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INTRODUCTION

Modern neuroscience

Neuroscience is undoubtedly one of the most challenging field of
biology. The complexity of the brain resides in the huge number of neurons that
it comprises, and the dense connectivity of the network that they collectively
form (10" neurons and 10" connections in a human brain). From the single
neuron physiology to the dynamics of large neuronal circuits, the precise
understanding of each level of this structure demands knowledge from many
fields, such as cell biology, physiology, computation, genetics or mathematics.
Neuroscience also faces tremendous experimental challenges. Until recently, the
lack of methods to measure the dynamics of more than a few neurons at once,
deterred a detailed description of brain functions to emerge.

During the last decades, progress in genetics together combined with
advances in microscopy has propulsed neuroscience into a new age. In model
animals, it is now possible to genetically encode, in targeted population of
neurons, fluorescent molecules that have the ability to emit light with an
intensity that varies with the activity of the neurons. Thanks to new optical
methods, such as confocal, two-photon or light-sheet microcopy, it is now
possible to observe the emitted fluorescence of large regions of the brain at a
neuronal resolution. Such non-invasive monitoring of targeted neuronal
populations opens a new arena to probe the structure and functioning of the
brain.

One may argue that the history of neuroscience has always been the
history of its techniques (Yuste 2015). For sure it is not so simple but let’s avoid
the “tunnel” and examine two paradigms in neuroscience. Cajal’s neuron
doctrine (Cajal 1988) was a natural consequence of the use of Golgi stain and
microelectrode (Golgi 1873). Since the development of new optical and
electrophysiological techniques together along with new computational tools, a
novel paradigm has opened for neuroscience: neural networks. Neural network
approaches assume that brain functions primarily arise from the concerted
dynamics of groups or ensembles of neurons, rather than reflecting individual
cell properties. Yet general principles of brain functions with the explanatory
power to account for behavioral, cognitive states, or to explain mental
pathologies, remain elusive with the neural doctrine. It is now widely
acknowledged that neuronal networks approaches are the key to understand the
emergence of complex cognitive functions. Again technical improvement was
the guide leading to this new paradigm.

My research during these years of phD started with the development of a
new imaging tool, which opened a new window on a sensorimotor circuitry in
zebrafish larva brain.

The first part of my phD has been focused on technical developments.

During the last three decades, physicist and biologists have been
struggling to find new techniques to image life and in particular the brain. The
challenge they are facing could be put this way: how can we record the activity
of a (1) specific section/volume of a living tissue (2) at high spatial, (3) high
temporal resolution and (4) without damaging the tissue? These four requisites
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are the key parameters to understand the short history of microscopy techniques
for imaging living tissues like the brain.

In fluorescence microscopy, neurons are tagged with a calcium reporter
such that if one shines an excitation light (at wavelength 4,) onto them, the
collected fluorescence signal (at wavelength A) will be indicative of their
activity. Thus, in order to respond to the first requisite and record the activity of
a specific section/volume of the tissue, scientists use an objective to focus the
excitation light on the neurons they want to probe in order to elicit a higher
fluorescence from these neurons. However, a large residual fluorescence from
the neurons laying above and below the targeted neurons remains, which blurs
the recorded signal. A solution to this problem was proposed in the 1960’s, that
is now a standard technique in biology laboratories: confocal microscopy. The
confocal microscope uses a pinhole to simply blocks the photons originating
from outside the focal volume. Unfortunately, this technique fails in imaging
deep in scattering tissues, e.g. the brain, and it requires a large amount of
excitation light, which may damage the tissue. These limitations were overcome
in 1990, with a new fluorescence imaging technique: two-photon microscopy.
The so-called two-photon effect warrants that no significant fluorescence will be
emitted outside of the focal volume, and because of its long wavelength
illumination light (24,), this imaging technique is a lot less damaging for living
tissues and permits to image deeper (as scattering is weaker at longer
wavelength).

Despite the high spatial resolution offered by confocal and two-photon
microscopy, these two imaging techniques are limited in their temporal
resolution. Indeed, these optical techniques are point-scanning microscopes: one
needs to scan a small focal volume through the entire sample in order to image
an entire specimen. In the years 2000’s a third microscopy technique emerged:
light-sheet microscopy. This method, adapted for transparent tissues, overcomes
the temporal limitation of point-scanning techniques by using a thin sheet of
light projected sideways onto the sample. The fluorescence of the entire
illuminated plane is then collected at once onto the sensor of a camera. In order
to image an entire specimen, one only needs to displace the light-sheet in one
direction. Moreover, the localization of the excitatory illumination in the light-
sheet itself minimizes photodamage.

When 1 joined the lab at the beginning of my phD, Georges’ group had
just published an article describing how light-sheet fluorescence microscopy
allowed fast volumetric imaging of the brain of a small vertebrate model:
zebrafish larva (Danio Rerio). The performances of this new technique were
stunning: it was possible to record the whole brain activity of a zebrafish larva
(~100 000 neurons) at 0.7Hz at single-cell resolution. However, it suffered a
strong limitation: in order to image the brain activity of a zebrafish larva, it was
necessary to scan through the animal’s brain with an intense blue beam, which
strongly disturbs its behaviors. To overcome this visual disturbance while
preserving a high temporal resolution, Georges thought to build a light-sheet
microscope based on the two-photon effect. Since zebrafish larvae are blind to
infrared light, the imaging system would not visually disturb the animal’s
behavior. Moreover, this system would benefit from the advantages associated
with two-photon imaging in terms of penetration depth in the tissue and
limitation of photodamage.

12
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That was the objective of the first part of my phD: to build a two-photon
light-sheet microscope to image zebrafish brain activity.

The second part of my phD has been focused on goal-directed navigation

In order to survive and thrive, organisms ranging from bacteria to
humans have developed a myriad of behavioral strategies to find environments
where they are more likely to find food, mates, or avoid predators. Many
physical or chemical parameters of the environment can affect organisms’
behavior such as light, temperature, food concentration, gravitational field, etc.
The series of sensory-driven movements that lead towards specific regions of the
environment are called taxis behaviors.. The driving stimuli can be light
(phototaxis), temperature (thermotaxis), chemical concentration (chemotaxis),
fluid flows (rheotaxis), etc. As we will see in chapters 3 and 5, these taxis
behaviors can be precisely classified. Animals can actively (faxis) or indirectly
(kinesis) change their orientation when they sense a stimulus change. Moreover,
to probe the gradient of a specific stimulus, animals can use two distinct
strategies: (i) a comparison of the sensory inputs between two receptors at
different location on the animal’s body (tropotaxis), or (ii) a comparison of the
sensory inputs between a unique receptor at two different times of the animal
displacement (klinotaxis).

During the last decades, phototaxis, thermotaxis and chemotaxis of E.
Coli, C. Elegans and D. melanogaster larvae have been thoroughly studied from
both behavioral and neuronal perspectives. These works laid the foundations for
a global understanding of goal-directed navigation of living organisms. To
summarize, E. Coli as well as C. Elegans navigational strategies are based on a
two phases program alternating runs and turning events whereupon the animal
randomly reorients itself. The rate of turning events is modulated by the increase
or the decrease in intensity of the sensory signals perceived by the animal. Over
multiple cycles the animals ends in the preferred region. These strategies are
called biased random walks. D. melanogaster larvae also use a two phases
program modulating the rate of turning events in function of the gradient of the
stimuli. However, D. melanogaster larvae have the additional capacity to
evaluate during the turning events the best direction of reorientation.

When I began the second part of my phD, zebrafish larvae goal-directed
navigation strategies were poorly understood: a few studies had addressed
rheotaxis, a unique study existed on thermotaxis. Phototaxis was the only taxis
that was precisely described from a behavioral viewpoint. Both tropo and
klinotaxis had been shown to coexist in zebrafish and numerous behavioral
models had been proposed to account for these complex coordinated motions.
However, at that time, no data was available to understand how these behavioral
strategies might be implemented at the circuit level in the zebrafish brain.
Moreover, no neuronal model had been proposed to account for phototactic
behavior.

This was the purpose of the second part of my phD: to understand the
neural basis underlying phototaxis in zebrafish. Using virtual-reality behavioral
assays, light sheet functional imaging, optogenetic stimulation, and circuit
modeling we demonstrated that a neuronal ensemble called the hindbrain
oscillator plays a key role for phototaxis. This neuronal population has several
properties: (i) it correlates with the gaze (eyes orientation) signal during
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spontaneous reorientation of the zebrafish sight (saccades) and controls the
orientation of successive swim-bouts, (ii) it displays a self sustained oscillating
activity in eye-fixed configurations, and (iii) it is sensitive to visual stimuli such
that its response to visual inputs varies with the motor context. This peculiar
response to visual inputs yields a biased orientation of fish’s trajectories towards
brighter region: phototaxis.

Openings
Thermotaxis

In the last year of my phD, we had led our studies on the hindbrain
oscillator to a point where we knew that this central pattern generator-like circuit
might play an important role for phototaxis. We had also built a simple rate
model for this self-oscillatory circuit with inputs coming from visual centers.
After a discussion with an editor, we realized that our model of the hindbrain
oscillator and its integration of sensory inputs, leading to phototactic behavior,
could be more general and may account for other taxis behavior. The reading
one of the unique studies (Robson 2013) on thermotactic behavior in zebrafish
confirmed our intuition. We thus decided to examine whether the hindbrain
oscillator was responsive to heat stimulations, and could therefore be involved in
zebrafish navigation toward region of preferred temperature (thermotaxis). I thus
built with a graduate student, Guillaume Le Goc, a heat stimulation apparatus
adaptable onto the light-sheet microscope and performed some heat-stimulation
experiments that ended confirming our original hypothesis.

Global understanding of eye movements circuits in zebrafish

As mentioned above, this hindbrain oscillator has two main properties: it
correlates with the gaze signal during spontaneous reorientation of the zebrafish
sight (saccades) and displays a self-sustained oscillating activity. The first
property means that this neuronal ensemble belongs to the oculomotor circuit of
zebrafish and the data I collected to identify the HBO may also be useful to
dissect the neural circuits controlling zebrafish eye movements. In mammals
such as human-primates or cat, neuroscientists have reached an advanced
understanding of the anatomy of the brainstem circuits controlling eye
movements. However, because of technical issues, they could never monitor the
entire circuit at once and thus build a detailed correlation-based model of the
neural control of eye movements. We thus thought to exploit our whole brain
datasets to examine the homology between zebrafish’s hindbrain neural control
of eye-movements and the brainstem circuits in mammals. Then we thought that
the ability to evaluate the correlations between all the neurons in the eye-
movements circuits could help to shed light on some theoretical debates in the
eye-movement field.

Other projects
During my years of phD, I participated in other projects, for which I was

not the principal investigator (i.e. not the first author). Here are three of them
that “worked”.
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Blind sparse deconvolution

Jerome Tubiana, a former intern in the lab, now a graduate student in the
theoretical physics lab of the ENS, developed with us a spiking inference
algorithm to extract the spiking activity from fluorescence signals. Based on a
class of algorithm called non-negative sparse deconvolution, which assume that
spikes are sparse and non-negative, this so-called “blind sparse deconvolution”
algorithm is fast and fully automatic. It ended in Tubiana, J., Wolf, S., &
Debregeas, G. (2017). Blind sparse deconvolution for inferring spike trains from
fluorescence recordings. bioRxiv, 156364.

Habenula

During my phD, I also collaborated with Maryam Alavi Naini, a post-doc
student from Elim Hong’s group in the Institut de Biologie Paris Seine. Her
works on the neuronal transmission dynamics in the habenulo-interpeduncular
pathway - an evolutionary conserved neural circuit recently implicated in fear -
anxiety and neurobehavioral disorders including substance abuse, led her to use
the two-photon light-sheet microscope. I thus helped her to run and analyze
experiments in which a zebrafish larva is alternatively submitted to electrical
shocks and light flashes. We found that neurons that respond to shocks are
inhibited by light flashes, and vice versa. This demonstrates that the two
neuronal populations located in the left or right Hb nuclei are indeed part of
distinct neuronal circuits that repress each other’s activity.

Rheotaxis

Raphael Olive, a former graduate student in the lab, studied rheotactic
behavior of zebrafish larva. Rheotaxis is the ability shared by most aquatic
species to orient toward a current and swim to hold their position stable. Using
an assay for freely swimming larvae that allows for high experimental
throughputs, large statistic and a fine description of the behavior, he detected
and characterized two different mechanisms for position holding, one mediated
by the lateral line and one mediated by the visual system. This work was
published in Olive, R., Wolf, S., Dubreuil, A., Bormuth, V., Debrégeas, G., &
Candelier, R. (2016). Rheotaxis of larval zebrafish: behavioral study of a multi-
sensory process. Frontiers in systems neuroscience, 10.

The dissertation

Before I started working on this dissertation, I thought I would make it
simple: I would introduce the two main topics I worked on during these years
and attach the two papers that report our results. However, I delved deep into the
literature on all these topics: optical microscopy of living systems, goal-directed
navigation of organisms, brainstem circuitry of eye movements’ control and
central pattern generators. Then only (better late than never) did I understand
that I could not finish this phD without replacing my work in a wider
framework. Two-photon light-sheet microscopy for whole brain imaging of
zebrafish brain is one small step in the long history of imaging living tissues.
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Studies on neural basis of phototaxis in zebrafish is a brick in a rich behavioral
and neural literature on goal-directed navigation mostly focused on
invertebrates. I thus decided to write three reviews as exhaustive as possible on
these subjects. From this bibliographic research many new directions for future
works on goal-directed navigation in zebrafish, on the hindbrain oscillator and
on the hindbrain circuitry of zebrafish eye-movements appeared. I hope this will
be useful for the readers and particularly for my people in the lab.

The technical and experimental results of my phD are present in the
dissertation via the two papers I published as a first author. These papers are
detailed enough so they give a fair idea of what I have done these years.

This dissertation is divided in five chapters:

1) An historical review of neural recording techniques.

2) A specific focus on light-sheet microscopy and its applications to
zebrafish neuroscience. This chapter ends with the development I carried out of
a two-photon light sheet microscope for zebrafish brain imaging.

3) A review on goal-directed navigation behavioral and neuronal
mechanisms that ends with phototaxis in zebrafish and more specifically with
my work on the neural basis of this behavior.

4) (Discussion chapter) A review on the brainstem circuits controlling
eye movements in mammals leading to a discussion on possible homologies we
could find in our zebrafish recordings. A quick review on central pattern
generator that leads to a discussion on the hindbrain oscillator.

5) The end of the review on goal-directed navigation with thermotaxis
and the recent results we had on the neural basis of this behavior.

The real story is on the next page...

16



A LITTLE PERSONAL STORY

A little personal story

In the following, I want to tell the real story of my phD, which is, for the sake of
clarity, very different from the story we tell in the article...

The following dissertation has a lot to do with chance. When I began my
phD, it was unclear where it would end. Presumably it is a common rule for
graduate students.

When I first came to the lab, Georges’ group was new to neuroscience
and they had just published a new technique to record the activity of the entire
brain at single-cell resolution of a small vertebrate called zebrafish. This
technique was an adaptation of the light-sheet microscope from Stelzer’s group.
At that time, Georges had this new idea, after reading a paper from Fraser’s
team, that this new functional imaging light-sheet technique could also work in
two-photon illumination. So he proposed me to join the lab to build this new set-
up, adapting the whole-brain recording light-sheet microscope for two-photon
illumination and said “after that we will figure out what you will do”.

Fortunately, the adaptation of our light-sheet microscope for two-photon
illumination worked. After a few tests on the two-photon light-sheet microscope
of the Laboratoire d’Optique et Bioscience (Ecole Polytechnique), I built a set-
up specific for whole brain functional imaging of zebrafish in our lab. From a
biological point of view, the main purpose of this two-photon light-sheet was to
avoid the visual disturbance coming from the blue light of the laser in the first
light-sheet microscope (one-photon). In the zebrafish community this limitation
of the one-photon light-sheet was very problematic since the visual system of
zebrafish is widely studied. Indeed, I actually demonstrated this tremendous
disturbance recording the brain activity of fish under visual stimulation with the
one and the two-photon light-sheet microscope. Hence, after one year we were at
that “figure out” point: what would I do during the remaining years?

Luckily, for the two-photon light-sheet paper I had done a lot of whole
brain activity recordings under periodic light-flash stimulation. Typically, a
zebrafish larva was embedded in agarose and put in front of a LED that flashed
every 10s while its brain activity was recorded by the two-photon light-sheet
microscope. So I was looking at these data sets. Georges wanted to find a sort of
functional structure of the neural activity variability, supposedly reminiscent of
the spontaneous activity of the brain. Thus, I was specifically working on the
fluctuations of the response to periodic light-flash stimulation. I tried to do
clusterisation on whole-brain data set in order to find possible structures of
correlation linking several regions in the brain. Nothing seemed really relevant.
The clusters obtained were localized within sub-regions of the brain.

However, in classifying the clusters on their level of fluctuation - i.e. on
the level of variability — two clusters in the hindbrain always displayed the
highest variability. Indeed, I looked at their activity signal (DF/F), and these two
clusters were responsive to some light flash but not to others. I remember that
one day I came to Georges to show him that I had found two clusters that had a
high level of variability in their response to light-flashes. We were looking at
their signals separately, and at some point he asked me to superimpose the two
signals and to add markers to indicate where the stimulations occurred. When we
looked at the graph, we saw that the signal of the second cluster “filled the
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blank”, when one was responsive to a light flash, the other was silent. We thus
understood that these two clusters encompassed a unique structure. We then
looked at the activity of these two clusters in the absence of light stimulation and
surprisingly, these two clusters were strongly anticorrelated even in spontaneous
activity and they were alternatively active in a periodic manner (period ~20s).
Looking in details at the signal of both clusters, we found that it was the already
active cluster that would be responsive to the light stimulation.

I remember that it was during these weeks that Alexis presented a paper
from Tank’s group in our journal club. The authors recorded the activity of a
small subset of neurons in the hindbrain using two-photon point scanning
microscopy while the zebrafish larva had its eyes free. They then correlated
these signals with the eye position. After the journal club, we thought to
reproduce this experiment under our light-sheet microscope in order to have a
whole brain map of these eye position neurons. In a few weeks, we recorded
hours of whole brain activity on freely eye-moving zebrafish larva. Like in
Tank’s group paper we computed correlation maps of the eye-position the
neuronal activity of the entire brain. These maps revealed a large structure of
neurons in the hindbrain encompassing the subset of neuron discovered by
Tank’s group. Surprisingly, this structure also encompassed the two clusters
alternatively responsive to light, we talked about before...

The rest of the story is detailed in the paper attached to chapter 3. These
two clusters we found in the beginning are actually a key neural structure to
understand light-seeking behavior of zebrafish larva. They are correlated to the
eye position and to the larva body orientation. The left cluster is correlated to a
left body/eyes orientation, the right cluster to a right body/eyes orientation. As
we saw, they are responsive to light in a state-dependent manner such that the
currently active cluster will have its activity reinforce by a light-stimulation. In
the paper attached to chapter 3, we demonstrate that over multiple cycles this
process lead to a statistical bias of the body/eye orientation of larval zebrafish
towards brighter region.

Georges has never been surprised by the series of chances that led us to
study the neural basis of this goal-directed navigation. Maybe it is always the
way science goes, following some links of evidence (evident links). As a young
student in physics I thought that a scientific research had a program, a question
and an assumed answer to this question. What I have learned, beyond the
scientific experimental and computational skills, is that in, at least, neuroscience,
sometimes we do not even know the question we are asking to the object we are
studying. Maybe this is because of the youth of neuroscience.
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Chapter 1

Recording the living: an historical
overview
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A central objective of neuroscience is to understand how neurons of the brain
interact, what are the specific functions of these interactions, and how they
ultimately give rise to behaviour. To reach this goal, scientists have developed
techniques to record neuronal activity in animals’ brain. In this chapter, I will
review some traditional and more recent techniques for the recording of brain
activity at single-cell resolution.
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1.1 Recording the living: a stammering

Is the history of neuroscience the history of techniques? When one looks
at neuroscience history, he will certainly answer positively (Figure 1.1). During
the last century, biology and particularly neuroscience underwent revolution
when important technical breakthrough was achieved.

Rafael Yuste described precisely the inextricable link between the
techniques and the concepts (Yuste 2015). The list of these achievements begins
with the invention of the Golgi staining technique by Camillo Golgi in 1873
(Golgi 1873), which was later used by Cajal to establish the neuron doctrine. By
impregnating the tissue with silver nitrate, it was possible to label a random
subset of neurons, allowing the entire cell and its processes to be visualized.
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Figure 1.1: Historical evolution of neuroscience. CCD stands for charge-coupled
device. EEG for electroencephalography. Taken from Yuste 2015.

1.1.1 Electrophysiology

Later on in the 1920’s the premise of patch-clamp offered the first
electrical recordings of neuron fibers. Since Galvani and the discovery of animal
electricity (Picolino 1998), the behavior of a neuron has been well described in
terms of membrane potential and electrical signals. One of the first article on
electrophysiology was published in 1957 by Nobel winning David Hubel (Hubel
1957). “An electrode has been developed to fill the need for an easily made,
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sturdy device capable of resolving single-neuron action potentials”. In figure 1.2
(Hubel 1957), Hubel shows single-unit action potentials recorded from cat.
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Fig. 1. (4) Electromlcrograph of an un-
coated, sharpened tungsten wire; (B) op-
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coating. corded from cat. (4) §: dorsal root, stim-
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tive deflections are downward.

Figure 1.2: Extract from the reference paper from Hubel 1957.

The so-called patch-clamp technique allows the electrophysiologist to
insert an electrode into a single cell and record the intra-cellular or the
extracellular electrical currents, and then have access to cell’s activity. The main
benefit of this technique was the high sampling frequency of the recorded
signals, which can be up to several kHz (McNaughton 1983). This high temporal
resolution enables one to identify single-action potential in a burst of activity.

However, electrophysiology suffers from some important limitations
inherent to the tools used for these recordings: first, the method is invasive as it
requires to insert an electrode in the tissue; second, even if the studied area is
well understood, it is still impossible to know exactly what cell is recorded
during an experiment. This technique is still in constant development to mitigate
these limitations (Fujishiro 2014).

During the second part of the twentieth century, fluorescence microscopy
offered a new strategy to measure neuronal activity. Before coming to that, let’s
first take a look back on how microscopy began.

1.1.2 The development of microscopy

Understanding living tissues is the ultimate goal of optical microscopy in
biology. During the last centuries the technical improvements in microscopy
have always been an important source of new discoveries for biologists. In 1590,
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Hans Lipershey and (or) Zacharias Janssen invented the first microscopes. These
spectacle-makers were working in the same street in Middelburg, in Holland.
While Janssen was trying to find a way to make magnification greater to help
people with seriously poor eyesight, he invented a single-lens and later a
compound optical microscope.

In the XVIIth and the XVIIIth century, important improvements were
made in spatial resolution, and methods to limit for chromatic and spherical
aberrations appeared, mostly with Joseph Jackson Lister’s (1786—1869) work.
Later on, Giovanni Battista Amici (1786-1863) developed the first immersion
objective. With Ernst Abbe (1840-1905) (Abbe 1874, 1881, 1883), optical
microscopy benefitted from the first analytical theory of aberration. The
microscopes were reaching a very high spatial resolution at the beginning of the
XXth century, and then the problem of contrast appeared: how can we look at a
specific cell within a tissue?

Phase-contrast microscopy proposed by Zernike (Zernike 1942) in 1934
and then interferential-contrast microscopy proposed by Nomarski in 1956 were
introduced, both based on refractive index variation of the sample. Still, with
these methods it was impossible to visualize a specific object in the field of view
of the microscope. In 1873, Golgi used potassium dichromate and silver nitrate
to optically target neuron fibers. However, it is with the invention of
fluorescence microscopy that the question of contrast was solved. Decades later,
the labeling of specific proteins was developed and gave rise to fluorescence
microscopy.

1.2 Fluorescence and calcium imaging

1.2.1 Origins of fluorescence discovery

In 1852, Stokes published "On the Change of Refrangibility of Light »
where he noted that fluorite (CaF,) is able to change ultraviolet light into blue
light. He called this phenomenon “fluorescence”, thinking it was a specific
property of fluore-based molecules (Stokes 1852). Fluorescence is the emission
of light that occurs within nanoseconds after the absorption of light that is
typically of shorter wavelength. After an excitation, an orbital electron emits a
photon by relaxing to its ground state. This phenomenon is called fluorescence.
To visualize the fluorescent objects, one needs to filter out the light at the
excitation wavelength.

Fluorophores are molecules that exhibit such fluorescent properties.
Many organic substances have auto-fluorescence. In fluorescence microscopes,
one take advantage of synthesized compounds that possess conjugated double
bonds. These compounds display a small energy difference between the excited
and ground states. In general, the more conjugated bonds in the molecule, the
lower the excited energy requirement and the longer the excitation wavelength.
The fluorescence quantum yield characterizes the efficiency of the fluorescence
process. It is defined as the ratio of the number of emitted photons to the number
of absorbed photons. This quantity depends on the number of pi bonds of the
fluorophore molecule.
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1.2.2 The Green fluorescent protein

The Green fluorescent Protein (GFP) is the ultimate fluorophore in
neuroscience. In 2008, Roger Tsien, Osamu Shimomura and Martin Chalfie
received the Nobel Prize in Chemistry for their discovery and development of
the green fluorescent protein. Discovered in the jellyfish Aequorea victoria
(Shimomura et al. 1962), GFP has become one of the most widely studied and
exploited proteins in biochemistry and cell biology.

GFP has an amazing ability to generate a highly visible and efficiently
emitting internal fluorophore. The work of Tsien (Tsien 1998) on the crystal
structures of GFP (Figure 1.3a) offered opportunities to understand and
manipulate the relation between protein structure and spectroscopic function.
Thanks to Chalfie (Chalfie et al. 1994) GFP has become well established as a
marker of gene expression and protein targeting in intact cells and organisms.

BFP  CFP GFP YFP  RFP

a b

315 425 475 525 55 625 675 125
Wavelength (nm)

Figure 1.3: a, Stereoview of the three-dimensional structure of GFP, showing 11

B-strands forming a hollow cylinder through which a helix is threaded bearing

the chromophore. Taken from Tsien 1998. b, Fluorescence spectra of different

XFPs

In GFP, an imidazolidone ring with conjugated double bonds constitutes
the chromophore (Tsien 1998). Mutations in this ring structure that add more
conjugated bonds shift excitation and emission to longer wavelengths (Figure
1.3b). The advent of genetically encoded fluorescent proteins (XFPs), based on
GFP, allows the tagging of most cellular proteins of interest to measure their
spatial distributions and dynamics (Tsien 1998). XFP-based probes can report a
vast range of phenomena that are critical for intracellular signal flow, such as
protein-protein interactions and the activation of kinases (Miyawaki 2005).
XFPs also allow the labelling of specific and sparse subpopulations of cells
(Feng et al. 2000; Gong et al. 2003; Lendvai et al. 2000), including neurons.

1.2.3 Calcium indicator

Calcium ions are essential to intracellular signalling pathways and
determine a large variety of functions in almost every cell type in biological
organisms “from the control of heart muscle cell contraction to the regulation of
vital aspects of the entire cell cycle, from cell proliferation to cell death”

24



CHAPTER 1

(Grienberger and Konnerth 2012).

In the nervous system, calcium ions are essential: calcium influx triggers
exocytosis of neurotransmitter-containing synaptic vesicles; a calcium transient
in dendritic spines is a key step in synaptic plasticity; in the nucleus, calcium
regulates gene transcription (Grienberger and Konnerth 2012). The time scale of
such processes extends over a wide range, from microsecond for
neurotransmitter release to minutes for gene transcription. Thus the
understanding of brain function is strongly dependent of our ability to track
calcium signals in the brain. Furthermore when the depolarization of the
membrane increases enough (when the membrane potential exceed a threshold
value around —50mV) calcium channel open and let calcium ions enter in the
neuron. In contrast to sodium or potassium ions, which control the
depolarization of the neuron and are highly concentrated in the cell (around
I12mM for Na+ and 140mM for K+), calcium ions are present at a low
concentration when the cell is at resting state (around 50nM). An action potential
transient increases this value by 10 to 100 fold (Grienberger and Konnerth
2012), whereas the concentration of other ions varies across a way smaller
range.

The first generation of calcium indicators comprised a bioluminescent
calcium-binding photoproteins, such as aequorin (Ashley and Ridgway 1968;
Shimomura et al. 1962) or the synthetic compound arsenazo III, an absorbance
dye that changes its absorption spectrum upon of calcium binding (Brown et al.
1975). Even if these indicators provided insights into calcium regulation in
neuron, their implementation was complicated. These indicators were thus
rapidly discarded when Roger Tsien et al. (Tsien 1980) developed new classes
of very sensitive and versatile fluorescent calcium indicators, such as quin-2 or
fura-2. Both result from the hybridization of highly calcium-selective chelators
like EGTA or BAPTA with a fluorescent chromophore (Tsien ef al. 1982). Fura-
2 became very popular among neuroscientist. Over the years, many more
calcium indicators with a wide range of excitation spectra and affinities for
calcium have been introduced. The Oregon Green BAPTA and fluo-4 dye
families (Paredes et al. 2008) are easy to implement and provide a very large
signal-to-noise ratio (SNR).

An important breakthrough occurred when Roger Tsien and his team
introduced a protein-based genetically encoded calcium indicators (GECIs) in a
cell (Miyawaki et al. 1997). While the first GECIs had slow response kinetics
and low signal-to-noise ratios, quick improvements have been made and the last
generations of GECIs like GCaMP6 or 7 are almost as useful as synthetic probes
(see next section for a precise description of the GCaMP family).

To summarize: a fluorescent calcium reporter is either injected (synthetic
probe) or produced (GECIs) by the animal's neuron. Whenever an action
potential is triggered, the calcium concentration quickly rises and decays inside
the cell. Reporters bind with the calcium and, owing to a mechanical coupling,
become more fluorescent. Hence, the fluorescence signal of the neuron acts as a
proxy for the neuron electrical activity. However, because the complexation
chemical reaction has a slow kinetics, the fluorescence transient lasts much
longer (typically 0.1-1s) than the action potential (Sms).

Synthetic indicators have short rising and decay times and thus require a
high sampling rate. They need to be injected by the user and can be used only
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during a few hours, after which the intra-cellular concentration of indicator
becomes too low. Even if the GECIs are slower than synthetic one, their
concentration in a given population of neuron tends to be more homogenous.
Moreover GECIs can be expressed under the control of specific promoters,
allowing neuroscientists to target defined neuronal classes.

1.2.4 GCaMP

GCaMP is a family of calcium indicators with a cpEGFP molecule,
which is a green fluorescent protein modified to be able to circularly permute,
the calcium-binding protein calmodulin (CaM) and CaM-interacting M13
peptide (Figure 1.4). The cpEGFP is fluorescent even in the absence of calcium
ions with an excitation wavelength of 485nm and an emission wavelength of
515nm. The calmodulin (calcium-modulated protein) is naturally present in the
neuron cytoplasm: it is a multifunctional intermediate calcium-binding
messenger protein expressed in all eukaryotic cells. It constitutes an intracellular
target of the secondary messenger Ca®’, and the binding of Ca®" is required for
the activation of Calmodulin. The fixation of Ca®* on CaM induces a
conformational change of the peptide M13, which in turn changes the cpEGFP
conformation, increasing its quantum efficiency (Figure 1.4b). (Miyawaki 1997,
Tian et al. 2009).
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Figure 1.4: a, GCaMP structure. Adapted from Tian et al. 2009. b, Scheme
showing how GCamp can measure Ca”". The cpGFPs are drawn as simple rigid
cylinders, reflecting their crystal structures. The calcium fixation on calmodulin
induces a conformational change of M13 peptide which increases the cpGFP
fluorescence. Adapted from Nakai et al. 2001.

However, the GCaMP indicators are still inferior to synthetic indicators
in terms of signal-to-noise ratio (SNR), response linearity, photostability and
calcium affinity. The GCaMP indicators also suffer from poor protein stability.
Improvements in each of these parameters would facilitate imaging of neural
activity.

Since the development of the first generation of GCaMP in 2000 (Nakai
et al 2001; Miyawaki et al. 1997), several GCaMP reporters have been
developed with increased fluorescence baseline and dynamic range, higher
affinity for calcium, different rising or decay time, and improved signal-to-noise
ratio. In 2009, Looger’s team published a new generation of GCamp indicators
(Tian et al. 2009). In the first year of my phD, I have been using this calcium
indicator and an improved version, GCaMP5 (which was a lot more sensitive to
calcium activity compared to GCaMP 1 and 2 (Figure 1.5).
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Figure 1.5: In vivo imaging of sensory-evoked Ca’" transients with GCaMPs
indicators, in C. elegans. a—b Odour presentation—evoked (a) and odour
removal-evoked (b) responses of GCaMP1, GCaMP2 and GCaMP3 in C.
elegans olfactory neurons. Transgenic worm lines expressing GCaMPs were
imaged after an odour addition-removal sequence. Gray bars denote odour
presence. b, Comparison of responses of GCaMP1.6 and GCaMP3 to addition of
vinegar. Adapted from Tian et al. 2009.

In 2013, Looger’s team developed a new class of genetically encoded
indicators of neuronal function with greatly improved properties (Chen et al.
2013). This new generation of GCaMP indicators, called GCaMP6, crossed
important performance thresholds. They have higher sensitivity than commonly
used synthetic calcium dyes (for example, OGB1- AM) and can detect
individual action potentials with high reliability at reasonable microscope
magnifications. (Figure 1.6). These indicators can be used to image large groups
of neurons as well as tiny synaptic compartments over multiple imaging sessions
separated by months. I used this reporter at the beginning of my phD. According
to the experimental parameters chosen (acquisition frame rate...) 3 different
types of GCaMP6 exist with different decay time: GCaMP6f (f for fast) has a
decay time of less than a second, GCaMP6s (s for slow) has a decay time of 3s.
During the major part of my phD, I have been using a GCaMP6f with a pan-
neuronal promoter (elavl3) developed in Engert’s lab by Isaac Bianco and David
Hildebrand.
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Figure 1.6: a. Fluorescence response curves of several calcium indicators
belonging to GCaMP family (3, 5G, 6f, 6m, 6s) and OGB. Left: response to 1
action potential. Right: response to 10 action potentials. b—e. Comparison of
GCaMP sensors and OGB1-AM as a function of stimulus strength (colors as in
b). b, Response amplitude. ¢, Signal-to-noise ratio (SNR). d, Half decay time. e,
Time to peak (after stimulus offset). Chen et al. 2013.

1.2.5 Limitations

An indirect measure of neuronal activity

Functional calcium imaging offers an indirect measure of the neuronal
activity. Inference methods can be implemented to recover an approximate spike
train from the fluorescence trace.

The fluorescence signal we observe in fluorescence microscopy
recordings can be modeled in continuous time by the following equation:

F(t) =a f K(t)N(t —t)dt + b(t) + €(t)

Here
N(t) =2; 8¢¢; denotes the spike train

b(t) is the baseline fluorescence (spikeless signal)

€(t) is a Gaussian noise
t

The convolution kernel modeling the chemical kinetics is of the form e Tdecay —
t

e Trise. Where the rise and decay time constants Tgecay and Tris. depend on the
calcium indicator and on the neuron, typically in the range of respectively 10-
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100ms and 50ms-1000ms. Every calcium sensor has different rising, decay time
and signal to noise ratio.

From this model of fluorescence signal, we can see that what a
neuroscientist really seeks to understand neuronal activity is not F(t) but N(t).
Spiking inference algorithm have been developed during the last decays to
account for this problem and extract N(t) from the measured F(t). A powerful
family of algorithms is based on non-negative sparse deconvolution (Vogelstein
et al. 2009, 2010; Pnevmatikakis et al. 2016). In short, it consists in extracting
N(t) from F(t) using the a priori knowledge that the spikes are sparse and non-
negative. In Annex 1, a submitted manuscript to which I contributed is
presented. It describes a novel a new implementation that is fast, robust and
blind (automatic).

Photo bleaching

There is no general answer to the question of how much illumination can
a biological specimen sustain (Stelzer 2015). But what is sure is the fact that
light microscopy can have a very negative effect on living specimen. Light
exposure should thus be kept to an absolute minimum. Huisken wrote in 2017:
“The maximum acceptable light level does not deliver the highest quality image
but rather the minimum signal-to-noise that still allows the necessary
quantitative analyses to be performed” (Power and Huisken 2017). It
summarizes the strategy one experimentalist should choose when doing imaging
experiments.

Stelzer (2015) calculated the ‘sun regime’ of energy delivered by a
natural environment. In microscopic terms, the sun radiation yields an energy of
100mW/cm” around the equator, thus the maximal exposure should be
0.5mJ/um’. This suggests that cells should not be exposed to more than a few
millijoules and a few hundred millijoules for embryos like zebrafish.
Furthermore, photodamage originates largely from non-linear processes. Thus
spreading the light dose across time and space is an important precaution. As we
will see in the next chapter, light-sheet microscopy is one of the sole technique
that follows this rule. Confocal microscopes usually work in a ‘multiple-suns’
regime. Notice also that phototoxic effec