locally concentrated just in the axons’. The SH signal from microtubules depends on
their direction (parallel or antiparallel), organization and abundance®>’®. As SHG is a
coherent process, the signals from parallel MTs sum up, while signals from antiparallel MTs
interfere destructively. It is estimated that a detectable SH signal arises from bundles of about

50, predominantly parallel microtubules®?.

Applying the SHG technique for the analysis of the CNS could provide a new alternative for
the selective imaging of parallel microtubules arrays like those found in axons’’. In the
specific case of the TUBB4A mutant rats there is another structure, besides axons, that is
presumably composed of such organized microtubules, the oligodendrocytes. Our animal
model for tubulinopathies has an accumulation of microtubules within oligodendrocytes
bodies and processes*®’8, which could cause the progressive loss of myelin in the central
nervous system. Thus, we expect to obtain different SH signals from mutant and control rats.
Recent investigations support that MT bundles that are nucleated in oligodendrocytes
processes are highly polarized”. However, SHG microscopy has not yet been applied for the

imaging of cultured oligodendrocytes and as the amount of parallel microtubules in
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oligodendrocytes processes is not reported we could not predict if those bundles of MTs
generate detectable SH signal. So far, the groups that have performed SHG in the CNS have
not reported oligodendrocytes processes as a source of SHG. The intrinsic polarization of
MT bundles in OLGs and the increased number in OLGs of taiep rats lead us to hypothesize
that detectable SH signal should arise from the defective, mutant cells in taiep rats. Therefore,
SHG microscopy could be a powerful tool for the examination and analysis of the
demyelination process in the CNS.
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Figure 3.1 Our hypothesis is that SHG imaging technique could be useful for the study of
tubulinopathies in which bundles of parallel microtubules accumulate. Microtubules are the element
that connects the technique with the disease, as it is suitable for the selective imaging of microtubules
whit the spatial organization that is found in the oligodendrocytes of taiep rats.

Brief historical background

SHG was demonstrated in 1961 by Franken et al. using a quartz sample as nonlinear medium
and by that time the recently invented ruby laser, which provided coherent light at high

powers®. The laser emitted light of 694.3 nm and after focusing the beam inside a quartz the
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emerging light was analyzed by a quartz prism spectrometer observing second harmonic at
347.2 nm.

In 1968 Bloembergen et al. discovered SHG from interfaces® and after that it has been
widely used for characterizing surfaces and probing physical and chemical dynamics at
interfaces®?. The use of SHG for imaging was first performed by Hellwart and Christensen
in 1974, when they observed the crystal structure of polycrystalline ZnSe®3. In 1986 Freund
et al. published the first biological SHG microscopy experiments, obtaining low resolution
(~50 um) images from collagen in rat tail tendon®*. By 1993 the use of SHG microscopy for
the sensing of membrane potential was suggested® in an analogous method to surface SHG.
Later, the commercial availability of mode locked lasers made possible to implement high
resolution SHG scanning microscopes®’. There are two distinct areas of SHG microscopy
development, exogenous staining with fluorescent dyes for imaging cell membranes and
endogenous imaging of tissues. Label free imaging has proven to be of high medical interest
and the landscape of imageable harmonophores include collagen fibers, actomyosin and

microtubules®®.

In the field of medical diagnosis, SHG has aided in the study of pathologies related to
collagen disorders in skin like keloids, keratoconus in cornea and liver fibrosis®®-® and to
distinguish between normal and malignant tissues, including colon cancer®®, ovarian
cancer®, breast cancer®, prostate cancer®’, and malignant thyroid nodules®. Imaging of
muscle myosin has also contributed to the study of muscular dystrophy and Pompe
disease®®. And the SHG imaging of axonal microtubules in an animal model for glaucoma

revealed that cytoskeletal deficits predispose axons of the retinal ganglion to atrophy’’.

In addition to these works, other developments are also focused on improving
instrumentation technology for practical cinical use, including image processing for the
interpretation of nonlinear signals®®®’. The use of multiple nonlinear phenomena, like two
photon, SHG, third harmonic generation (THG) and coherent anti Stokes Ramman scattering
(CARYS) in a single microscope is also being explored, as such equipment could provide
information of multiple structures in samples at the molecular level and in a label free

manner®,
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Theory background
A function that is used to describe the response of material to an applied electric field is the

polarization P, which is given by

—

P=xVE+y®EE 4+ y® EEE + - 1)

The linear susceptibility tensor, y(¥, describes linear absorption and the refractive index,
while higher order susceptibilities are related to nonlinear processes. SHG is a coherent,
nonlinear optical phenomena that occurs in materials with a non-zero susceptibility of second
order . ¥ describes the macroscopic response of SHG, sum frequency generation,
difference frequency generation and optical rectification, and is non zero only for ordered
non centrosymmetric structures. y© is related to two-photon absorption, third-harmonic

generation, and stimulated Raman processes.

Second harmonic generation results from the annihilation of two input photons at optical

frequency w to form one output photon via a virtual energy level.

In general, ¥ is a third rank tensor that contains 27 elements, but in the case of SHG, as

the two input photons are of the same frequency w, the susceptibility tensor has the following

symmetry.1%

X (@,0) = ¥ (@, ) (2)
which reduces the independent elements of the tensor to 18.
At a molecular level, the light-matter interaction is determined by its dipole momenti:

f= jo+aE +-BEE + - (3)

N |-

i, is the permanent molecular dipole, « is the molecular polarizability and g is a tensor that
describes the first hyperpolarizability responsible for hyper-Rayleigh scattering (HRS). SHG
is a coherent addition of the HRS emission from the local molecular ensemble. Then y®

and g are related by:

X = Ny(B) (4)
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Where N; is the number of molecules involved and (f) is the orientational average of .

When dealing with fibrillary structures like microtubules we can assume a single axis of
hyperpolarizability for HRS emitters and that this axis coincides with the y” axis of the
molecular system of coordinates. Therefore, the only non-zero component of S is £,y With
the laboratory system of coordinates (x,y,z) and its y-axis along the axis of cylindrical
symmetry and considering that the emitters are oriented at a fixed polar angle 9 respect to

the symmetry axis, only 5 elements of the second order susceptibility tensor are nonzero®.

)(J(j,)y = Nf cos3 9 (5)
and
N .
Xyoe = Xy = Xoow = Xsgy = 5 B cos 9 sin? (6)

For an excitation source like a linearly polarized laser beam at an angle 1 with respect to the

y-axis (axis of cylindrical symmetry of the microtubule) and that propagates along the z-axis
E=Esinwéx+ Ecosyeé, (7)
Thus, the polarization can be written as

P® = 2E% sintp cosyh x o8y + (B2 sin? 3y + E2 cos? xym))é,  (8)

And the SHG intensity proportional to the square of the second order polarization

2 A2 . 2
Isye < (P@)" = E4()(3(,x)x) lsm2 2¢ + (sin? Y + =% cos? )2 (9)

VXX

This equation allows to assess the structural distribution of emitters in a sample. When the
SHG intensity is measured as a function of the laser polarization angle 1, the resulting data
can be fitted with

Igye & sin? 21 + (sin? Y + ycos? )2 (10)
with
()
_Xyyy _ 2
Y= Xg(lzx)x " tan29 (11)
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Some values for the angle 9 in the tubulin dimer have been calculated: Odin et al. obtained

an angle of 35 + 2° for microtubules in axonemes®

and Psilodimitrakopoulos et al.
calculated an angle of 33.96° with a width of 12.85° for microtubules in culture cortical
neurons®. In other work involving ischemic cultured neurons, Psilodimitrakopoulos et al.,
calculated a change in the angle from 44.3° to 47.1° after 120 minutes of oxygen and glucose

deprivation'®

. Kaneshiro et al. (2019) analyzed purified microtubules in solution, estimating
a mean angle of 38.5° and a mean value of 39.7° in taxol stabilized microtubules; they also
observed a difference in conformation for microtubules decorated with binding proteins
(38.7°) and also microtubules decorated with the binding proteins and in the presence of taxol

39.3° 104-

Technical requirements for SHG microscopy

Laser Source

Nonlinear transitions probabilities are low compared to optical linear phenomena, and
therefore to achieve excitation that produces enough signal to be detected, a high spatial and
temporal density of photons is necessary!®. Femtosecond pulsed lasers can assure a high
amount of photons concentrated in a short time and when focused with a high numerical
aperture objective, the small volume where light is concentrated completes the demands for
the SH phenomenon to occur. Typically, the excitation wavelength is chosen in the near
infrared to exploit the inherent reduced light scattering and absorption and allow for deep

tissue penetration (> 500 pum).

Obijective lens

The excitation objective lens will determine the spatial resolution of the imaging system. In
a nonlinear scanning microscope, the spatial resolution is given by the excitation volume,
which is smaller than the diffraction limit because of the nonlinear optical properties of the
excitation process. Even though, an approximation for spatial radial and axial resolution is

given by,

0.3204

NA < 0.7
ey = V4 (12)
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(13)

Where A is the excitation wavelength used, n is the refractive index of the immersion
medium, and NA is the objective numerical aperture.

Other important characteristics to be considered about the objective lens are its transmittance
for the excitation wavelength used, its numerical aperture, and the working distance.
Choosing an objective with NA higher than 0.5 is recommended to provide enough density
of photons in the focus for the nonlinear process to occur® and the working distance should
be elected according to the thickness and morphology of the sample to be imaged.

Forward and backward detection

SHG is a coherent process, therefore most of the generated signal should have the same
direction as the exciting wave vector. The phase of the SH light is related to the phase of the
driving fundamental light'%. The total radiated harmonic power depends on both the spatial
distribution of the molecules and of the driving field. The molecules that contribute to SHG
should not be considered as independent sources because the signal of all the emitting
molecules may interfere, and according to their distribution the signal may add up or may be

destroyed.

Some uniaxial birefringent crystals like potassium dihydrogen phosphate (KDP) or beta
barium borate (BBO), illuminated with an appropriate angle of incidence and the right
polarization can meet ideal phase matching for SHG, which is Ak = k,,, — 2k, = 0, where
k,,, is the wave vector for SHG photon and k,, is the wave vector for the incident photon.
When this condition is fulfilled, the radiation emitted is 100% forward propagating®. In
general, this condition is not fulfilled for tissues but it has been observed that in tissues there
is backward emitted SHG, which requires strong axial momentum contributions. A relaxed
phase-matching condition has been developed by LaComb et al. for collagen in tissue. Their
model includes contributions from quasi phase matching and additional phase mismatch due

to dispersion and randomness®®’.
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The ratio between forward and backward emitted SHG signal ranges from 1 to 10%,
depending on the distribution and directionality of the induced dipoles within the focal
volume’®.The pattern of the forward emitted light displays two lobes that form an angle with
respect to the optical axis'®. Ideally, the objective lens used for detection should have a

higher NA than the excitation objective so that all emitted SH signal is collected.

In general, the amount of SHG backward emitted signal is much lower than the forward
emitted signal. But, when imaging biological tissue, the multiple backscattering events that
occur in such scattering media generate backward signal that ranges from 5% to 20% of the

forward emitted signal'®.

For backward detection, the transmittance of the objective should be optimal for IR and SH

generated light.

Filters

The use of three elements: a short pass filter, a narrow band pass filter and also a dichroic
mirror is advised. Short pass filters block spurious contamination of the excitation light in
the detection path. Filters that block IR excitation light usually have a cutoff wavelength
between 650-700 nm; these kind of filters allow fluorescence and SHG signal to pass, which

could be desired as two photon fluorescence signal may also be detected.

SHG Auto Fluorescence

Intensity

425 nm 530 nm

Detection wavelength

Figure 3.2 Typical emission spectra of a primary hippocampal cell culture obtained with an
excitation wavelength of 850 nm. The SHG spectra is centered at half the excitation wavelength. The
autofluorescence spectra is a broadband centered around 530 nm’.
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Two photon excitation (TPE) is also a nonlinear process, but this is different from SHG as in
TPE two photons are absorbed in order to take the molecule to an excited state, instead than
a virtual state as in SHG; as a consequence of absorption the emitted photon has lower energy
than the sum of the two photons used for excitation. TPE is a third order nonlinear process

that depends on the third order nonlinear susceptibility (x3).

A band pass filter centered at half the wavelength of the excitation wavelength and with a
width of about 20 nm is convenient to selectively detect SHG (Fig. 3.2)1%. The dichroic
mirror diverts the SHG light to be detected and may be needed depending on the imaging
setup.

Detector

The most common type of detector used for SHG microscopy is the photomultiplier tube
(PMT). APMT is a vacuum tube, usually made of glass that converts very small light signals
into a measurable electric current. It consists of a photocathode, a number of dynodes and an
anode. A photon ejects an electron from the photocathode. An electrical field in the PMT
accelerates the electron into another surface called a dynode. The collision of the electron
with the dynode releases several new electrons, which are accelerated into another dynode.

This process is repeated several times producing a typical electron gain of ~108 108,

Other types of detectors are avalanche photodiodes, microchannel plates, charge coupling
devices arrays and PMT arrays.

Materials and methods

Optical system

A LSM-710-NLO AxioObserver Z1 confocal microscope (Zeiss, Germany), and a
Chameleon Vision |1 titanium sapphire tunable laser (680-1080 nm, 140 fs, Coherent) were
used for imaging. Light was focused with a plan-neofluar 25X/0.8 Imm Korr DIC M27, a
plan-apochromat 63X/1.46 Oil Korr immersion objectives and an epiplan neofluar 50X/0.55
dry objective (Zeiss, Germany). The SHG was collected in the transmission direction
(forward path) with a 0.5 N.A. condenser (Zeiss, Item no.: 424242-0000-000) or in reflection
mode with the same objective used for excitation. The wavelength used for excitation of the

samples was 810 nm and detection was performed after a short pass filter (SP 485) with
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photomultiplier tubes (Hamamatsu, Japan) in the non descanned (ND) detection, either in
transmission or reflection mode. A single band —pass filter centered at 405 nm and a width
of 20 nm (Semrock, FF01-405/10-25) was used to selectively detect only photons involved
in SHG in the forward direction. The descanned detection reflection pathway was also used
for selected imaging experiments, in that case the detector was the Zeiss LSM meta. In some
experiments a half wave plate was inserted before the objective to rotate the polarization of
the excitation laser beam. Imaging power was measured with a power meter (PMD100D,
Thorlabs, USA).

Pseudo-bright field images were generated with residual 405 nm laser light captured in
transmission by an external non descanned detector (NDD) of the LSM 710 Zeiss confocal

microscope.

Nonlinear crystal and glass
A Beta barium borate (BBO) was imaged with the 50X objective in the ND transmission path

with a laser power of 1.3 mW, and in the descanned reflection mode with a power of 14 mW.

Starch

Corn starch was imaged with 25X, 50X and 63X using the three different detection paths.
Also, the sample was mounted in three different manners: 1) placed between a glass slide (~
1 mm thick) and a coverslip (~0.17 mm thick), 2) placed between two coverslips and 3)
placed over a coverslip and not covered. Laser powers between 2.5 and 30 mW were used

for imaging.

The high SH intensity generated by starch together with the simple mounting and handling
of the sample allowed us to use it for some experiments using the half wave plate to rotate

the linear polarization and verify the effect of excitation polarization.

Cells

Living HeLa cells (CCL-2, ATCC) and Immortalized Multipotent Otic Progenitor (iMOP)
cells were imaged (donated by Dr. Kelvin Kwan). Cells were cultured in glass bottom dishes,
the media used for culture was removed and replaced with phosphate buffered saline (PBS)

to avoid noise from autofluorescence of colored media. The PBS volume used for imaging
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was enough to keep cells hydrated during imaging but low enough to form a thin layer of

PBS. The PBS film used was equivalent to ~40 uL for a 0.78 cm? surface well.

Collagen and myosin

Acute tissue sections of gastrocnemius and biceps muscles of mice and rats were isolated and
then sliced in a vibratome (Leica VT1200, USA), obtaining 200 and 400 um-thick sections.
The sections where placed between two coverslips for imaging. The tissue was imaged using
the three detection paths and 25X, 50X and 63X objectives. Laser powers used for imaging
ranged from 19 to 34 mW.

Central nervous system tissue

Brain, cerebellum and spinal cord of adult mice and rats were imaged. To obtain the acute
sections, rodents were anesthetized with a mixture of ketamine—xylazine (0.125 mg/Kg and
5 mg/Kg, IP), and then sacrificed by decapitation. The brain and cerebellum were removed
and separated into two halves. One half was immediately immersed in 4% formaldehyde in
PBS for immunohistochemical processing. The second half was used for SHG imaging,
obtaining acute coronal brain slices of 160 um. The unfixed tissues were immersed in HBSS
at 37°C to prevent microtubules depolymerization during the time between sectioning and

imaging.
Image Processing

The open source F1JI software'® was used to convert and reconstruct the images as well as

to perform the intensity analysis.

Results
Characterization of the optical system

The goal of the first part of this study was to understand the capabilities and limitations of

our imaging system with respect to SHG microscopy.

The Zeiss LSM NLO 710 nonlinear laser scanning microscope was used for imaging. One
positive aspect about using a commercial system is that the protocols and findings described
here may be replicated by any institution that has the same system, or another commercial
set-up with similar characteristics, which is very likely the case for many biomedical

laboratories around the world.
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Table 3.1 Characteristics of the pulsed laser*

Chameleon Vision |1

Tuning range 680 to 1080 nm
Average power at peak 3.0 W

Pulse width 140 fs
Polarization Horizontal >500:1

The system has three available detection paths as is depicted in figure 3.3, which gave us
alternatives for signal detection. The set up itself is an inverted microscope and therefore, the
objectives are placed under the samples and illuminate it from below. In this configuration
the transmitted light is detected in the upper photomultiplier NDD T (Fig 3.3 a). For
backscattered detection we had two options: to use the shortest path which corresponds to
NDD R or to use the internal detectors that are located after a longer light path with more
optical components (LSM) (Fig. 3.3 b). The laser used for imaging was a Chameleon Vision
I1, which is a tunable titanium sapphire pulsed laser of 3W of power at 810 nm (Table 3.1).
The laser is diffracted by an acousto-optic modulator (Fig 3.3 a, red arrow) and the first order

is coupled into the microscopy system for excitation.
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Figure 3.3 Imaging system used for SHG microscopy. a) Frontal view of the microscope. The laser,
the acousto-optic modulator (red arrow) and the photomultiplier detectors of the nondescanned
(NDD) paths in transmission (T) and reflection (R) positions are marked. b) Lateral view of the
microscope where the position of the detector in the descanned path is visible (LSM). c) Schematic
representation of the optical system. The red lines represent the excitation light and the blue lines the
SHG light. NA = numerical aperture, BP= band pass and SP=short pass. A narrow band pass filter
was positioned between the condenser and SP filters (arrow) to eliminate autofluorescence.

Most commercial microscopes are closed systems, with access ports to very few portions of
the optical path. In our case, measuring the power of the laser is possible only at the back
focal plane of the objective. Knowing the power of the laser beam at the back focal plane of
the objective would be important because this value is necessary for the estimation of
intensity at the sample. We measured this power using the excitation laser but removing the
objective which allows the access to the beam that reaches the back aperture of the objective
(Table 3.3). The laser power used for imaging is controlled by the software, the user simply
selects the percentage to use. As the laser is tunable, its power curve describes the highest
possible power for each wavelength. From the beginning of our study we used 810 nm for
excitation, because at that wavelength the laser has its highest power values and also because,
as it is a common value used for biological SHG imaging’®%21% our results could be more
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comparable to the results of other groups. For that reason, we periodically measured the laser
power at 810 nm for different percentages selected in the software and including the
maximum power for imaging. During the first years of the investigation the maximum
available power for imaging at 810 nm was 130 mW but in the last year a reduction was
detected (Table 3.2). The reduction was associated to temperature fluctuations and increased

humidity in the laboratory.

Table 3.2 Average laser power of Chameleon laser at 810 nm

Software: Laser power % Measured Power (mW) 2018- Measured Power (mW)

2019 2021
5 7.5 6.4
10 12.6 10.2
20 24.5 18.6
50 60 42.9
100 130 955

The original, maximum laser power was 130 mW, but a drop in the maximum usable laser
power was detected at the beginning of 2021. To compensate for the drop in power we
selected higher percentages of the available laser power. The laser beam is horizontally
polarized and therefore the images reflect the effect of using linearly polarized light in the

horizontal direction (Fig 3.5 c-f).

Knowing the laser power allowed us to calculate the intensity at the sample. The intensity

P I
(I) = % was calculated considering Wy, = % for NA above 0.7 and wyy = %

J2NA
for NA below 0.7.

Table 3.3 Intensity at the sample for an average power of 10 mW

Objective NA Intensity (MW /cm?)

25X 08 6.12
50X 0.55 2.87
63X 1.46 36.6
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To proceed with the characterization of the imaging system, a sample suitable for SHG

microscopy testing was necessary.

First we considered to use a non-linear crystal. The Beta Barium Borate (BBO) nonlinear
crystals were discovered in 1984 and since then they have become a popular nonlinear
material used for SHG. BBO has a wide transparency region, broad phase-matching range,
large nonlinear coefficient and high damage threshold. A BBO crystal was used to test the
system by acquiring images in the reflection and the transmission mode (Fig 3.4 a, b). The
power used for imaging in the backward geometry was eight times the power used for
imaging in the transmission path. And even so, the image obtained from backscattered signal
had lower signal compared to the image obtained in transmission. The bright field image
revealed that the surface of the crystal had some dust or dirt particles (Fig 3.4 c) that are also

evident in the SHG micrographs.

Figure 3.4 Imaging of the beta barium borate crystal. a) Image obtained with the backscattered
signal using the descanned path; the power used was 10.8 mW. b) Image obtained with the transmitted
signal using the non descanned path, the power used was 1.3 mW. c) Bright field image of the crystal
showing that the surface carries dust and dirt that was also seen in SHG images. The beam was
focused with a NA 0.55 50X objective. Scale bar: 30 wm.

The nonlinear crystal was placed directly on the sample holder with no need for a previous

mounting in a coverslip as is usually the case for biological samples.

We then examined another type of sample, starch, which requires mounting and so the
objective space architecture resembles more closely the one that has to be used for biological

samples.
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There are many different types of starch granules: the major starch sources are cereals and
tubers. In this work we used a commercial corn starch (Maizena) commonly available in
grocery stores. The granules of starch are composed of ~20% amylose and ~80%
amylopectin, and they are known to generate an intense optical second harmonic signal*2.
The granules have an inner organization of alternating rings of crystalline and amorphous
structures (120-400 nm thickness) that originate from the hilum!® this ordered arrays of
chiral glucose molecules are the source of SH signal*'.

2227
I g

+—>

Laser polarization

Figure 3.5 Starch granules imaged by SHG microscopy. a) Photograph of corn starch before
mounting for imaging. b) Representation of the radial distribution of amylopectin in a starch granule.
c) Representation of the horizontal polarization of the laser. d) SHG micrograph obtained from starch
granules mounted between a glass slide and a coverslip. e) Representation of the amylopectin
distribution where bright areas seen in SHG correspond to regions where the polymeric distribution
aligns with the laser polarization, and dark areas correspond to regions where the polymer is oriented
in a transversal direction with respect to the laser orientation. f) Magnification of a granule in (d)
where the signal distribution described in (e) is observed.

Starch granules were conventionally mounted between slide and coverslip; the highest
magnification objective (63X) was used and the signal was collected in transmission (Fig 3.5
a, b). The images obtained from the granules had a characteristic pattern of signal distribution
(Fig 3.5 d), with dark and bright areas. In each granule, the center, and the upper and lower

parts were dark while the lateral areas were bright (Fig 3.5 e, f), this pattern corresponds to
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starch imaged with a beam of linearly polarized light oriented horizontally (Carriles 2009,
Zhuo 2010). The SHG intensity in each pixel depends on the net orientation of the non-linear
dipoles and the polarization of the laser beam.

d) SHGLSM

Figure 3.6 Differences in SHG images from corn starch obtained with three alternative detection
paths. a) Micrograph obtained in the backward direction and in the non descanned path, the laser
power used was 5.4 mW. b) The same field of view as in (a) imaged in the forward direction in a non
descanned path, the laser power used was 8.4 mW. c) Merge of images obtained in forward in red
and backward direction in green. d) Same fied of view as in (a) imaged in the backward direction in
the descanned path, the laser power used was 9.6 mW. e) Bright field micrograph of the granules
where their whole shape is observed. f) Merge of the bright field with the image in (c). The scale bar
is 10 um.

The SHG signal in forward and backward directions was also tested by imaging starch. We
expected to obtain similar images in both forward and backward paths, but the images
obtained suggests that focal planes imaged in both configurations do not fully coincide (Fig.
3.6 a, b, ¢). Micrographs obtained from backscattered SHG in descanned and non descanned
paths are neither the same; but in this case the main difference appears to be the intensity
levels of the features: the image obtained from the nondescanned path has more intense signal

than the image obtained from the descanned path (Fig 3.6 a, d). It was useful for us to also
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obtain a bright field image from the granules and merge it with the SHG images obtained.
From the merge we can identify the hilum and complete borders of the granules, which shows
that both images, whether they were obtained in transmission or reflection have the lobular
distribution of light but that it comes from different focal planes (Fig 3.6 f).

The possibility of obtaining images of SHG in two perpendicular directions was explored
from two different perspectives. By rotating the sample after imaging and re locating the
same field of view, and by the use of a half wave plate placed in a space available in the

excitation path, just before the objective.

5)e

)

Figure 3.7 Imaging of corn starch verifies the horizontal linear polarization of the laser. a) Glass
bottom dish containing starch. b) The same glass bottom dish of (a) rotated by 90°. ¢) Starch grains
of different sizes display a characteristic signal in position same as (a). d) Image obtained from corn
starch of the same field of view of (a) rotated 90°. e) Merge of image (c) in its original direction and
(d) rotated 90°. Images were obtained with the transmitted signal using the non descanned path, the
power used was 28.8 mW. The scale bar is 30 um.

To be able to rotate the sample by 90° circular dishes were used. And as plastic is a
birefringent material that could interfere with the imaging, the plastic dish was modified to
have a coverslip glass bottom (Fig 3.7 a, b). A very small amount of starch was added to the
well and the dish was gently shacked to disperse the granules. After placing the dish in the
sample stage and trying to place it in the center, marks (lines) were made on the sides of the
well to indicate the actual position. After obtaining the first image, the dish was rotated by

90° and the same field was imaged (Fig 3.7. ¢, d). Image processing was required to obtain
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the merge of both images: first they were rotated and then also translated to have a good
fitting of the positions. As this process requires to relocate the same region for imaging,
marks on the coverslip are helpful to re recognize the same area.
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Figure 3.8 SHG signal from starch granules using two types of half wave plates. a) Merge of two
images obtained with horizontally (green) and vertically (magenta) polarized light. The horizontal
polarization was the original beam (no HWP used) whereas the vertical polarization was obtained
by inserting a plastic HWP before the objective. b) Magnification from a single granule depicting the
effect of linear polarization. ¢) Mount where the plastic HWP was placed and which was inserted
right before the objective, in the objective revolver. d) 3D printed mount for the use of a quartz HWP.
e) Micrograph obtained without the use of a wave plate. f) Micrograph obtained after inserting the
quartz HWP (d) before the objective. g) Merge of (e) and (f). Images obtained in the NDD T path and
their scale bar is 20 um.

In the objective revolver there is a black holder under every objective. This piece is
removable (Fig 3.8 ¢) and the laser beam used for excitation passes through its window. First,
we used a plastic HWP attached to the piece of the microscope objective revolver (Fig 3.8 ¢)
to image starch in a perpendicular direction, compared to the original orientation. The images
obtained indicate that horizontal polarization was rotated to vertical polarization (Fig 3.8 a,
b). We also printed a modified version of the removable piece designed to hold a circular
HWP of a diameter of 1 cm (Fig 3.8 d). The image obtained with the HWP had the pattern
predicted for vertically polarized light (Fig 3.8 e, f, g). Unexpectedly, the signal intensity
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decayed when the HWP was used and also the image was unevenly illuminated (Fig 3.8 g).
The diminished signal intensity may be a consequence of a reduced diameter of the excitation
beam due to the aperture imposed by the printed piece used for holding the; HWP, in addition,
the position of the aperture could not be precisely centered respect to objective axes and this

could as well impair excitation.

As we were using a system that collected light with a condenser rather than a matching
objective, we decided to test if the position of the condenser and its apertures could have an

impact on image detection.

We realized that images with the highest intensity were obtained when the height of the
condenser was set according to the Kéhler position for the objective to be used, and that when
the condenser was at its lowest position the images obtained were less intense (Fig 3.9 a, b,
c). Another optic path element that has to be set for SHG imaging is the aperture diaphragm.
In order to observe transparent samples through the oculars, it is common to set the
condenser’s aperture diaphragm (Fig 3.9 d) to less than half of its diameter, because it
improves contrast, but for SHG imaging it has to be fully opened to collect the most of the
SHG signal produced. To measure the effect of diaphragm aperture on signal intensity, an
image of the same field of view was taken under three different conditions: the first
corresponds to the control image obtained according to Kohler illumination, (Fig 3.9 e and
h, blue line), in the second condition, the field diaphragm was fully opened without an impact
on image intensity (Fig 3.9 fand h, yellow line), and in the third also the aperture diaphragm
was fully opened which increased signal intensity (Fig 3.9 g and h, red line).

Before imaging, the height of the condenser and the aperture of the iris diaphragm were set
on position for SHG microscopy.
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Figure 3.9 Effect of Kohler alignment and aperture of the Iris diaphragm on SHG signal. a) Image
obtained with the condenser placed at its lowest position. b) Image obtained with the condenser
placed according to the Kohler illumination. ¢) Condenser and field diaphragm control wheel. d) The
red arrow points to thecontrol wheel used to open the aperture (Iris) diaphgram. e) Image obtained
with the condenser located according to Kéhler alignment. f) Image obtained with the correct altitude
of the condenser and the field diaphragm completely opened. g) Image obtained with the correct
altitude of the condenser, the field diaphragm completely opened and the iris diaphragm completely
opened. h) Intensity plot of the pixels along the line marked in (e, f and g). A higher signal is obtained
when the condenser’s altitude is elected by Kohler alignment and when the Iris diaphragm is
completely opened.

The SHG intensity from starch depends on the concentration of amylopectin in the focal
volume and on the excitation intensity. When imaging starch granules with increasing

excitation intensity, the SHG signal also increased (Fig 3.10 a). We obtained one image per
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laser excitation (0.7-2.5 mW) and selected an area to measure the gray values obtained with
increasing excitation intensity (Fig 3.10 b). The gray values of each pixel in that area are
averaged. For the first six average powers the gray values increase slowly but the increment
for the last value is 6.5 times the previous gray value. This rapid change in intensity could be
related to the quadratic relation between excitation intensity and SHG intensity. More
experiments and data should be obtained to better fit that relation. We did not perform more
experiments to test that relation. We were more interested in understanding the common
average powers to be used in our system, since across publications of SHG imaging from
starch there are many combinations of power and objectives used. To list some, Zhuo et al
used a NA of 1.42 and power below 100 mW, Psilodimotropolous et al. used a NA of 1.4
and a power of 10 mW%6, Chen and others used powers between 60-70 mW with an objective
of numerical aperture 1.2'" and Mazumander et al. used a power of 3 mW combined with
an objective of NA 1.3'8, For SHG imaging of starch we commonly used the following
combinations, 25X/0.8 NA with an excitation power of 2.5 mW, 50X/0.55 NA with a power
of 10 mW and 63X/1.46 with a power of 3.4 mW. No photodamage was observed in the

sample when using powers below 10 mW.
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Figure 3.10 Image intensity and average excitation power. a) Plot of measured gray values according
to increasing excitation power. Insets in (a) are the images obtained with the power indicated in each
image, and that correspond to the first six points in the plot. b) Micrograph that corresponds to the
last point in the graph (2.5 mW and 130 gray value) in (a), the region used for measuring the gray
values is highlighted in red.
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Working with biological samples
Fixed CNS

Figure 3.11 SHG images of fixed spinal cord and cerebellum. a) Longitudinal section of the spinal
cord of a Sprague Dawley (SD) rat imaged in the forward direction. b) Longitudinal section of the
spinal cord of a taiep rat imaged in the forward direction. ¢) Transversal section of the spinal cord
of a SD rat imaged in the backward direction using the descanned path. d) Transversal section of a
SD rat imaged in the backward direction using the descanned path. In (c) and (d) the detection of
LSM is adjusted to 430-500 nm, away from the expected SH signal (405 nm). In (e) and (f) same
spinal cord sections of (c) and (d) respectively, with the detection of the LSM adjusted to 395-415
nm. g) Sagittal section of SD rat cerebellum imaged in the forward direction. h) Pseudo bright field
image of same section in (g). i) Bright field image of a sagittal section of taiep rat cerebellum. j) Same
section as (i) imaged by SHG in the transmission path (NDD T). Scale bar in (a) and (b) is 500 um,
in (c) to (g) is 1000 um.

One of the major advantages of using nonlinear microscopy for the study of biological
samples is that it is label-free, giving the possibility of in vivo imaging’t. Even though,
imaging living cells has its own difficulties, because they are more prone to thermal damage
and sample deterioration, and also endogenous signal is usually less intense than fluorescence
from exogenous markers. To find out how to overcome these limitations and determine the

best possible imaging conditions in our system, we imaged a variety of tissue sections. We
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decided to first image fixed sections of the central nervous system of rats. It is known that
collagen and myosin fibers still generate SH after fixation, but PFA fixed microtubules do
not. By imaging unlabeled fixed tissue sections, we expected to learn about possible

endogenous non linear signals.

The SHG images from spinal cord and cerebellum indicate that collagen from the meninges
is able to generate a strong nonlinear signal after fixation (Fig 3.11). The excitation light used
was 810 nm. In this experiments, only the short pass filter SP485 nm was used for imaging
in the forward path, meaning that endogenous SHG signal at 405 nm and also two photon
fluorescence (TPF) could be detected. The longitudinal sections of the spinal cord in both
cases have intense signal that comes from collagen in membrane layers that protect the spinal
cord (Fig 11 a, b). The gray matter in the spinal cord is located at its center and in the SD rat

it emits signal very likely due to TPF, this signal is not detected in case of taiep gray matter.

In the backward descanned detection path (LSM), the detection range can be freely adjusted
between any values in the visible range. As mentioned before, adequate values for the
detection of SHG signal are centered at 405 nm with a width of 20 nm. Signal of images from
transversal sections of spinal cord that correspond to auto fluorescence (Fig. 3.11 c, d) are
more intense at the center where gray matter is located. Micrographs obtained in the LSM
between 395 and 405 nm suggests that only meningeal collagen generates SH signal (Fig.
3.11e,f).

The cerebellum was also imaged in the transmission path. In this case the combined SH and
TPF signals have a similar distribution for SD and taiep rats, high intensity from collagen
and weaker signal from gray matter (Fig. 3.11 g, j). In all sections analyzed the boundaries
between gray and white matter were clearly defined for control rats and blurred for taiep rats.
In bright field micrographs we see that the control white matter is optically denser than white

matter in taiep rat cerebellum (Fig. 3.11 h, i).

Laser power used for imaging these fixed tissue sections was 13 mW for spinal cord and 7.8

mW for cerebellum, in both cases focused with a 10X objective with a NA of 0.25.
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Cells in culture

The first living system we imaged by SHG were HeLa cells in culture. SH signal from cells
is generated in microtubules but we expected the signal from a single microtubules to be too
low for being detected. Detectable SHG is usually obtained from bundles of parallel
microtubules, that kind of microtubular organization is naturally found in mitotic spindles
and in axons. Paraformaldehyde fixation leads to the disappearance of microtubule’s SH

signal %1% therefore only living cells were imaged.

We seeded HeLa cells in glass bottom culture dishes and when confluence of cells was ~70%,
the culture medium was removed and warm PBS was used for imaging. The culture medium
was removed because it contains a colored pH indicator that exhibits autofluorescence and
could generate unwanted signal. HeLa cells grow attached to the substrate and during their
division process they detach and adopt a spherical shape. For imaging, the cell dish was
placed on the sample stage and a region with spherical cells was located through the oculars,
then the lid of the culture dish was removed and PBS was extracted leaving a minimal amount
of the liquid, just enough to cover the cells (Fig. 3.12 a). When using a 35 mm cell culture
dish, whose plastic bottom thickness was 1 mm, the total volume of a well with 1 cm diameter

IS ~ 80 uL, the PBS volume added for imaging was 40 uL.

We observed SH signal from two microtubule structures, mitotic spindles (Fig. 3.12 b, d) and
intercellular bridges (Fig. 3.12 c). Only the portion of the spindle fibers whose orientation
coincides with the laser polarization (horizontal) emitted SH signal (Fig 3.12 b). Most of cells
in the culture dish were attached to the substrate and their microtubules did not generate
detectable SH signal.

In the spindle, microtubules of the central part are arranged in two antiparallel arrays with
their plus ends at the equator and their minus ends at the poles with an overall shape of a
football, and at each pole, the mitotic spindle has an aster, like a tuft of microtubules!*®. None
of the four mitotic spindles shown in figure 3.12 has the same tridimensional orientation but
in all of them the signal arises from MTs parallel to the laser orientation. In order to obtain
images of both poles of the mitotic apparatus we had to obtain sequential images separated
by half a micron, and the images presented here are the sum projection of 8-12 planes (Fig.

3.12 b, d). The power required for imaging was 4.5 mW using a 63X objective with NA 1.46
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and the highest gray values obtained from bundles of MTs in the 8-bit images were around
30 (Fig. 3.12 f).
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Figure 3.12 Mitotic spindle and intercellular bridge imaged by SHG. a) Sample preparation for SHG
imaging, no lid and a thin layer of PBS are required for SHG imaging. b) Mitotic spindles imaged by
SHG with a horizontally polarized laser. ¢) Merge of SHG image of an intercellular bridge and the
bright field image. d) SHG micrograph of a HeLa cell in division where the MTs that are horizontally
distributed are seen. e) Plot of gray values obtained from linescan through microtubules of mitotic
spindle (green line inset). Scale bar in (c) 20 um and in (e) 10 um.

We also tested SHG microscopy in fate restricted Immortalized Multipotent Otic Progenitor
(IMOP) cells, which are capable of differentiating into functional hair cells and neurons
(Azadhe 2016). Undifferentiated iMOP cells grow in suspension. SHG signal from
unlabeled, undifferentiated iMOPs was obtained from those portions of the mitotic spindles
with bundles of MTs horizontally oriented (Fig. 3.13 a—c). After differentiation, neuron-like
IMOP cells exhibit fiber like axons that generated SH (Fig. 3.13 d, f). To confirm that SH
signal was generated from MTs we fixed and immunolabeled the cells for tubulin (Fig. 3.13
e). Fluorescence from labeled MTs and SHG coincide almost totally. The orientation of laser

polarization is horizontal and axons that had their MTs in that orientation give rise to SHG.
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The fluorescence signal does not depend on laser orientation and horizontally and vertically

oriented MTs are equally excited and detected (Fig. 3.13 f).

The imaging conditions for iIMOP cells were similar to those used for HeLa cells, but the
objective used was a 25X NA 0.8, and the power was 15.96 mW for not differentiated cells
(mitotic spindles) and 9.1 mW for differentiated cells (axons).

Figure 3.13 Immortalized Multipotent Otic Progenitor cells prior to and after differentiation. a)
Micrograph from undifferentiated iMOP cells; only the mitotic spindles generate SH signals. b) Zoom
on mitotic spindles framed in (a). c) Merge of bright field and SHG images, where the whole shape
of the cells is visible. d) SHG micrograph from neuron like-cells, where axons are the major source
of signal. e) Fluorescence from the same culture of cells fixed and immuno labeled for microtubules.
f) Merge from SHG in green and fluorescence from microtubules in magenta. Both (e) and (f) are a
sum projection from 7 planes separated by 2 um. Scale bar in (c) is 50 um and in (f) is 100 um.

Acute tissue sections

Collagen and myosin
Collagens are the most abundant extracellular matrix macromolecules in vertebrates*?°. Most

of collagens exist as triple helices formed by strong and flexible fibrils'?. SHG arises from

the non-centrosymmetric arrangement of chemical moieties of the polypeptide at a molecular
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level, and at a supra molecular level it is irradiated from individual collagen fibrils of around
50 nm diameter'?2, Fibrillary collagen generates bright second harmonic signals, and its
hyperpolarizability is just 10-fold less than crystalline quartz®*.

Acute mouse gastrocnemius tendon and a small section of the liver surface were dissected
and whole mounted. A mouse tail was sliced in 150 um longitudinal and transversal sections.
A rat gastrocnemius muscle was sliced in 200 pum sections. The sections were mounted
between a slide and a coverslip using PBS as mounting medium. Images from fibrillary
collagen in tendon of mouse and rat exhibited high signal intensity (Fig. 3.14 a, b and c). The
laser polarization mostly coincides with the orientation of collagen fibrils in fig 3.14 (a) and
(b), but the signal from collagen in (b) is more intense because the excitation laser power was
higher, 20.8 mW (<I> = 5.9 MW/cm?) and 26 mW (<I> =7.5 MW/cm?) respectively . To
image the tendon in Fig 3.14 (c) the laser power was only 3.9 mW but the numerical aperture
of the objective used was higher (0.8) and the calculated intensity was 2.4 MW/cm?, still
lower than the intensity used for imaging (a) and (b).

A different distribution of collagen fibers was observed in tail sections: most collagen fibrils
are parallel to the tail in its longitudinal sections (Fig 3.14 d) while in transverse slices the
collagen fibers are randomly oriented (Fig 3.14 €). Both images were obtained with the same

average power.

Rat and mouse tail and gastrocnemius tendon are manly composed of type I collagen which
is known to generate strong SHG emissions. In general, the minima and maxima of SHG
intensity occur when laser is perpendicular and parallel to the collagen fiber direction,
respectively!?12 put in figure 3.14 collagen fibers orientation is almost perpendicular to the
direction of polarization of the laser beam and the signal is still intense suggesting that the
intensity may be associated to differences on fiber density between different regions rather

than polarization dependence.

We used the 50X objective for imaging with an average power of 22.1 mW for tendon and

20.8 mW for liver capsule.
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Figure 3.14 Collagen from acute tissue sections. a) Tendon of the gastrocnemius muscle of a mouse.
b and ¢) Tendon from gastrocnemius mouse of rats. d) Longitudinal section of mouse tail. e)
Transversal section of muse tail. f) Collagen in kidney surface of mouse. Scale bar (a), (b) and (d) 20
pum, (c) and (e) 50 um and (f) 100 um. All images obtained in the transmission path and the laser
polarization was horizontal.

The sarcomere is the basic structural unit of skeletal muscle tissue and is a highly organized
arrangement of contractile, regulatory, and structural proteins (Fig 3.15). The distance
between z-disc defines the sarcomere and the shortening of individual sarcomeres leads to
the contraction of individual skeletal muscle fibers. The Z-disc are pulled closer during
muscle contraction and move apart during relaxation. During contraction thin actin filaments
and thick myosin filaments generate cross-bridges, which slide the myofilaments over each

other. During relaxation myosin and actin detach*?®.

Myosin is a fibrous protein, whose filaments have a uniform longitude of 1.6 microns and a
diameter of 30 nm*?. Thick myofilaments are composed of myosin protein complexes, which
are made up of six proteins: two myosin heavy chains and four light chain molecules.

Hundreds of myosin proteins are arranged into each thick filament with tails toward the M-
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line and heads extending toward the Z-discs. Myosin can convert the chemical energy of ATP

into mechanical energy to generate force and movement*?,

SHG in cardiac myocytes originates from within the coiled rod region of myosin thick

filaments®”12° and has been used to track A-bands in subsarcomere structure in live cardiac

myocyte'®,

Thin actin
filament

SHG

Figure 3.15 Diagram of a sarcomere depicting the myosin filaments in the A-band as the source of
SHG emitted signal

The same gastrocnemius muscles used for collagen imaging were studied for the myosin
contribution (mouse and rat). A section of mouse muscle was incubated for 2 minutes with
Hoechst and then imaged, to reveal the position of nuclei (Fig 3.16 a, b, c). The TPE
absorption of Hoechst overlaps with the wavelength used for nonlinear imaging (810 nm),
and part of its emission is allowed by the short pass filter (485 nm) used for SHG imaging,
in consequence Fig. 3.16 a, has contributions from SHG from myosin and TPF from Hoechst.
We also obtained a fluorescence image from the nuclei (Fig. 3.16 b) and made the merge of

bright field, nonlinear and fluorescence images (Fig 3.16 c).
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Figure 3.16 Acute preparation of mouse gastrocnemius muscle imaged by SHG. a) SHG image from
myosin and TPE fluorescence from nuclei labeled with Hoescht. b) Fluorescence image from nuclei
in (a). ¢) Merge of the bright field, SHG and fluorescence images in (a and b). d) High magnification
SHG micrograph where myosin from the A band of sarcomeres is resolved and appears like a double
line (arrow). e) Merge of images obtained in forward (red hot look up table) and backward direction
(green LUT). f) Damage in tissue (arrow). The tissue was consecutively imaged at different planes
separated by 0.5 um. Scale bar in (c and e) is 10 um, in (d) 5 um. The calibration bar in (d) indicates
the gray values associated with the pseudocolor (LUT) used in that image.
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We also obtained images with higher resolution where the two lobes in the A-band of the
sarcomere are resolvable (Fig 3.16 d). Although the forward detected signal (red) and the
backward detected signal (green) were obtained from the same field of view, they did not
exactly match (Fig 3.16 e). Simultaneous imaging in forward and backward direction was

not possible, the images were obtained consecutively and without moving the sample.

The images in Figure 3.16 a-e were obtained using the 50X NA 0.55 objective and laser
powers between 26 and 31 mW, which translates to intensities of 7.5 and 9 MW/cm?; working
with these intensities did not damage the samples. When using the 63X NA 1.43 objective
combined with a laser power of 26 mW we observed that the muscle suffered damage (Figure
3.16 f). Although the laser power used was the same as in previous images, as the NA of the
objective was higher, the calculated intensity for this experiment was five times the intensity
used to acquire previous images (47.5 MW/cm?), and additionally the same region was
imaged at different depths separated by 0.5 um. Our hypothesis is that this must be photo
damage of thermal origin, related to the absorption of infrared radiation.

Central nervous system

The first images of acute sections from CNS were obtained from mouse brain.

As microtubules are highly dynamic structures they also respond to changes in temperature
and depolymerize. In order to avoid microtubules depolymerization it is necessary to
transport and maintain the acute tissue sections in a warm solution. Others have used artificial
cerebrospinal fluid to maintain the CNS acute sections. We obtained good results maintaining
the tissue in warm (37°C) Hanks’ balanced salt solution (HBSS), which contains glucose and

sodium bicarbonate and is often used for short cell incubation outside the growth medium.

Figure 3.17 SHG from microtubules in other brain regions. a) Bright field image of the cerebral
aqueduct of Sylvius. b) Same region as in (a) where the microtubules of the ependymal cells lining
the cavity display high SHG. Scale bar 100 pm.
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One of the advantages of the use of SHG is that infrared light penetrates deeper into tissue,
which could allow the imaging of thicker tissue sections. We first tried imaging 300 um tissue
sections from CNS, without good results. We were able to reduce the thickness of the mouse
sections to be imaged, to 140 um. The best signal was obtained when imaging these coronal
sections only over a coverslip and with the addition of 100 uL of HBSS on top. To avoid
drying, the samples were washed in warm HBSS after imaging and then mounted again and
imaged again. Tissues did not display damage signs for around 30 minutes after first imaging;

after that time microtubules did not emit more signal.

High SHG signal intensity was obtained from the cilia of ependymal cells lining the wall of
the cerebral aqueductus of Sylvius (Fig 3.17 a,b) The cilia are formed by a nine fold
symmetric microtubule-based structure termed the basal body which must be the source of

the intense signal. The SH signal from cilia has previously been reported by Dombeck et al®3.

Other authors had imaged axons of pyramidal cells and mossy fibers in the hippocampus by
SHG microscopy®>°3. Microtubules in axons are distributed parallel to each other and have
uniform orientation, with their plus ends towards the axons tip'®* and have been stablished
as the source of SHG from axons®.

Pyramidal cells

Mossy fibers

Figure 3.18 SHG from mouse hippocampus. a) Schematic representation of the location of neurons
from the hippocampus from which we detected SHG signal. b) Mossy fibers in the mouse
hippocampus. c¢) The hippocampus was rotated in order to have the pyramidal axons in the same
orientation as the laser polarization. Scale bar in (b) and (d) is 50 um and in (c) is 30 um.
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We also obtained images from axons in the hippocampus (Fig 3.19) of mouse brain. We first
tried to obtain images with the 50X NAO0.55 objective but we could not detect any signal
besides the collagen. We decided to work with the 25X NA 0.8 objective because it would
concentrate more intensity at the level of the sample increasing the chances of obtaining SH

signal from microtubules. We used a power of 10.4 mW.

The orientation of the slice was important as the intensity of the emitted SHG will depend on
the fiber orientation respect to laser polarization. We imaged axons from the mossy fibers

(Fig 3.18 b) and also the axons from the pyramidal cells (Fig 3.18 a, b).

Imaging of taiep rat brain by SHG microscopy

We first imaged the corpus callosum (CC), and the cerebellar white matter, because both are
mainly composed of myelinated axons and therefore more oligodendrocytes can be found
there than in other regions. The taiep rat suffers from progressive demyelination and atrophy
of the cerebellum?248:0; however, the amount and distribution of oligodendrocytes in CC and

cerebellar WM has not been assessed yet.

The images obtained from the CNS of control (wild type, WT) and TUBB4A mutant taiep
rats showed different patterns of SHG emitting structures: their spatial distribution resembled
elongated cellular processes, cell bodies and also some rounded structures, among the
dominating presence of fiber-like structures (Fig. 3.19, c, h, e, k). In equivalent regions of
control rats, the signal from the CC was always weaker, and no cell body-like distributions
were seen (Fig. 3.19 b, g, d, j). In all the TUBB4A mutant rats examined, the SHG active
structures in each folium were arranged inside cell bodies or processes and located in the
cerebellar WM. The detected signals had a higher intensity than any signal obtained from
homologous regions of control animals (Fig. 3.19,g to k). Same type of structures was found

in adult taiep and control rats at 6 and 10 months.
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6 months 10 months

Figure 3.19 White matter of corpus callosum and cerebellum of taiep rats hosts cells that emit SH
signal. a) Location of the imaged and analyzed region of the CC. b-e) Representative SHG
micrographs from the CC of WT and a TUBB4A mutant rats of 6 months (taiep n=2, WT n=2) and
10 months (taiep n=4, WT n=2). f) Location of the imaged region of folium in the cerebellum. g-k)
Representative SHG micrographs from the cerebellar white matter of WT and taiep rats of 6 months
(taiep n=2, WT n=2) and 10 months (taiep n=4, WT n=2). Scale bar 50 um.

To have a better comprehension of the tridimensional distribution of cells in the white matter,
images composed of various tiles and planes in the z direction were acquired, stitched and
projected to be presented in 2 dimensions (Figure 3.20). From those images we see that the
corpus callosum of taiep rats has the higher intensity but at the same time has small regions
with lower density, very likely due to loss of cell density in these parts (Fig 3.20 b). On the
other hand, the corpus callosum of the WT rat is more homogeneous but the signal is lower.
By analyzing 26 images from mutant and 16 from healthy rats, we obtained gray values from
26 ROI in the CC (260000 pixels) for each group of rats. The histogram built with the data
depicts the difference in intensity of the images: gray values in WT are below 25 while in

taiep the majority is below 50 and some pixels reach values up to 250 (Fig. 3.20 c).
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Figure 3.20 Higher SHG intensity is observed in the corpus callosum and cerebellar white matter. a,
b) Representative SHG micrographs from the CC of a WT and a TUBB4A mutant rat, respectively.
Z-stacks of five images, each spaced 7 um, were generated. ¢) Gray level histogram obtained from
regions of interest (ROIs) in the CC of the rats (26 + 16 images from 3 taiep and 2 WT rats).
Representative SHG micrographs from cerebellum of WT (d,e) and mutant (f,g) rats. The images are
max projections from 5 planes separated by 7 um. h) Histogram obtained from SH signal of the
cerebellar WM (2 WT and 3 taiep rats).

Images from the whole folia of rats at various depths were also acquired and their sum
projections are displayed (Fig 3.20 d, f). The structures that emit SH signals are located in
the white matter. A higher magnification of the WM reveals cell-shaped structures and their
processes (Fig 3.20 g), whereas in the higher magnification images of white mater from WT
rat no similar structures are found. By analyzing 16 images from mutant and 15 from WT
rats, we obtained the gray values from 60 ROI in the cerebellar white matter, 30 ROI (300
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000 pixels) for each group of rats. The histogram (Fig. 3.20 f) illustrates that most gray values
of WT are below 25, while in taiep most of the gray values reach 50, with some pixels
displaying values up to 250.

We found similar SH signal emitting structures in other tracts like the internal capsule,
anterior commissure, and fibers crossing the caudate-putamen of TUBB4A rats (Fig 3.21).

Figure 3. 21. SH signal emitting structures in other tracts of taiep rat’s brain. Similar structures were
observed in (a) the internal capsule, (b) the anterior commissure and (c) in the caudate-putamen of
TUBBA4A rats. Scale bars in (a) 50 um and in (b, ¢) 100 um.

Some images of CNS of rats were acquired in the forward path, as all previous CNS images
shown, but also using an additional element, a narrow band pass filter centered al 405 nm
and with a width of 20 nm (Fig 3.22). The sharp filter decreased the unspecific signal intensity
improving the definition of the signal from the soma like and the elongated structures in the
taiep images (Fig 3.22 f, h). Few thin fibers are still visible in the filtered corpus callosum
image from WT rat (Fig 3.22 a, ), but in the WT cerebellum almost all signal is filtered out
(Fig 33.22 ¢, Q).

This filter was positioned between the condenser and the short pass filter, being this the best

position among the few available in our set-up.

Before using the filter with the tissue from taiep rats we tested it with starch granules, the
images obtained with and without the filter did not had significant changes in intensities (Fig
3.221,j).
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Figure 3.22 Images acquired using SHG band pass filter maintain the differential signal. a-d) Images
obtained using the short pass filter 485 nm. e-h) Images from the same regions as in (a-d) additionally
filtered for precise SHG signal. i) Short pass SP485 filtered (left) and band pass 405 filtered (right)
image from starch. j) Intensity plot from linescan in (i). Scale bar in (a) is valid for (a-h) and is 40
«m and scale bar for (i) is 10 um.

Discussion

In this chapter we introduced the nonlinear process of second harmonic generation (SHG)
for its application in biomedical imaging. We described the characteristics of the optical set
up used for SHG microscopy and the experiments performed in order to determine its
possibilities and limitations. The lessons learned were applied for the imaging of tissular

microtubules in close to living conditions with most cellular features preserved.

The first step was to determine the best conditions for the label free imaging of

microtubules in cells of the central nervous system. We learned how to image
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microtubules in our commercial setup by experimenting with a nonlinear crystal, starch, and

fixed tissue sections to finally image microtubules from cells in culture.

A positive aspect about using a commercial set up is that most of its functions are
automatized, but on the other hand, a negative aspect is the reduced adaptability of the optical
system, for example for integration of polarization control. Our laser is horizontally polarized
and as SHG is an intrinsically coherent process its polarization has an impact on the SHG
image. In our experiments only the amylopectin chains and the microtubules that are parallel
to laser polarization were efficiently excited and emitted SHG. In starch and mitotic cells it
means that only a portion of the granule or the spindle apparatus will be visible by SHG.
Polarization control would give us the flexibility to work with different polarization
directions; the separate images that can be generated this way can be used to produce a SH
image that includes the emission from emitters in various directions; even more, we could
use the data obtained from different polarizations in the sample to obtain information about
molecular orientation'®. Imaging with circularly polarized light will generate images from
emitters regardless of their orientations®. We tested two options available for changing laser
polarization direction. We used either a half wave plate or a plastic polarizer before the laser
reached the objective back aperture, but the mounting of the optic element was manual,
reducing the possibility of a precise control. While imaging was possible, certain reduction
in image intensity was observed, probably due to plastic strain or because the holder of the

plate cut part of the laser beam.

The intensity obtained from SHG emitters encompasses structural information of the tissue.
In order to make an appropriate analysis from the intensity we first need to understand that
the image intensity depends on various factors. a) The intensity used for excitation: the higher
the intensity the higher the SHG. b) On the numerical aperture of the objective: it is not the
same to image with and the 50X NA 0.55 objective and a power of 26 mW or with the same
power and the 63X objective; in the first situation the intensity is 7.5 MW/cm? but in the
second situation the intensity is 36.6 MW/cm?, almost 5 fives the intensity obtained with the
lower NA objective. ¢) The detection path: usually the transmitted SHG is stronger that the
backscattered SHG, but in some cases the backscattered signal could also be high due to the

scattering nature of some samples. The non descanned paths detect more intensity because
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the optical path is shorter compared to the descanned path. In the descanned path light must
interact with more optical elements and finally less light is detected. d) The condenser: the
height and the aperture of the iris diaphragm of the condenser must be checked before
imaging because both could have a big impact in image intensity. In our microscope, when
imaging in the forward direction the condenser collects the SHG and to improve the detection
it needs to be tested for each objective because as numerical apertures are different the best
height may not be the same for all objectives. It is common that users of the confocal
microscope set the diaphragm aperture to less than half of its full diameter because it provides
better contrast when it is closed, but for SHG it has to be fully opened. e) The organization
of SHG emitters within the sample is also a factor that will have an effect on signal
intensity’®1%7. As SHG is a coherent phenomenon the relative position between emitters will
define if the signal emitted sums constructively or destructively. Also, the density of emitters
in the imaging volume will have an effect on intensity of SHG. f) Sample mounting, that is
the material above the sample will also impact signal intensity. We decided to avoid using
coverslips on top of the samples and also to reduce to the minimum the amount of the liquid
media used for tissue or cell preservation. g) The biological state of the harmonophore, we
have seen that damaged microtubules from mitotic spindles and axons in culture would not

emit more SHG.

No thermal damage is expected from SHG imaging but it is important to remember that other
nonlinear and linear phenomena could be occurring at the same time, like two photon and
one photon excitation. Three types of damage have been described when studying two photon
excitation photo damage. First, photo damage as a consequence of TPE of intracellular
chromophores, in this case photo oxidative processes result in the formation of reactive
oxygen species which triggers a biochemical damage cascade in cells. Second, a dielectric
breakdown occurs when high intensity optical fields ionize the molecules in the specimen.
And third, damage due to single photon absorption, which is of thermal origin'3>133, We
experienced that imaging for extended time (z-stacks) could result in sample damage, even
when the power used is below 100 mW. The cavitation (as seen in Figure 3.17 f) could be a
result of an abrupt rise in temperature due to absorption of infrared radiation. We also
observed that when imaging big regions for extended time (tiles) the sample could get dry

and emitted unspecific signal increases rapidly (Fig 3.18 d). Therefore, for acute tissue

71



imaging the scanning time should be brief to avoid heating and damaging of tissue. On

average, our 25X images were generated in 15 s as 512x512 pixels arrays, averaging 2 times.

As for the objectives used, we could not obtain SH from microtubules when using the 50X
NA 0.55 objective, even though it was good enough for starch, collagen and myosin imaging.
All SHG images from microtubules were obtained either with the 25X NA 0.8 or 63X NA
1.43 objectives. For tissue imaging the 25X was preferred because small increases in laser

power using the 63X objective rapidly damaged the tissue.

Our optical set up definitely allows SHG imaging of microtubules, even though finding the
equilibrium between innocuous incident laser power, ideal volume of medium and detectable

SHG can be challenging.

Our second goal was to explore the potential of SHG to highlight the changes in the
tubulin network caused by a TUBB4A mutation in H-ABC. We aimed to image the
consequences of the mutation on fresh, unlabeled nervous tissue, and make a direct
comparison between the taiep murine model of tubulinopathy and the WT counterpart. We
found that the images obtained consistently showed remarkable differences between healthy

and mutant nervous tissue.

The molecular hallmark of the taiep rat is the accumulation of microtubules within its
oligodendrocytes, in the cell body and in its processes®. Recent work indicates that
detectable SH signal from microtubules depends not only on the uniform polarization® but
also on the number and stability of the microtubules in a bundle’. SHG microscopy is
therefore sensitive to subtle changes in the organization of the microtubules network. So far
there are no publications where SHG from microtubules in oligodendrocytes is studied. We
hypothesized that bundles of microtubules in the myelinating cells of the TUBB4A mutant

rats would give rise to detectable SHG.

SHG revealed that in the WM of the H-ABC animal model elongated structures and cell
bodies emitted SH signal and that similar structures were not found in WM of control rats.
These structures were detected in the corpus callosum and in the cerebellar white matter of
mutant rats. Since, a) microtubules and collagen are the only SH emitters in the CNS’?, b)

many tubulin mutations cause microtubule increased stability'3*, c) the emitting structures
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we detected in taiep are located mainly in the WM, and d) the processes imaged by SHG
correspond to cell bodies in the WM containing a high amount of tubulin, the somata-like
structures are plausibly oligodendrocytes bodies, while the fibrous structures might be

oligodendrocyte processes, abnormally filled with microtubules.

When we analyzed the images of corpus callosum from WT rats we also observed that weak
signal arises from thin processes in the corpus callosum, this signal persisted after filtering
with the band pass filter for SHG, meaning that this was SH signal very likely from axons.
When we previously imaged mouse hippocampus we could detect signal from unmyelinated
axons of the pyramidal cells and from the mossy fibers; those fibers appeared more defined
than the axons in the corpus callosum. A possible explanation is that tight myelin sheaths
surrounding axons could interfere with excitation and/or SHG emission from the amount of
microtubules present inside axons and covered by several layers of a birefringent material®2.
Specific experiments and simulations that replicate the geometry of microtubules inside
myelinated axons are needed to thoroughly prove this hypothesis.

Myelination in the central and peripheral nervous system has been assessed with other
multiphoton microscopy techniques like third harmonic generation (THG) or Coherent Anti-
Stokes Raman Scattering (CARS)!3>0, Compared to these techniques SHG has its own
advantages for the visualization of the CNS. THG arises from interfaces instead SHG is
molecule-specific, and its coherent nature make it sensitive to subtle changes in the
microtubule network’®. Regarding its implementation, many neuroscience labs have access
to a two-photon excitation system, that can be easily modified into a SHG set-up’?, therefore
is more accessible than THG or CARS microscopy which require completely different laser
sources'“®1%2 pesides detection adaptations. Another important advantage is that the laser
power typically used for SHG is not expected to produce thermal injury due to SHG (although
a certain amount of damage is unavoidable because of single and two photon absorption) and
it is therefore compatible with prolonged imaging of living cells87:68:53.143144,102,145,76

Endogenous emissions from Nicotinamide adenine dinucleotide phosphate (NAD(P)H),
flavin adenine dinucleotide (FAD), retinol, elastin, collagen in the CNS, could also be

induced with highly energetic short pulses of light™. In our study of the CNS we detected the
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intrinsic signal from collagen for example in fresh and fixed sections from the meninges and
in fresh choroid plexus (data not shown). The SHG signal from microtubules was imaged in
acute sections of CC and cerebellum, together with the signature pathological signal coming
from the white matter tracts in brain and cerebellum of the TUBB4A mutant rats. In the
neurodegeneration processes studied so far, the detectable amount of NAD(P)H, FAD and
retinol decreases after the onset and with the progression of the disease!¢, which makes very
unlikely that the differential signal in WM of the taiep rat corresponds to these molecules.

A region of the cerebellum where we detected comparable nonlinear signal in both control
and mutant rats was the Purkinje cell layer. This signal has been attributed to TPE from
NAD(P)H and FAD in the cytoplasm of Purkinje cells’2. We cannot exclude a contamination
of TPE signal in the nonlinear images obtained using only the short pass filter 485nm.
However, images acquired after the narrow band pass filter (BP405) confirm that the

differential signal found in taiep rats white matter is SHG.

Further studies on different regions of the CNS of the TUBB4A mutant rat and at different
ages will contribute to the understanding of the relation between the number of cell bodies
detected by SHG and the demyelination state.

Finally, this study of a tubulinopathy model using SHG microscopy is the first to expand the
applications of the technique for studying neurodegenerative disorders besides those where
disruption of axonal MTs has been implicated, like Alzheimer’s disease and glaucoma, to
diseases where a mutation alters MTs organization and number in possibly more than one

cell type.
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Fluorescence microscopy

Fluorescence microscopy is a powerful technique that takes advantage of molecules that can
absorb light of a particular range of wavelengths and the re-emit light at longer wavelengths.
It combines the magnifying properties of light microscopy with the visualization of
fluorescent molecules. Wide field fluorescence microscopy and confocal microscopy are
both techniques used to observe fluorescent samples. On wide field fluorescence microscopy
the whole field of view is illuminated. The fluorescent sample is excited causing all the
specimen thickness to fluoresce. The out of focus light cannot be separated from the in focus
detail, reducing image contrast. In confocal microscopy a laser light source is focused in the
sample, reducing the illuminated volume. All the illuminated volume is excited and the
emitted light is collected by an objective and passes through a pinhole positioned confocal to
the focal spot. The consequence of this restricted light path is that only light coming from the
thin focal section contributes to the image. This technique allows to take images of different
focal planes which can be recombined to create a three-dimensional representation of the

sample.

Among the advantages provided by confocal laser scanning microscopy, are the possibility
of using it with multiple dyes in the sample, the possibility to achieve high resolution without

any post processing, 3D reconstruction and acceptable compatibility with live cell imaging.

We used fluorescence microscopy to analyze CNS tissue of the animal model for H-ABC

and compared it to tissues from the CNS of control rats.

Staining of samples
Cells size and transparency, make them invisible, even when observed through a microscope.

In a tissue section, the task is even more difficult. Contrast should be created in the system
to distinguish the cells’ features. This contrast can be generated by introducing dyes into

cells.

Chemistry contributed with the development of different dyes and fluorescent molecules
used to label cell structures. Fluorescent dyes are fluorescent molecules that don’t associate

with a particular biological target, and fluorescent probes are dyes capable of detecting
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specific biological targets like cells in a tissue, organelles, proteins, nucleic acids, ions and

enzymes?’.

The methods for delivering fluorescent compounds to specific locations in the cells can be
divided into three groups: fluorescent proteins, fluorescently labeled antibodies and chemical
dyes with an affinity for particular subcellular component.

Usually more than just one structure is observed, using in the same sample more than one of
the methods listed above, increasing the information that can be obtained from the sample;
when this is done it is important to make sure that the optical properties of the labels do not

overlap®,

Chemical dyes

One of the most widely used dyes is fluorescein mostly because it is excited by the 488 nm
argon-ion laser line. And for multiple color labeling applications coumarins were the choice
for blue ~450 nm, and rhodamines for orange ~580 nm. However these dyes showed
limitations: fluorescein is pH sensitive, rhodamine aggregates in aqueous solutions and

coumarines are comparably less efficient than fluorescein#°.

New dyes for biomolecular detection applications are always been developed to overcome
this type of limitations. In this work the secondary antibodies were conjugated to dyes of the
family of the Alexa Fluor fluorophores, which are more water soluble than fluorescein and

rodhamine and exhibit a pH insensitivity over a very broad range (4 — 10)*°.

Fluorescent proteins

The story of Fluorescent Proteins began with the isolation of green fluorescent protein from
Aequorea victoria jellyfish by Shimomura (1962). Later this protein has been extensively
studied and modified giving birth to a vast number of useful blue, cyan and yellow mutants.
Fluorescent proteins from other species have been identified giving more variety to the color
palette including orange, red and far red. Fluorescent proteins need to be expressed by the

cell so they are used in living cells.

Antibodies
In 1941 Coon and collaborators first used fluorescent antibodies to localize proteins using
the high specificity of immune reactions of the animals®®!,
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An antibody is a Y- shaped globular protein that reacts specifically with the antigen that
induced its formation and is produced mainly by plasma cells. Biotechnology has allowed
the production of fluorescent markers by attaching fluorophores to antibodies. The technique
used to label a specific protein or antigen in cells by the use of an antibody, is called

immunocitochemistry.

Inmunocitochemistry is commonly accomplished either by using fluorophore-conjugated
primary antibodies raised against a specific protein called direct immunofluorescence, or by
first labeling with primary antibodies followed by secondary antibody detection that is,

indirect inmunofluorescence.

Antibodies are produced using an animal species as the host. The most common species for
primary antibody are rat, mouse, goat and rabbit, and for secondary goat, donkey, sheep and
rabbit.

In this work we also used another method for the labeling of tubulin in live cells, SiR-
tubulin®®2, The SiR fluorophores are based on silicon-containing rhodamine conjugated to

ligands, in case of SiR-tubulin, SiR is conjugated to a microtubule binding drug, docetaxel.

Materials and methods

Tissue preparation

From the six taiep and four Sprague Dawley (SD) rats initially imaged by MRI, one taiep
and one SD were perfused and used only for immunohistochemistry (IHC) experiments,
while four taiep and two SD 10 months old rats were used for SHG and IHC experiments.
Rats were anesthetized with a mixture of ketamine—xylazine (0.125 mg/Kg and 5 mg/Kg,
IP), and then sacrificed by decapitation. The brain and cerebellum were removed and the two
hemispheres separated. One was used for SHG imaging, and the second hemisphere was
immediately immersed in 4% formaldehyde in PBS for immunohistochemical processing.
Another group of four taiep and four WT aged 9 months was perfused with 4% PFA in PBS
for additional IHC and therefore, not used for SHG imaging.

Fixed tissue sections were immersed in 30% sucrose in PBS at 4°C for 24 hours and frozen
using tissue freezing medium (ref. 14020108926, Leica, USA). Thirty-micron slices were
obtained in a CM 1860 cryostat (Leica, USA).
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Sections were marked immunolabeled. Primary antibodies used: anti-neurofilaments 200
(N4142, Sigma, USA), anti-APC antibody [CC-1] (ab16794, abcam, UK) for mature
oligodendrocytes, polyclonal anti- Alpha/Beta-tubulin (ATNO02, Cytokeleton, USA).
Secondary antibodies used: Alexa Fluor 555 A21422, Alexa Fluor 488 A11070 and Alexa
Fluor 488 A11015 secondary antibodies (Thermo Fisher Scientific, USA). Myelin sheaths
were stained with Fluoromyelin red (F34652, Thermo Fisher Scientific, USA) as indicated
in the datasheet. Nuclei were stained with DAPI (62248, Thermo Fisher Scientific, USA).
Acute tissue sections were incubated at 37°C in SiR-tubulin (Spirochrome AG CY-SC002,
1:100 mL in HBSS) for one hour prior to imaging.

Microscopy

For fluorescence imaging, we used a LSM-710-NLO confocal microscope (Zeiss, Germany)
equipped with either an LCI Plan-Neofluar 25X/0.8 or an alpha Plan-Apochromat 63x/1.46
Oil Korr M27 immersion objectives.

Pseudo-bright field images were generated with residual 405 nm laser light captured in
transmission by an external non descanned detector (NDD) of the LSM 710 Zeiss confocal
microscope, using a 25x oil-immersion objective. Bright-field images of whole organs were
acquired with a Cytation 5 cell imaging multi-mode reader (Biotek, Vermont, U.S.A.) with

a 4x objective.

Analysis and statistics
The open source F1JI software'® was used to convert and reconstruct the images as well as

to perform the intensity analysis. The plugin StarDist *>* was used to count the nuclei.
Graphpad Prism was used for statistical analysis: p <0.05 (*), p < 0.01 (**), p <0.001 (**%*),
p < 0.0001 (****). The box graphs indicate median values with 25 and 75 percentile, the
symbol “+” stands for the mean and whiskers represent min and max values. Bars graphs
indicate mean value with S.E.M. Normal distribution of the data was assessed by Shapiro—

Wilk normality tests, t-tests were conducted as a two sided.
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Results

Demyelination of the corpus callosum and the cerebellum
We used the same brains of rats analyzed by MRI and SHG to perform the histological

analysis of the structures of interest, including the cerebellum in taiep and WT rats of the
same age (10 months).

Our MRI volumetric analysis of the corpus callosum support that it is atrophic, the most
probable explanation for the atrophy is the demyelination. To corroborate this hypothesis, we
analyzed the fixed tissue sections (Fig 4.1). In phase-contrast micrographs, the white matter
of corpus callosum of WT rats was optically denser than in taiep rats (Fig. 4.1 a, ). We
labeled neurofilaments with antibodies and myelin sheets with a membrane dye. A dimmer
fluorescent myelin staining in taiep rats confirmed the damage in the white matter (Fig. 4.1
b, ¢, g, h). Additionally, we observed that the same demyelination affected the striosomes of
taiep rats (Fig 4.1 d, i).
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Figure 4.1 The corpus callosum of 10 months old taiep rats is demyelinated. a, f) Representative
coronal slices of corpus callosum and striatum of WT () and taiep rat (f) brains acquired by phase
contrast microscopy. b, g) Myelin (red) and neurofilaments (green) were revealed by
immunofluorescence. Amplifications of white squares for merge are shown in (c, h) the corpus
callosum and in (d, i) the striatum. Nuclei were revealed by DAPI (blue). Scale bars 1000 um (a, f),
20 um (b,g), 5 um (c,h), and 100 um (d, i).LV: lateral ventricle, CC: corpus callosum, Sr: striatum.
The membrane-associated signal is more intense and organized in control rats than in the mutants
and the signal from neurofilaments is less intense in control rats. e) and j) Normalized fluorescence
of neurofilaments and myelin (4 WT and 4 taiep rats, *** p <0.001 and **** p <0.0001, two tailed
Mann-Whitney test). Fluorescence was normalized to the highest value, which for neurofilaments was
measured in the TUBB4A and for myelin in the WT rat.

The fluorescence intensity from neurofilaments in white matter tracts was always lower in
healthy rats compared to the demyelinated model (Fig. 4.1 h). When comparing the images,

the neurofilaments bundles in myelinated axons appeared somehow thinner and less intense
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than bundles in taiep rats (Fig. 3 c, h). These differences were congruent with the
observations obtained with the SHG technique, as a higher signal intensity was found in the
white matter of taiep rats. The box charts were obtained from 4 WT and 4 TUBB4A mutant,
10 months old rats; 2 images from each rat and 2 ROls in each image of the CC were analyzed
(Fig. 4.1¢,)).

The hypomyelination and the atrophy of the cerebellum are pathognomonic signs of H-ABC.
Together with the profound motor impairment they cause, they are also present in the animal
model. The cerebellar white matter is a region where we found cells that generated SH
signals. To investigate if there was a correspondence between spatial distribution of SHG
and neural fibers in cerebellar layers, we assessed the fixed tissue sections by

immunofluorescence.

In bright field micrographs, the white matter of WT rats has a higher optical density than the
granular layer (Fig. 4.2 a). On the other hand, the white matter of taiep rats looks less dense.
The fluorescent myelin staining is abundant and compact in WT rats while it is sparse in taiep
rats (Fig. 4.2 b, g). Furthermore, neurofilaments immunofluorescence reveals the
demyelinated axons. We compared the neurofilament fluorescence intensity of the cerebellar
layers (Fig 4.2 c-e, h-j). In control rats the molecular layer displayed the highest fluorescence
intensity (Fig. 4 p). Instead, in the case of taiep rats, the fluorescence intensity from fibers in
the WM was significantly stronger than fluorescence in the granular and molecular layers
(Fig. 4 g). Comparing between WT and taiep cerebellar layers, neurofilaments fluorescence
intensities from the molecular and granular layers and the cerebellar WM of taiep rats were
stronger than those of the same regions of control rats (Fig. 4.2 r, s and t).

Signal intensity in SHG micrographs obtained from homologous regions of the cerebellum
of the same rats, reproduced the pattern observed in fluorescence images, i.e. dramatic
difference in intensity in taiep white matter, being the signal from the mutant stronger than
that from the WT (Fig. 4 a, d). These histology findings are also consistent with the
hyperintensities observed in cerebellar MRIs of taiep rats and confirm the damage in the

myelin of the cerebellar white matter.
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Figure 4.2 Histological analysis of cerebellum. a,f) Bright field micrographs of coronal
slices of cerebellum of WT and taiep rat brains (10 months). White dotted lines delimitate the
white matter region in cerebellar folia. b, g) Myelin (red) and Neurofilament (green) were
revealed by immunofluorescence. Nuclei were revealed by DAPI (blue). Scale bar in (g) 30
um. Confocal images of stained neurofilaments from the cerebellum of WT (c-e) and mutant
rats (h-k). (d and i) are zoomed regions in the molecular layer and (e and j) are zoomed
regions in the cerebellar white matter, where the difference in signal distribution and
intensity is better appreciated. p) In the control rats fluorescence from the molecular layer
was significantly higher than fluorescence from WM and granular layer (n=3 WT rats ** p
<0.01, *p<0.05, two tailed Mann-Whitney test). g) In the mutant rat the WM fluorescence
was higher than the fluorescence from granular and molecular layers (n = 3 TUBBA4A rats,
**** p <0.0001, two tailed Mann-Whitney test).Fluorescence intensity in the molecular (r)
and granular (s) layers and WM (t) of mutant rats was significantly higher than the
fluorescence from control rats (n=3 taiep and 3 WT rats, molecular layer * p<0.05, WM and
granular layer **** p<0.0001, two tailed Mann-Whitney test).

Mature oligodendrocytes in white matter

Song et al. imaged oligodendrocytes of taiep rats by transmission electron microscopy
finding an unusually high amount of microtubules in the soma and in their processes (Song
1999). We immunolabeled the tissues for tubulins and for a mature oligodendrocyte marker

in the search for the abnormal oligodendrocytes. In this analysis we used the tissue from 9
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months old rats. The tubulin staining was ubiquitous due to the nature of the antibody used,
a polyclonal immunoglobulin against alpha/beta tubulin, but in taiep rats we recognized cell
bodies strongly stained for tubulin in the corpus callosum and in the cerebellar WM (Fig. 4.3
d, f, hand j arrows). The shape of the structures that were strongly stained for tubulin in taiep
rat WM sections, closely resembled the cell bodies and rounded structures observed by SHG
in the same regions of corpus callosum and cerebella of taiep rats. Some of the tubulin
positive cell bodies were also positive for the oligodendrocyte marker (Fig. 4.3 h and j).

We counted more tubulin positive cells in the mutant animal (Fig 4.3 1) and also a higher
number of cells in the CC and cerebellar WM of taiep rats (Fig 4.3 k). The difference in the
amount of tubulin positive cells was more pronounced in the cerebellum, where we also
found a higher number of mature oligodendrocytes. In the corpus callosum the difference in

density of mature oligodendrocytes was not significant between WT and taiep rats.
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Figure 4.3 Differences in cellular numbers between taiep and WT a-b) More nuclei are observed in
the corpus callosum of taiep rats than in WT, respectively. c-d) Tubulin staining in corpus callosum
of WT (c) and taiep rats (d); inset in d shows a magnification of the region pointed by the arrow. e-f)
Cerebellar WM and granular layer in WT (e) and taiep rats (f), arrows in f point at cell bodies heavily
stained for tubulin. g-j) Sections labeled with the mature oligodendrocyte marker CC1 in red, and
tubulin in green; corpus callosum of WT (g) and taiep rats (h), cerebellar WM of WT (i) and taiep
rats (j). Arrow in (h) points to a cell positive for tubulin and arrow in j points to a cell positive for
tubulin and CC1. K) Quantification of DAPI (+) cells/mm? (** p < 0.01, Welchs test for CC and **
p < 0.01, Mann Whitney test for cerebellum). 1) Tubulin positive cells/mm? (* p < 0.5, CC and ****
p < 0.0001 for cerebellum, Welchs test). m) CC1 positive cellssmm? (ns difference, Welchs test for
CC and * p < 0.5, Mann Whitney test for cerebellum). n=3 WT and 3 taiep rats.
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To verify our findings with an alternative method, we performed live tissue staining using
SiRtubulin and we confirmed that the difference detected by SHG between WT and taiep
WM is due to tubulin-positive cells. These cells have a morphology that closely resembles
the structures that emit SHG in taiep white matter (Fig 4.4 a, b, e, f).

Figure 4.4 Differences between taiep and WT white matter come from microtubules. a, b) Acute tissue
sections labeled with SiR-Tubulin. In cerebellar White matter of WT rats no cell bodies were observed
(a, 2 WT rats aged 2 months). In contrast, cell bodies with processes labeled for tubulin were detected
in taiep rats WM (b, 2 taiep rats aged 8 months). e, f) SHG images from White matter of WT and taiep
rats respectively (2 WT and 2 taiep rats aged 6 months). ¢, d) Microtubules in the molecular and
granular layers of WT and taiep rats, respectively. Some cells displaying high intensity were found
in the granular layer in taiep rats. g) Microtubules from axons in the white matter of WT rats were
observed when laser power was increased. h) Some axons were also observed in taiep white matter
using less than half the laser power used for excitation of axons in WT rats. Scale bar in (a, b, e, f) is
20 um, and in (c, d, g, h) is 30 pm.

Microtubules in the other layers of the cerebellum were organized very similarly. In the
molecular layer, long arrangement of microtubules were imaged (Fig 4.4 c, d) in the control
and TUBB4A mutant rats. In the granular layer, few cells with high intensity were found (Fig
4.4 d, arrows). The intensity of the fluorescence from cells in taiep white matter was high
and therefore required low excitation intensity. This intensity was not enough to reveal the
fluorescence from microtubular axons in WT rats (Fig 4.4 a); some axons were imaged only
after increasing the intensity (Fig 4.4 g). A bundle of axons was also detected with low laser

power in the cerebellar white matter of taiep rats (Fig 4.4 h, arrow).
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Discussion

In this work, we conjugated magnetic resonance imaging, second harmonic generation
microscopy and immunohistochemistry in the analysis of the CNS of the taiep rat, which is
the animal model for the H-ABC human leukodystrophy.

The noninvasive MRI study gave us information about white matter abnormalities with a
resolution of 100 x 100 um?, then we used confocal fluorescence microscopy to corroborate
these findings by imaging cellular structures at the microscopic level. The main findings of
our longitudinal MRI study suggest demyelination in various structures and atrophy of the
corpus callosum and the cerebellum of the taiep rat. Microscopic observation of white matter
uncovers the demyelination in the taiep rat. Optical density in corpus callosum and cerebellar
white matter of control rats is higher, pointing to the loss of myelin in taiep rats. We
fluorescently labeled the CNS tissue for myelin and neurofilaments. We observed that
fluorescent membrane staining of myelin was more intense and organized in control rats than
in the mutants, and consistently the signal from neurofilaments was less intense in control
rats. This is well depicted in the corpus callosum and the cerebellar folia where fluorescence
intensity from neurofilaments in WM fibers of taiep rats was higher than that from the same
regions in WT. Our hypothesis is that in WT animals tightly packed myelin sheets might
interfere with either the excitation/emission of the labeled axonal cytoskeleton or with the
proper diffusion of antibodies underneath the insulator; therefore, only a fraction of the total
fluorescence could be detected. It is possible that proper myelination could also interfere with
excitation and/or SHG emission from the amount of microtubules present inside axons and
covered by several layers of a birefringent material®?. Experiments and simulations that
replicate the geometry of microtubules inside myelinated axons are needed to thoroughly

prove this hypothesis.

H-ABC patients suffer from motor problems similarly to the taiep rat. One of those is the
cerebellar ataxia, which is common to various leukodystrophies. It is still unknown how
tubulin mutations induce the atrophy of the cerebellum; however, the ataxic signs of H-ABC
due to myelin loss in this organ could be explained with the damage on afferent and efferent

pathways of the cerebellum. Motor dysfunction reflects damage in a nervous network that
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involves also basal ganglia and cortical areas®>*>*%°, We also found clear evidence, in MRI
and by fluorescence microscopy, of striatal damage in the taiep rat, which could explain the
other motor signs in taiep rats that are not explained by cerebellar dysfunction.

In other experiments, we labeled the CNS with an alpha-beta tubulin marker. This tissue
showed the presence of cell bodies that were heavily stained for tubulin in the white matter
of taiep rats, while in the wild type rat, the same staining procedure did not reveal cell bodies.
This stronger tubulin fluorescence in cell bodies could be explained by a high amount of
tubulin, which agrees with our hypothesis that the cell bodies could be those of defective
oligodendrocytes of TUBB4A mutant rats. Oligodendrocytes bodies highly immunoreactive
for tubulin have already been reported in taiep rats in the CC and cerebellar WM, in the
anterior medullary velum of the cerebellum®® and in oligodendrocytes in culture®®. In
previous studies of the mutant rat, electron microscopy has revealed that the body and the

processes of the oligodendrocytes have an increased amount of MTs #6478,

Finally, we used a marker suitable for live tissue staining of microtubules looking for the
source of the differential signal between taiep and control rats. We found that the white
matter of taiep rats contained cells that were densely marked for tubulin. The shape and
distribution of these cells is very similar to what is seen by SHG microscopy, of course the
polarization of our laser allows us to obtain signal only from bundles of microtubules oriented
horizontally, differently to what occurs in the fluorescence images of microtubules where the
whole cytoskeletal structure is highlighted. Tubulin in the molecular layer of the cerebellum
was distributed similarly in the animal model of H-ABC and in the healthy rats. In the
granular layer some scattered cells loaded with microtubules were observed only in taiep
rats. This is congruent with what we already described about the fluorescent labeled
neurofilaments, in that the granular layer of the cerebellum displays mayor changes in the
demyelinated samples compared to the molecular layer.
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Conclusions

The development of new techniques like magnetic resonance imaging and exome sequencing
contributed to the better understanding of leukodystrophies and completely changed their
diagnosis approach. The discoveries made, also changed the way we understand this
myelinating disorders and now we know that some of them could be originated in mutations
of structural proteins. Tubulinopathies are a subset of leukodistrophies related to mutations
in genes for tubulins. The motivation of this work was to contribute in the understanding of
the pathophysiology of one of this recently described diseases named hypomyelination with
atrophy of the basal ganglia and the cerebellum, which is caused by mutations in tubulin beta
4a.

We provide a longitudinal analysis of the changes in the central nervous system in the taiep
rat. This animal model naturally shares genetic and clinical characteristics with the human
disease. We longitudinally analyzed MRI’s from taiep rats from two perspectives;
qualitatively, providing anatomic description and recognizing the same radiological pattern
described for H-ABC, and quantitatively by analyzing the changes in the volume of the
cerebellum and other central structures and correlating them with immunohistochemical
changes. We described in detail the white matter abnormalities seen in MRIs in the brain and
cerebellum of taiep rats from 1 to 10 months. This work collaborated to present the taiep rat
as the animal model for H-ABC in a context where the unavailability of pathological
materials still makes difficult the comprehension of the disease. The accessibility of a
trustworthy animal model is fundamental for the understanding of the pathophysiology of the
disease itself, also making possible to answer questions that could not be addressed in human

patients due to ethical reasons.

We also provide a new alternative for imaging the central nervous system of the animal model
for tubulinopathies. The core of this work is the novel use of second harmonic generation
microscopy, performed in a commercial microscope, to distinguish between healthy and
pathological white matter in the animal model for H-ABC tubulinopathy, in a label free
manner. The technique is able to highlight differences that were not described before, doing

it in close-to-living conditions, with most cellular features preserved. Our hypothesis that
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densely packed microtubules in the abnormal/defective oligodendrocytes emit detectable SH
signal was tested by comparing SHG images from the white matter to the results obtained
from tissue sections immunolabeled and analyzed by fluorescence microscopy. So far we
have imaged by SHG the corpus callosum and the cerebellum of taiep rats of different ages
finding the same characteristic oligodendrocytes that emit intense SH signal. We also
analyzed by fluorescence microscopy the cell density in these regions finding that some
mature oligodendrocytes in the white matter taiep rats are also strongly stained for tubulin.
Finally, fluorescence of tubulins in fresh tissue corroborates that in the TUBB4A mutant rats
white matter, some cells have a very intense fluorescence intensity, indicating a higher
amount on microtubules. The abnormal cells share morphology and distribution with the cells
imaged by SHG microscopy in taiep rats. Thus, we confirm that SHG is able to image
microtubules from oligodendrocytes in taiep rats CNS. Therefore, we propose two uses of
SHG microscopy in relation to this myelin disorder: in the long term, it might be integrated
in diagnostic approaches, for the screening of biopsies or direct intracranial analysis, but the
greatest impact could be associated to try deciphering the molecular basis of H-ABC.

Future perspectives for this research include imaging the CNS of taiep rats at birth, also
imaging other white matter structures and also performing quantitative studies. New born
rats are still unmyelinated, imaging their CNS during the myelinating process may give us
information related to the evolution of the microtubule defect. By analyzing CNS of rats of
different developmental stages by SHG we may acquire data to correlate SHG signal with
the demyelination state. A better understanding of the myelination process, could explain
why many patients with hypomyelination experience a slow clinical decline after a long
phase of stability!®. Our SHG study was centered in the analysis of two regions, the corpus
callosum and the cerebellum, but we think that other structures should also be analyzed. For
instance the striatum should be analyzed as this is one of the structures where we have found
more differences related to white matter either by MRI or fluorescence. Another exciting
possibility is to obtain quantitative information about the defective microtubules. By
polarization SHG we could determine the pitch angle of the dimers of tubulin respect to the
microtubule axis in taiep and control rats. This type of measurements have been performed
in purified microtubules, axonemes and cultured neurons, but not yet in oligodendrocytes.

Knowing the angle of tubulin dimers associated to TUBB4A mutation in taiep rats is
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important as conformational changes in tubulin subunits in the microtubule are the basis for

the regulation of polymerization and depolymerization of microtubules.
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