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THÈSE DE DOCTORAT DE
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Mr. German Sumbre Directeur de thèse
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Mr. Jean-Stéphane Joly Rapporteur
Mr. Filippo Del Bene Examinateur
Mr. Pierre-Marie Lledo Examinateur





Acknowledgements

Je voudrais remercier German, pour m’avoir laissé la liberté de m’exercer à chercher. Au

laboratoire, pour m’avoir apporté tant jour après jour. A Adrien pour cette complicité

devenue essentielle. A Seba pour m’avoir appris l’usage des boucles, accolades et

crochets. A Vero, pour son exemple de force et de tempérance. A Benjamin, pour

sa générosité infinie et toujours oubliée sur son bureau. A Nicolas, pour son soutien

depuis mes premières heures à l’ENS, son humilité et sa gentillesse. A Arturo, Morgane,

Susana, Lola et Margot pour avoir contribué aux expériences balbutiantes dont je

doutais horriblement. A Mathieu pour sa maîtrise des gels et conseils culinaires. A

Alessia, Selma, Marika, Gerard, Guillaume, Firas, Laurent, Jeff et Aurélien pour leur

aide précieuse et sourires indéfectibles.

A Hadrien, Antoine, Rémi, Rafael, Raphael et Oscar pour m’avoir appris l’art de la

polémique en dépit des conditions météorologiques ; pour prendre la chance au corps

et en faire naître l’émerveillement. A Guillaume, pour les sensations, la décontraction

et l’attirance des hauteurs. A Margot pour tout comprendre et maîtriser si bien le

dressage de la pagure. A Bastien, Benjamin, Martin, Antonin, Christophe, Jonath,

Louis, Guillaume, Clement et Clement pour les escapades débridées, l’exercice de la

folie et de la lobotomie. A Dominika, Nil, Sophie, Louise et Odile pour ces discussions

dont on ne se remet pas. A Alexis, Charlie, Jean, Antoine, Elise et Marion pour leur

amour contagieux du grès, des essences de carbones bien sèches et du tendon bien

tendu. A Marvin pour les coups de pouces.

A Papa, pour m’avoir tant répété que je n’avais probablement pas assez forcé. A

toi encore, mais aussi Maman, Victoria et Pierre-Louis pour votre tolérance vraisem-

blablement unique dans l’univers et cohésion intra-atomique. Cette esquisse n’est que

vous.

Ce travail n’aurait pas été possible sans les apports constructifs de Jeff Tweedy,

Bill Callahan, Bob Dylan, Death Grips, John Talabot et Akenathon. Jean Giono,

Francis-Scott Fitzgerald, John Fante, Fernando Pessoa, Alexandra David-Neel et Jean-

Paul Sartre furent également impliqués. Chaim Soutine m’inspira quelques visions et

Pierre-François Martin-Laval m’administra des anti-dépresseurs.



4

Enfin, aux esprits fougueux, aux pentes terrées, aux vents chaotiques, aux éboulis

vivants et aux soleils effarants.



Abstract

In the vertebrate brain, mechanisms leading to the incorporation of newborn neurons

into already functional networks still remain poorly understood. Indeed, since most of

the studies have been performed at the single-cell level, a detailed description of the

circuit dynamics is lacking.

To investigate this phenomenon, I have developed a pioneer methodology using the

zebrafish larva as an experimental model and a multidisciplinary approach combining

genetics, two-photon microscopy and optogenetics to monitor the developing activity

of genetically targeted newborn neurons and the surrounding matured networks, in an

intact and non-anesthetized vertebrate. Using this technique I have described for the

first time, and in the time course of several days, the developmental dynamics of the

functional properties of newborn neurons before and during their incorporation into

the mature tectal circuit, the zebrafish most complex layered structure and highest

visual center.

Overall, these results suggest a developmental sequence of events during which

newborn neurons capable of generating intrinsic activity dynamics first connect to

their pre-synaptic sensory organ (the retina). At a second stage, the newborn neurons

gradually incorporate into the tectal mature circuit showing sparse correlations with

mature neurons. At a third stage, the spatial organization of the correlation between

the newborn and the mature neurons is refined, becoming denser. I thus suggest that

the newborn neurons first connect to a large population of sparsely located mature

neurons and subsequently distant connections are pruned, permitting the newborn-

labeled neuron to acquire a stable and robust functional signature (e.g. sharp receptive

fields).

In the recent years, treatments based on the transplantation of neural tissue have

been developed to target neurodegenerative diseases such as Parkinson’s disease. Be-

cause these therapies face the problem of poor survival and long-term functional

incorporation, this study may provide better understanding of neuronal circuits forma-

tion and might pave the way to improve the efficiency of stem-cells-based treatments

for human-brain reparation.
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Chapter 1

Introduction

1.1 From neurogenesis to brain circuits

Neurogenesis is the process that forms functional neural circuits by the differentiation

of neural stem cells (NSCs) into neurons, glia and oligodendrocytes. In vertebrates,

neurogenesis was traditionally viewed as a process restricted to embryonic and perinatal

stages but absent in adults (Chapouton et al., 2007; Lepousez et al., 2015; Ming and

Song, 2011). However, seminal results obtained in rats (Altman and Das, 1965) and

canaries (Paton and Nottebohm, 1984) have demonstrated that newborn neurons are

constantly produced in the adult vertebrate brain. More recently, adult neurogenesis

was shown in humans (Eriksson et al., 1998), suggesting a potential role for brain repair

in the aging, damaged or diseased central nervous system (Rakic, 1988). However,

clinical use of NSCs or their progeny has remained limited to a very small number of

preclinical trials (Tabar and Studer, 2014). Indeed, a large number of technological (but

also ethical) hurdles still need to be bridged to provide patients with cell-transplantation

treatments that compete with existing therapies (pharmacological agents or deep brain

stimulation).

To introduce the challenge of using NSCs for therapeutic applications, I will briefly

describe brain development, from the division of NSCs up to their differentiation into

neurons. Then, I will present how the discovery of vertebrate adult neurogenesis has

changed our understanding of brain plasticity based on functional needs. Finally, I will

discuss potential applications of neuronal progenitor cells for brain repair and highlight

that injected cells integration is the current limiting factor for the success of this

treatment. Although invertebrate neurogenesis represents a vivid field of research (for

comprehensive review see Homem and Knoblich (2012)), I restrict here to vertebrates

development and adult neurogenesis.
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1.1.1 Neurogenesis: from neural stem cells to functional neu-

rons

Neurogenesis starts during embryogenesis when the undifferentiated ectoderm, one of

the three germ layers, gives rise to the epidermis and neuroectoderm: a process called

“neural induction” (18 days post fertilization in humans and 10 hours post fertilization

in zebrafish). The neuroectoderm undergoes a process called neurulation (see Figure

1.1) leading to the formation of the neural tube: a neuroepithelial structure containing

NSCs. Neurulation occurs either by the invagination of the neural plate (primary

neurulation) or by the formation of a solid cord from the mesoderm that sinks into the

embryo (secondary neurulation) (Shimokita and Takahashi, 2011). Both processes lead

to the formation of a neural tube. In fish neurulation is exclusively secondary while

the two modes of construction co-occur in other vertebrates. In amphibians, such as

Xenopus, most of the tadpole neural tube is made of primary neurulation, but the tail

neural tube is derived from secondary neurulation (Gont et al., 1993). In mammals,

secondary neurulation begins around somite 35 (Nievelstein et al., 1994).

The neural tube begins as a single layer of pseudo-stratified epithelial cells : NSCs

that will eventually give rise to all the cell types in the adult nervous system. Rapid

proliferation leads to the formation of four distinct growth regions: prosencephalon,

mesencephalon, rhombencephalon and spinal chord. Neurons, glia and oligodendrocytes

are added on this primary scaffold. Newborn neurons are formed from ventricular niches

where dividing cells undergo a stereotyped pattern of cell movements as they progress

through the mitotic cycle. Symmetric divisions maintain the pool of progenitors while

asymmetric divisions generate neuroblasts that are fully committed to the neuronal

lineage. Once the fate of a neurons is fixed, it migrates, develops an arbor of processes,

intrinsic excitability, gains synaptic connectivity and transmitter specification (Spitzer,

2006). Eventually, neurons form functional circuits and show spontaneous activity

that is later driven by sensory stimulation (Blankenship et al., 2009; Feldt et al.,

2011). In humans, ∼250,000 neurons are produced each minute at the peak of prenatal

neurogenesis to reach a total of ∼100 billions neurons at ∼20 years of age, when the

corpus callosum stops growing (Pujol et al., 1993). Once the peak number of neurons

is reached neurogenesis progressively recedes to restricted parts in mammals while in

other vertebrates it is more widespread (for extensive review see Grandel and Brand

(2013)).
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Fig. 1.1 (Previous page.) On the left: dorsal views of the embryo at progressive stages
of early neural development; on the right a boxed view represents a cross section
through the embryo at the same stage. (A) 18 days post fertilization (dpf). After
gastrulation, the three embryonic layers are already established: endoderm, mesoderm
and ectoderm. At the onset of neurulation, the notochord (that will later involute)
forms from the mesoderm by invagination and marks a primitive streak on the ectoderm.
The neural plate is a restricted ectoderm portion found over the notochord. (B) 20
dpf. 2 days later, the neural plate invaginates over the notochord, forming the neural
groove that comprises neural crests its the dorso-lateral margins and the floor plate on
its ventral pole neighboring the notochord. The neural crests will later differentiate into
a diverse cell lineage: melanocytes, craniofacial cartilage and bones, smooth muscle,
peripheral and enteric neurons, or glia. (C) 22 dpf. Once the invagination of the
neural plate is completed, the neural tube forms a central canal that is located dorsally
to the notochord. Below is the future epidermis and in between mesoderm-derived
structures (somites) are found. They will later form musculature and skeleton. (D)
24 dpf. The anterior neural fold precursor becomes apparent, which will later form
the telencephalon and the mesencephalon. More caudally, the rhombencephalon is
already apparent and terminated by the rudimentary spinal chord. Adapted from
Purves (2012).

1.1.2 Neurogenesis during development and adulthood

Adult neurogenesis is an ancient trait found in anamniotes (polyphyletic group com-

prising teleosts and amphibians). In teleosts, proliferation zones are distinctly localized

in all subdivisions of the brain along the rostrocaudal axis. Between 12 and 16 distinct

proliferation zones have been recognized in distantly related teleost species : stickle-

back (Gasterosteus aculeatus), brown ghost (Apteronotus leptorhynchus) and zebrafish

(Danio rerio) (Grandel and Brand, 2013) (Figure 1.2).

In anamiotes, adult neurogenesis is thought to be the source of the regenerative

capabilities of the CNS and the spinal chord. For example, regeneration can repair pro-

found lesions such as incisions in the brain, removal of entire brain parts or transection

of the spinal chord (Zupanc and Sîrbulescu, 2011).

This protracted general neuronal proliferation leads to continuous addition of

neurons in sensory brain areas. Neurons are also added in downstream brain regions

to process such increasing information (Grandel and Brand, 2013; Kaslin et al., 2008).

Several studies have indeed demonstrated that the optic tectum (OT) and retina of

amphibians as well as fish taste buds and chemosensory lobes grow in a correlated

manner along the entire life of the animal (for extensive reviews see Grandel and Brand

(2013); Kaslin et al. (2008)).
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In mammals, adult neurogenesis has been shown to occur in several restricted brain

regions: the dentate gyrus of the hippocampus (DG), the lateral ventricle (LV) and

the striatum with varying turnover rates across species (Figure 1.2). For instance,

the DG turnover greatly varies among species: from 10% in rodents up to complete

replacement in humans (Spalding et al., 2013). In contrast, incorporation of newborn

neurons in the OB is almost completely absent in humans (Bergmann et al., 2012).

Moreover, the striatum receives newborn neurons from LV neurogenic niches in varying

proportions depending on the species (Ernst and Frisén, 2015). Strikingly in humans

neuroblasts are not limited to the LV walls but are also found deep within the striatum

(Ernst et al., 2014). Although subject of a long debate cortical neurogenesis seems to be

absent in human. Indeed, a recent study has shown that neurons in damaged cortical

areas are as old as the individuals even after stroke (Huttner et al., 2014). However,

the existence of chronic or injury-induced cortical neurogenesis in other mammals still

remains controversial (Feliciano and Bordey, 2013).

Numerous functional implications have been attributed to adult neurogenesis.

Over the recent years, pioneering studies have shown that neurogenesis is involved

in recruiting local inhibition to increase pattern separation. Pattern separation is

a property of neural networks which helps to discriminate between similar sensory

stimuli. Data supporting this hypothesis comes from the work of Alonso and colleagues

(Alonso et al., 2012) who observed that optogenetic stimulation of olfactory bulb (OB)

newborn neurons enhanced mice olfactory discrimination capabilities when presented

with a difficult odor-discrimination task. Adult neurogenesis has also been shown to

participate in learning and memory but also in emotion and mood regulation (for

comprehensive review see Lepousez et al. (2015)).
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1.1.3 Potential clinical applications and technical challenges

Neural stem cells are a promising therapeutical approach for brain repair. However,

generating precise subtypes of neurons and placing them in the proper location and en-

suring subsequent network integration are difficult challenges. An important drawback

of this approach is the inherent tumorigenicity of undifferentiated stem cells.

Diseases such as Parkinson’s disease (PD) that affect a unique cell type (ie. Dopamin-

ergic (DA) neurons) within a specific brain region (substantia nigra), could substantially

benefit from these therapies. Indeed, drugs or deep-brain stimulation treatments target-

ing Parkinson’s disease act upon symptoms but are inefficient at repairing or slowing

down degeneration of the substantia nigra DA neurons innervating the striatum (Evans

et al., 2012). The feasibility of DA neuron transplantation has been shown using human

fetal tissue (Politis and Lindvall, 2012). However, despite long-term in-vivo dopamine

neuron survival and dopamine secretion, the clinical benefit was modest and a subset

of patients developed undesirable side effects such as dyskinesia (involuntary muscular

movements Braak and Del Tredici (2008)).

Because of the large amount of cells required to restore neuronal deficits, recent

studies have used grafts of stem-cell-derived DA neurons (Kirkeby et al., 2012; Yang

et al., 2008) to restore large striatal deficits (injection of >100.000 DA neurons/

striatum). Although potentially useful, these grafts carry the risk of tumor formation

and have been criticized for human applications. Indeed, injections of neural stem cells

have been reported as a source of brain tumors in unregulated cell therapy (Amariglio

et al., 2009). Also, grafts of post-mitotic neurons are limited by poor connectivity and

survival (Kriks et al., 2011). They require large volume injections often leading to

adverse effects such as inflammation and again to dyskynesia (Hagell and Cenci, 2005).

Therefore, to develop optimized therapies using grafts of pure post-mitotic neurons it

is necessary to generate cells that survive and connect efficiently to the pre-existing

circuits.

However, the mechanisms by which neurons integrate into mature circuits in

physiological conditions still remains poorly understood. To this end, it is important to

shed light on the functional maturation of developing neurons up to their integration into

mature networks. Understanding these basic principles will shine light on the basic

mechanisms by which neuronal networks are formed during development

and adulthood, which may open new ways for developing safe high-yield cellular

therapies. In the following part of this introduction I will focus on visual systems

development as a model for studying neuronal circuit assembly. These studies might
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improve progenitor-cells transplantation techniques to repair the diseased or lesioned

brain.

1.2 Formation of visual systems

The visual system has long been used as a model to study the function and formation

of neuronal circuits. Indeed, as highly visual animals, humans have an intuitive

understanding of what the visual system does in contrast to other senses. Therefore,

we can easily design stimulation paradigm to probe processing of visual information.

Also, visual circuits have discrete starting points (photoreceptors) and are compact

(unlike, for example, motor systems) and physically accessible (unlike, for example, the

ear).

The formation of visual circuits is mainly guided by two factors: molecular cues

and neuronal activity. I will first describe the describe the mechanisms underlying

the establishment of retinotopic maps and synaptic lamination. In this section I

restrict to studies that have tackled the development of retinotopically organized

structures: the OT and the superior colliculus (SC). Second, I will detail recent results

on the functional maturation of newborn neurons in the visual system, explaining the

emergence of functional properties such as receptive fields (RF), and direction and

orientation selectivity (DS and OS). Third, I will present recent studies on the assembly

of local sensory circuits during development. To finish, I will highlight some technical

hurdles to study the functional maturation and integration of newborn neurons into

established circuits. Although I limit myself largely to fish and mice visual systems, I

also support my general conclusions using data from other sensory systems, when a

mechanism is much better understood elsewhere.

1.2.1 Molecular cues and patterning of visual systems

Long before molecular basis of receptors and ligands was discovered, John N. Lang-

ley (1892) proposed that “chemical relations” between neurons might underlie their

connectivity. Roger Sperry’s experiments on retinotectal projections provided a broad

conceptual framework for this chemoaffinity (Sperry, 1963). Sperry predicted that

genetically encoded labels exist in both retina and the OT, furthermore, if these labels

are expressed in continuous gradients across both structures each retinal ganglion cell

(RGC) axon and target would have a unique concentration of labels that could be

matched until establishing a topographic organization (Sperry, 1963). Experimental



1.2 Formation of visual systems 9

studies over the last two decades identified a plethora of molecular cues that guide

their axons to their targets. Such factors indeed participate in the establishment of

retinotopic maps and synaptic lamination. These two aspects of visual systems coarse

patterning are developed below.

Retinotopic patterning

In order to interact with the external world, the brain first needs to generate a

representation of the external sensory surrounding. In the vertebrate brain, visual

space is relayed from the retina to the thalamus and SC in mammals and to the OT in

anamniotes. These coarse retinotopic maps are established before the onset of vision,

based on molecular cues, and later modified or refined by visual experience (Cang

and Feldheim, 2013; Ruthazer and Cline, 2004). Here I detail how they interact using

seminal work obtained in fish larvae, frog tadpoles and mice.

i. Mechanisms of chemoaffinity in the optic tectum and superior colliculus.

The OT integrates and processes sensory inputs from different modalities to compute

stimuli spatial localization and to generate adequate orienting motor behaviors. It’s

cardinal feature is its retinotopic organization: two neighboring tectal neurons receive

visual inputs from two neighboring locations in the visual space. Studies have revealed

that mapping of RGC axons along the posterior axis of the tadpole OT is controlled

by matched gradients of EphA receptor kinases in the retina (temporal retina >

nasal retina) and ephrin-A family of Eph ligands in particular ephrin-A2 and A5 in

the tectum (caudal tectum > rostral tectum) (McLaughlin et al., 2003, Curr Op in

Neurbiology). Activation of EphA by their ephrin ligands leads to axon repulsion

(Flanagan and Vanderhaeghen, 1998) and inhibition of axon branching (Yates et al.,

2001). Consequently, RGCs axons in the temporal retina, where EphA expression is

high, cannot innervate the caudal tectum where ephrin-A levels are high (Figure 1.3A).

Similarly, interactions between EphB and ephrin-B contribute to the dorso-ventral OT

retinotopic mapping (Figure 1.3B).

Interestingly, Eph-ephrin (A and B) gradients also participate in building topo-

graphic maps in the mammalian superior colliculus (Cang and Feldheim, 2013). In

mutants lacking several ephrins-As, SC functional maps are disrupted along the visual

space nasotemporal axis. These maps are discontinuous and contain patches of SC

that respond to similar but topographically incorrect spatial locations. These results

demonstrate that coarse organization of SC and OT retinotopic maps is controlled by

ephrins gradients (Cang et al., 2008).
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first postnatal week, and RGCs discharge highly correlated bursts of action potentials

that propagate across the retina (Kirkby et al., 2013). The most compelling evidence

for this idea comes from studies in mice that lack the β2 subunit of the acetylcholine

receptor (β2nAChR−/−). In these animals, correlated spontaneous activity had low

amplitude, was brief and lacked well defined wavefront in comparison to controls

(Burbridge et al., 2014). In such mutants, SC maps were more diffuse and SC neurons

possessed enlarged RFs (Chandrasekaran et al., 2005; Mrsic-Flogel et al., 2005), while

global retinotopic structure was still conserved.

Total disruption of ephrins gradients in the SC in β2 KO animals completely

disrupted global retinotopic organization of SC, and even abolished the discontinuous

retinotopic patches (Cang et al., 2008). These observations suggest that molecular

gradients and neuronal spontaneous activity interactions shape map formation in the

SC.

In the zebrafish OT, the retinotopic map is generated by the projection of RGC axons

to specific termination zones and restriction of their axonal arborization sizes. Indeed,

excessive axonal arbor growth has been shown to perturb visually guided behavior

(Smear et al., 2007). To decipher the role of activity in the formation of proper sized

arborization fields, Ben Fredj et al. suppressed presynaptic neurotransmitter release in

single RGCs using targeted expression of tetanus toxin light-chain fused to a green

fluorescent protein (GFP) (Ben Fredj et al., 2010). Using time-lapse imaging of axonal

growth in silenced neurons they observed a significant over-expansion of the territory

occupied by the axonal arbor in the tectum. However, when neighboring RGCs were

also silenced, single arbor area was restored to normal levels. This finding suggests

that silent axons are capable of maintaining an appropriately sized territory when

activity is even in RGCs population (silenced or active populations). Thus, the ability

of axons to arrest growth and populate a specific brain region, is an activity dependent

competitive process that participates in sculpting the precise tectal topography.

Establishment of dendritic lamination in the zebrafish optic tectum

i. Synaptic laminar-specific organization in the optic tectum. Synapses can

cluster in planar laminae or spherical glomeruli. While the latter is typical of the

organization of the vertebrate olfactory system, laminae are extensively found along the

visual pathways, including the retina, tectum, thalamus and cortex. In these regions,

laminae are stacked on top of each other. The combined output of all synaptic lamina

generates a pattern of activity in the downstream neurons that is the neural substrate

of a visual image. Lamination may reflect a strategy to generate synaptic specificity
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In the zebrafish OT, molecular signaling and neuronal activity contribute to shaping

synaptic lamination. Synaptic lamination in the retina and OT is depicted in Figure

1.5. The OT receives RGC inputs in the superficial stratum opticum lamina (SO), the

stratum fibrosum et griseum superficiale (SFGS), the stratum griseum centrale (SGC),

and a deep layer bordering the stratum album centrale (SAC) (Figure 1.5).

Other laminae receive inputs from non-visual sensory modalities and from tectal

interneurons (Nevin et al., 2010; Robles et al., 2011; Scott and Baier, 2009). Retinal

axons terminate exclusively in one of these four layers and are organized in arrangements

that are specific to each lamina (Robles et al., 2011). Interestingly, functional imaging

of visually evoked calcium responses in RGC axons indicates that axon composition

of each laminae correlates with different functional properties (Gabriel et al., 2012;

Nikolaou et al., 2012). This observation suggests that retinal afferents reaching the

tectum are functionally and topographically organized.

ii. Several classes of molecular mechanisms control synaptic lamination.

Axonal RGCs projections in the OT do not undergo developmental refinement across

laminae and directly target one lamina (Robles et al., 2013). To generate such precise

targeting, molecular players participate in the formation of adequate branching patterns,

neurite guidance and local cell-cell recognition (for comprehensive review see Baier

(2013))

Indeed, branching patterns have been demonstrated to rely on intrinsic, cell-

autonomous programs. For example, introducing mutations into transcription factors

such as topoisomerase 2B perturbs lamina targeting (Nevin et al., 2010) and more

generally cultured neurons develop similar polarity and shapes as their counterparts in

vivo (Dotti et al., 1988; Vierbuchen et al., 2010).

During the establishment of topographic sensory maps, neurite guidance relies

extensively on gradients of attractive and repellent molecules. Among them, Slit1, a

guidance factor produced by tectal cells that presumably forms a gradient reaching a

maximum at the tectal surface. zebrafish has only one slit1 receptor, Robo2, which

is is expressed in RGCs. Indeed, disruption of Robo2 function in astray mutants

dramatically perturbs axonal lamination (Xiao et al., 2011).

Interestingly, work in the chick retina has shown that transmembrane adhesion

molecules of the immunoglobulin-domain-containing superfamily (IgSF) are expressed

in largely non-overlapping cells and can bind in an homophilic manner (Yamagata

et al., 2002). Because the perturbation of the expression levels of IgSF resulted in
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sublaminar mistargeting, these cell-to-cell recognition factors might play an essential

role in organizing laminar sensory structures.

Contrary to zebrafish, layer-specific targeting in the rodent SC is partially subject

to developmental refinement. Indeed, several RGC subtype axons project broadly

before retracting to a single laminae while others directly target their final laminae

(Chen and Nedivi, 2010).

iii. Accurate synaptic lamination of RGCs is independent of neuronal activ-

ity. In various models, laminar organization is strikingly resilient to perturbations of

normal neural activity. For example, raising zebrafish in complete darkness or blocking

synaptic transmission with botulin toxin B did not perturb laminar organization of

the OT (Nevin et al., 2008). Moreover, β2nAChR−/− mouse (showing altered retinal

waves) showed normal RGCs lamination in downstream SC and lateral geniculate

nuclus (LGC) (Huberman et al., 2008b).

To conclude, laminar organization in vertebrates arises independently of coordinated

activity and fully relies on molecular players to define branching patterns, laminar

targeting and sublaminar cell-to-cell recognition. However, the formation of retinotopic

maps requires both molecular and activity dependent mechanisms to generate precise

topography (Cang and Feldheim, 2013; Ruthazer and Cline, 2004). Interestingly

anamniotes’ OT is devoid of wave-like activity but groups of tectal neurons are

spontaneously active (Demas et al., 2012; Imaizumi et al., 2013; Romano et al., 2015)

and sensory transduction to the OT is present from the early larval development (Niell

and Smith, 2005). In what extent these neuronal events contribute to refine the OT

retinotopic map remains unexplored. This could be experimentally tested by abolishing

structured activity or by generating unnatural activity patterns by optogenetics.

1.2.2 Emergence and maturation of neuronal functional prop-

erties

Once coarse patterning of retino-recipient areas is achieved, neurons undergo profound

functional and morphological changes. Indeed, patterned activity (such as retinal

waves) and sensory experience refine neuronal functional properties. To support

this claim I will discuss three examples of the emergence and maturation of sensory

induced neuronal responses in the OT, in mammalian V1 layer 2/3 neurons and in the

mammalian olfactory bulb during adult neurogenesis.
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Development of orientation and direction selectivity

i. Opposing mechanisms shape the development of orientation and direc-

tion selectivity in mammals. In the mouse visual system, first neuronal activity is

observed early as P3 (post-natal day 3) in the superior colliculus and V1 and triggered

by retinal waves (Ackman et al., 2012). However, the first visually induced responses

appear at P10-12 before eye opening (through the eye-lids or after manually opening

them). At these stage, strong light flashes induce responses in more that 80% of

neurons (Rochefort et al., 2011).

A key feature of V1 Layers 2/3 is the presence of neurons that respond to a preferred

orientation (Ohki et al., 2005). Among the OS cortical neurons, some are also DS:

responding to a preferred direction more than any other (Figure 1.6b, neuron 1).

The developmental sequence of DS and OS properties has recently been studied in the

mouse and the ferret (for examples of DS and OS neurons, see Figure 1.6b).

In mice, drifting gratings trigger responses after eye opening or one day later with

near half of the responses being OS (OSI>0.5). Interestingly, 93% of OS neurons

were also DS (OSI>0.5 and DSI>0.5, Rochefort et al. (2011)). At this stage neurons

displayed preference for the anterior direction along the anterior-posterior axis as well

as a preference for the dorsal direction along the ventral-dorsal axis. This asymmetric

distribution disappeared within 3 days and was maintained up to adulthood in dark

or normally reared animals. Therefore, the developmental changes observed in mice

V1 neurons are independent of visual experience and probably rely on robust intrinsic

programs (genetically encoded precise wiring or spontaneous intrinsic activity).

Conversely, ferrets V1 neurons display OS responses but DS emerges 2 weeks after

(White and Fitzpatrick, 2007). Strikingly, dark rearing prevents the formation of DS

maps in ferrets, although adult mice and ferrets possess identical number of DS neurons

in V1. This indicates a crucial role of visual experience for the emergence of DS in

ferrets (Li et al., 2006). To conclude, two independent mechanisms seem to shape DS

in the mammalian cortex: in carnivores, it requires visual experience while in rodents

it is independent of it.

Such divergence in the maturation of DS can be explained by the RGCs properties.

Indeed, RGCs are already DS in mice at eye opening and this feature is probably

relayed to the visual cortex (Rochefort et al., 2011). In other species such as ferrets,

cats and monkeys, this property first emerges in V1 (Huberman et al., 2008a) and

might underlie different ecological needs soon after birth or be related to their opposing

cortical organization: columnar vs. salt and pepper (Ohki et al., 2005).
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than DS. Indeed, the net increase of synaptic contacts might contribute to decreasing

response variance as observed in ferrets (Smith et al., 2015) or for increasing visual

acuity necessary for prey capture (Gahtan et al., 2005).

Interestingly, larvae raised in the dark showed similar distribution of DS index

in the recorded neurons indicating that the emergence of this feature is independent

of visual experience. However, in the tadpole OT DS could be rapidly modified by

presenting a series of repetitive moving bars (Engert et al., 2002, Nature) suggesting

basic inter-species differences of neuronal functional development. However, Neill

et al., have suggested that this activity-induced plasticity might be required for the

maintenance of functional responses but not for their initial establishment in zebrafish

(Niell and Smith, 2005).

Refinement of the tectal neurons receptive fields

i. Emergence of receptive fields in tectal neurons. A distinctive property of

mature tectal neurons is the matching of their excitatory and inhibitory RFs (Tao

and Poo, 2005). Since inhibitory inputs were delayed relatively to excitatory ones

(∼3,94ms in tadpole tectal neurons), this delay has been suggested to arise from local

feed-forward inhibition (Figure 1.8) (Akerman and Cline, 2006; Tao and Poo, 2005;

Zhang et al., 2011). The delayed inhibition probably serves to enhance the temporal

fidelity of visually induced responses which is in accordance with results obtained in

hippocampal pyramidal cells (Pouille and Scanziani, 2001).

To decipher the mechanisms shaping the nascent RFs Zhang et al., performed voltage-

clamp recordings in zebrafish tectal cells from 4 to 8 dpf while mapping the excitatory

and inhibitory RF (eRFs and iRFs) (Zhang et al., 2011). eRFs and iRFs were recorded

at 70 and 0mV: reversal potentials of glutamatergic and GABA/glycinergic synaptic

currents, respectively. The authors observed a development of the RFs according two

main stages: first, eRFs expanded from 4 to 6 dpf followed by a refinement at 8/9 dpf.

Interestingly, the eRF size at 8–9 dpf was not significantly different from that at 4

dpf, which is consistent with previous observations Niell and Smith (2005). Conversely,

iRFs were initially broad and diffuse and later and refined to match the eRFs at 8/9

dpf.

To test the contribution of intratectal excitatory inputs in the eRFs, the inhibitory

inputs were blocked by applying muscimol (a GABAa receptor agonist) whose diffusion

was calibrated not to affect retinal inputs. Zhang et al., observed that this manipulation

spared ∼70% of the magnitude of the visually induced responses, but more importantly

it drove only modest changes in RF sizes. This demonstrates that changes in RFs size
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throughout development could be mainly explained by the modulation of direct retinal

inputs and not by a reorganization of intratectal feedback loops.

ii. Receptive fields and dendritic arborization. In various sensory systems a

correlation exists between RF size refinement and axonal pruning during development.

It has been shown to occur in the retinal projection to the rodent SC (McLaughlin

et al., 2003) and in the chick tectum (Nakamura and O’Leary, 1989). However, this

process seems to be absent in the fish and the tadpole RGCs (Meyer and Smith,

2006; Sakaguchi and Murphey, 1985). In fish tectal neurons, a monotonic increase is

observed of the total arbor length from 3 to 7 dpf followed by a stabilization period.

Therefore, there is no correlation between dendritic arbor size and RF size during

zebrafish tectal cells development. Synaptic reorganization, independently of tectal

morphology is probably the main driver for the maturation of the visual responses

during early development.

In accordance with results obtained on the DS, visual deprivation only drove minor

changes in the RFs size (Niell and Smith, 2005), indicating that early functional

development mainly relies on intrinsic hard-wired programs rather than on sensory

experience. However, such observation doesn’t exclude that sensory deprivation can be

compensated by homeostatic plasticity. Homeostatic synaptic plasticity is a type of

plasticity in which synaptic strength is adjusted throughout a neuron to compensate for

changes in neural activity. Typically, homeostatic plasticity occurs by either increasing

or decreasing synaptic strength to optimize the neuron’s dynamic range (Deeg and

Aizenman, 2011; Turrigiano, 2012). Additionally, neurons can compete for RGCs inputs

in an activity-dependent manner shaping in return the extent of their RFs. Therefore,

subtle single-neuron modification of their intrinsic functional properties have to be

modified to address the role of activity during development.

iii. Neuronal intrinsic activity instructs receptive fields development. In

a recent study, Dong and Aizenman explored to what extent activity of developing

tectal neurons could shape their RFs during development (Dong and Aizenman, 2012).

More precisely, they asked whether neural activity has an instructive or permissive role.

Indeed, it is not clear whether activity patterns shape neuronal properties (instructive)

or whether the presence of activity suffices to trigger other developmental mechanisms

(permissive), such as molecular factors that sculpt appropriate neuronal connections

and morphology (Ruthazer and Aizenman, 2010).
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To get insights into the role of activity (instructive or permissive) in a developing

neuronal system, it is necessary to change the structure of the neural activity in single

neurons while keeping the global network activity at constant levels. This can be

achieved by altering the spiking probability for low currents while maintaining the

spiking probability identical at high currents. To this end, Dong et al., expressed a

Shaker-like Xenopus Kv1.1 potassium channel in sparsely labeled tadpole tectal neurons.

This tool impairs the intrinsic excitability of developing neurons while sparing their

maximal spike output. Kv1.1 expressing neurons retained immature characteristics:

larger RF, reduced sharpness and importantly displayed persistent recurrent excitation

compared to controls (Dong and Aizenman, 2012). This suggests that functional

development of tectal neurons depends on structured spontaneous activity, a process

that cannot be revealed using manipulation of activity levels of the entire visual system

(using dark rearing as in Niell and Smith (2005). However, spontaneous activity

frequency and amplitude as well as dendritic arbor total length were spared.

Overall, these results indicate that intrinsic activity has an instructive role to

refine the neuronal visual RF, probably participating in pruning local recurrent inputs.

However, other neuronal features (such as morphology) probably do not need patterned

activity to normally develop. A summary of the tectal neurons morphological and

functional refinement during early development is illustrated in figure 1.9.

Olfactory newborn neurons maturation during adult neurogenesis

The previously described studies focused on neuronal maturation after eye opening

in mammals or during early larval stages in anamniotes. The mechanisms described

orchestrate global circuit maturation in a relative synchronous manner after a massive

production of newborn neurons. Conversely, in the rodent olfactory bulb (OB) ∼1%

(∼80.000 neurons) of the total resident granule cells (GC) incorporates in already

mature circuits every day (Kaplan et al., 1985). Therefore, the OB is an invaluable

system to decipher how functional maturation and integration occur without perturbing

already established networks, and to understand how sensory experience influences the

incorporation process.

i. Olfactory bulb circuits. The OB relays information from olfactory receptor

neurons (ORNs) of the olfactory epithelium located at the roof of the nasal cavities

(Figure 1.10A). ORNs project to the superficial layer of the OB that contains ∼2000

spherical neuropil structures called glomeruli where they contact mitral cells (MCs)

and tufted cells (TCs) subsequently innervating the piriform cortex (Zou et al., 2009)
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(Figure 1.10B-C). An important property of the OB is the over-representation of

inhibitory interneurons compared to excitatory output neurons (MCs and TCs): ∼100:1

Nissant and Pallotto (2011). Periglomerular interneurons (PGs) extend neurites into

multiple glomeruli contacting both MC and TC apical dendrites and express either

GABA or dopamine. GCs are GABAergic synapse on MCs in a peculiar dendro-

dendritic fashion (Petreanu and Alvarez-Buylla, 2002) (Figure 1.10D). They comprise

∼75% of the sub-ventricular zone (SVZ) newborn neurons generated during adulthood

Menini (2009). Here I briefly summarize current knowledge about the mechanisms by

which adult-born GCs progressively gain excitability, form synaptic outputs and reach

maturity.

ii. Synaptic integration and maturation of functional connectivity. Matu-

ration of GCs is typically studied by injecting replication defective GFP expressing

viruses into the cerebral ventricle/SVZ (Carleton et al., 2003; Petreanu and Alvarez-

Buylla, 2002) or directly in the RMS (Bardy et al., 2010; Livneh et al., 2014; Panzanelli

et al., 2009). The process of morphological maturation lasts ∼2-4 weeks (Petreanu and

Alvarez-Buylla, 2002) during which five morphological stages can be observed after

SVZ injection: tangentially migrating neuroblasts within the rostral migratory stream

(RMS) (Stage 1, days 2-7), radially migrating immature neurons (Stage 2, days 7-9)

in the GC layer, GCs with dendrites that do not reach the mitral cell layer (MCL)

(Stage 3, days 9-13), GCs with dendrites in the external plexiform layer (EPL) devoid

of spines (Stage 4, days 11-22) and finally, mature GCs with spines (Stage 5, days

15-30) (Figure 1.11A).

Before entering the OB circuitry (stage 1), neuroblasts are already sensitive to

GABA released by the neuroblasts themselves and glutamate released by the astrocytes

surrounding the RMS in a non synaptic manner (Platel et al., 2007) (Figure 1.11B).

These neurotransmitters control proliferation of precursors, migration and survival

of neuroblasts: GABA reduces SVZ proliferation Liu et al. (2005) and decreases

neuroblasts migration speed (Platel et al., 2008) and promotes survival (Platel et al.,

2010).

When reaching the OB, stage 2 immature neurons (∼3 days post RMS injection,

dpi) already receive GABAergic and glutamatergic synaptic inputs (Panzanelli et al.,

2009) but the first occurrence of action potentials is observed at stage 4 (∼11-22

dpi) (Bardy et al., 2010; Carleton et al., 2003) (Figure 1.11B). To test whether

such nascent spikes could suppress the activity of neighboring MCs, Brady et al.,

injected a Channelrhodopsin2 (Chr2) expressing construct into the RMS. By optically
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stimulating newborns GCs and recording MCs they observed the emergence of light-

induced post-synaptic inhibitory currents beginning at 13 dpi. However, the proportion

of GCs connected to MCs increased sharply from 4 to 6 weeks post injection suggesting

that their integration into the resident circuitry occurs long after they acquire the

ability to spike (Bardy et al., 2010). Such a delay between synaptic input and output

establishment has been suggested to participate in the competitive survival of newborn

neurons (Lepousez and Lledo, 2013; Nissant and Pallotto, 2011).

To conclude, OB adult born neurons first receive synaptic inputs (∼3dpi) and

then gradually form synaptic outputs (∼2-6 wpi). This process is markedly different

from what can be observed during OB embryogenesis where spiking activity if first

acquire before GABA, NMDA and AMPA conductances emerge Lledo et al. (2004). In

contrast, adult hippocampal neurogenesis seems to recapitulate embryonic development

(Espósito et al., 2005).

iii. Activity dependent control of neuron survival and synaptic integration.

Approximately 50% of adult OB newborn neurons do not survive more than a few

weeks after maturation (Petreanu and Alvarez-Buylla, 2002) probably due to activity

dependent processes. Indeed, sensory deprivation using naris occlusion decreases their

survival (Petreanu and Alvarez-Buylla, 2002) while sensory enrichment increases it

(Rochefort et al., 2002). Activity is also required for GCs to form inhibitory outputs

towards MCs (Kelsch et al., 2009). Other experiments have also highlighted the

existence of critical periods when neuronal activity effects on survival, and circuit

integration are maximal. For example, Mouret et al., have shown that the survival

of newborn neurons of 18-30 days was increased when that animal was exposed to an

olfactory based discrimination learning paradigm (Mouret et al., 2008).

iv. Maturation of sensory responses of peri-glomerular cells Although the

previous studies began to decipher how newborn neurons incorporate into the adult

OB, the maturation of their sensory responses has only been studied recently. By

exposing adult mouse to seven different monomolecular odors, Livneh et al. recorded

the developing functional responses of PGs from 2 to 8-9 wpi (Livneh et al., 2014). They

observed that the number of odors that a newborn PGs responded to was maximal at

4 wpi and later receded to match the adult population.

To test whether these changes could be explained by morphological maturation, they

quantified their dendritic length and found no correlation between sensory sensitivity

and morphological features. However, when quantifying the activity of neighboring
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glomeruli by performing intrinsic signal imaging (measurement of activity-correlated

changes in oxygen saturation) they observed that 4 wpi neurons were, on average,

correlated with more glomerular activity “hot-spots” than 8-9 wpi and adult neurons.

These results suggest that the detected increased sensory sensitivity might arise from a

transient pattern of synaptic connectivity. Interestingly, sensory enrichment during

the period of high responsiveness critically modified the sensory selectivity of 8-9

wpi neurons in comparison with their counterparts from naive mice. These results

demonstrate that adult-born neurons can become functionally distinct from their

resident counterparts if exposed to new odors during a developmental critical period

lasting from 2-5 wpi.

To conclude, these results suggest that neuronal fate is not predetermined but can

be strongly modified by modulation of sensory inputs during limited periods of their

development. Such plasticity probably provides flexibility to the OB, enabling to adapt

to sensory changes in the environment by generating cells that are specifically tuned

towards new sensory cues.

1.2.3 Development of visual system microcircuits

Processing in cortical areas operates in a cooperative circuit manner where the activity

of individual neurons is less relevant. Indeed, it is population activity that matters

to select appropriate interpretations from cortical inputs (Douglas and Martin, 2004).

For example, control of the eyes (Lee et al., 1988) and arm position (Georgopoulos

et al., 1986) are predicted with higher accuracy when studying neural populations than

single neurons.

In the vertebrate brain, sensory processing occurs in microcircuits in which synaptic

connectivity is highly structured (Song et al., 2005). In some species, including

primates and carnivores, cortical neurons with similar response properties and shared

connectivity are grouped together into radial columns, forming organized maps of

stimulus features. In rodents, cortical neurons with different orientation preferences are

inter-mingled in a "salt-and-pepper" fashion (Ohki et al., 2005). Nevertheless, rodents

exhibit fine-scale specificity in the organization of synaptic connections (Yoshimura and

Callaway, 2005; Yoshimura et al., 2005) and preferential connectivity among neurons

with similar orientation tuning (Bock et al., 2011; Ko et al., 2011).

Until recently the developmental mechanisms of such microcircuits have remained

elusive due to the lack of tools to study neuronal sensory responses and interrogate

their synaptic connectivity. Several outstanding studies have started to answer these

question in the mammalian visual cortex that is both amenable to functional two-
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photon imaging and electrophysiological recordings. Two-photon imaging typically

enables to probe neuronal sensory response in vivo while multi-units electrophysiology

enables assessing of direct synaptic connectivity. Here, I will summarize studies that

have addressed the question of local circuits formation.

Ontogenetic columns are functional columns.

The radial-unit hypothesis was first proposed by Rakic (Rakic, 1988) who suggested

that “ontogenetic columns” formed by clonally related neurons migrating along a unique

radial-glia fiber provided the basis of canonical circuits and general brain architecture.

Viral labeling of radial glia progeny firmly proved this hypothesis (Noctor et al., 2001)

and opened the way to the interrogation of functional similarity within ontogenetic

columns. Recently, three studies have provided insights on how sister cells arising from

identical radial glia progenitors develop preferential connectivity and share similar

functions.

i. Preferential connectivity among sister cells. Clonally related excitatory

neurons (“sister cells”) belonging to ontogenetic radial columns can be labeled by

in-utero intraventricular injection of enhanced green fluorescent protein (EGFP) ex-

pressing retrovirus, around the onset of neurogenesis. By performing multiple-electrode

whole-cell recordings (Yu et al., 2012) showed that labeled cells preferentially acquire

electrical coupling through gap junctions with each other rather than with adjacent

non-sister excitatory neurons during early postnatal stages. This preferential coupling

allowed selective electrical communication between clonally related excitatory neurons,

promoting the generation of action potentials and synchronous firing.

Interestingly, electrical synapses formed by gap junctions provide the first form

of communication between yet to be synaptically connected newborn neurons. In

mammals, gap junctions coupling declines from P1–P2 and is nearly absent by P6 (Yu

et al., 2012), with preferential chemical synaptic connectivity emerging at P10–P17.

Surprisingly, blocking electrical communication impairs the subsequent formation of

specific chemical synapses between sister excitatory cells in ontogenetic columns (Yu

et al., 2012). These results suggest a strong link between lineage-dependent transient

electrical coupling and the assembly of precise excitatory neuronal microcircuits in the

neocortex.

ii. Functional similarity and divergence of sister cells. To ask whether such

preferential connectivity was correlated with similar function. Li et al. used the same



30 Introduction

retrovirus based technique combined with two-photon imaging to probe the orientation

preference of clonally related neurons. They demonstrated that sister cell pairs are

more likely to have similar orientation preferences than non-sister ones, and that this

similarity depends on the presence of functional gap-junction communication during

the first postnatal week (Li et al., 2012b).

In this study the authors focused on cells separated by ∼120 µm shortly after eye

opening (P12-P17). However later on, radial glia progeny eventually dwell over larger

cortical volumes (tangential diameter 300–500 µm) spanning to layers 2–6 in older

animals (P49-P62) (Ohtsuki et al., 2012). Using a transgenic mouse expressing Cre

in a low number of progenitor cells Ohtsuki et al., labeled the entire clonal unit of

neocortical progenitors and recorded their functional properties in layers 2-4. Although

they reproduced the results of Li et al., they observed diversity within the clonally

related population of neurons, with nearly half of all neuron pairs showing differences

in orientation preference greater than 30° and a quarter exhibiting differences greater

than 60°.

The authors suggest that clonal identity cannot be the only factor determining

the response selectivity of neurons, and other mechanisms, such as activity-dependent

processes may influence this original scaffold and determine the final selectivity of

cortical neurons in adult animals. Taken together, these results provide compelling

support for cell lineage as a significant factor in determining the priming of connection

specificity that underlies functionally defined cortical circuits in rodents.

Interestingly, functional similarity of clonally related neurons was also observed

in the tadpole OT (Muldal et al., 2014). In this study, the authors performed dye

electroporation to label individual tectal progenitors in the proliferative zone. Labeling

was only transmitted to daughter cells enabling to record their RF and compare it to

non clonally related neurons. Clonally related neurons had significantly more similar

Rf centers than non-clonally related neurons indicating that neuronal lineage influences

the topography of the retinotectal map. Taken together, the results suggest that

ontological mechanisms that shape neuronal microcircuits are evolutionary conserved

in vertebrates.

Features selectivity and recurrent connectivity

Although the previous results highlight the role of electrical synapses as scaffold for

the proper establishment of neuronal connectivity, they did not shed light on how their

functional properties develop together with an appropriate set of synaptic connections.

Here I describe one outstanding study that has provided great insight into the emergence
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of functional microcircuits in the visual cortex (Ko et al., 2013). To probe neuronal

functional properties together with their synaptic connectivity the authors performed

in-vivo two-photon calcium imaging followed by in-vitro multi unit recordings of the

same neurons.

Surprisingly, L2/3 pyramidal cells in the mouse visual cortex were already highly

feature selective at eye opening. However, neurons with similar responses (high

signal correlations) were not yet preferentially connected. Later, local connectivity

reorganized extensively: more connections formed selectively between neurons with

similar visual features and eliminated between visually unresponsive neurons while the

overall connectivity did not change. Interestingly, these results suggest that neurons

rely on their functional similarity to form preferential connections providing the basis

for microcircuits assembly.

The same group further asked whether visual experience was required to shape these

microcircuits. They showed that dark rearing was not required for the preferential cou-

pling of similarly tuned neurons. However, it prevented the elimination of connections

between neurons that did not respond to visual stimuli, after eye opening. Overall,

these results suggest that wiring of similarly tuned neurons relies on spontaneous

activity, but elimination of excessive connections requires visual experience (Ko et al.,

2014).

Noise correlation and sensory discrimination

Noise correlation has traditionally been attributed to common inputs or direct con-

nectivity between pairs of neurons (Moore et al., 1970; Shadlen and Newsome, 1998).

Indeed, a recent study has found significant correlations between the NC of pairs of

neurons and the probability of synaptic connectivity between them (Ko et al., 2011) .

In numerous mammals, spontaneous cortical waves are observed in the retina and

propagate to the superior colliculus and cortex (Ackman et al., 2012; Wong, 1999).

Using two-photon calcium imaging of the ferret’s visual cortex at eye opening, Gordon

et al, noticed that induced activity could also trigger wave-like responses. During such

events, neuronal responses displayed strong pair-wise noise correlation, large variability

and poor OS. Interestingly, they observed that wave-like responses were only transient

disappearing at ∼2 weeks and then replaced by sparse responses Smith et al. (2015).

Simultaneously, OS increased and noise correlation and variability decreased.

By deriving a discriminability index of motion direction they observed that variance

and noise correlation had a strong effect in population coding performance of neural

ensembles. Indeed, reduction of variance and noise correlation dramatically increased
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discriminability in developing neurons and during training with moving gratings. These

results indicate that changes in response variance and noise correlations reflect cortical

maturation in ferrets. The authors suggest that this might occur together with an

increase of preferential connectivity among neurons responding to similar stimuli (Ko

et al., 2013) and the development of cortical inhibition (Le Magueresse and Monyer,

2013).

Since wave-like activity in the immature cortex has also been observed in various

mammals, including monkey and ferret (Wong, 1999), independent of their cortical

functional organization (columnar or salt and pepper) this work probably emphasizes

an evolutionarily conserved mechanism that serves the refinement of neuronal networks

to promote better sensory direction discrimination.

Development of neuronal functional properties: Key questions and techni-

cal challenges

A fundamental topic in neuroscience is to understand how neurons acquire their

functional properties. In particular how intrinsic or extrinsic processes regulate such

development during embryogenesis and adulthood, remains unclear. Indeed, does

receptive fields or DS are acquired mainly through genetic programs during development

or can neuronal functional properties be modulated by already matured neurons through

a functional “dialogue” between them?

To answer these question it is necessary to monitor the properties of newborn neurons

along development while presenting sensory stimuli. However, studying the developing

brain in an intact behaving animal (vertebrate, or invertebrate) represents an important

technological challenge (Albright et al., 2000). In mammals, where a significant part

of the development occurs in utero, having access to the full developmental sequence

of neurons without perturbing the physiology, is not yet feasible. Current in in vivo

studies, require surgery and extensive use of paralyzers and anesthetics (Livneh et al.,

2014), therefore most of the studies use brain slices preparation where it is impossible

to perform sensory stimulations (Carleton et al., 2003; Ge et al., 2006; Song et al.,

2012). Also such studies overlook whole-circuit effects and putative fate selection based

on already functional neurons (to avoid redundancy for example).

Newly developed tools such as long-term cranial windows might enable to bridge

that gap in juvenile animals (Holtmaat et al., 2009). However, implementing these

tools in developing mammals still seems impossible due to cranial growth and extensive

cerebral morphogenesis. Therefore the essential principles that guide the functional

maturation and circuit assembly during vertebrate neurogenesis either embryonic or in
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the adult, remain largely unknown. Interestingly, the embryonic brain of anamniotes

and in particular zebrafish is highly amenable to both circuit and single-cell studies

using genetically encoded optical indicators (GECI) of neuronal activity and single-cell

labeling (Ben Fredj et al., 2010; Romano et al., 2015). Moreover, these recordings

can be performed without the use of paralyzers or anesthetics just by embedding the

animal in a drop of agarose. Due to a continuous growth of the brain during the fish’s

lifespan (Kaslin et al., 2008; Recher et al., 2013) it is possible to study mature circuits

and newborn neurons development in parallel. Therefore, I believe that the zebrafish

offers unique properties to study neuronal circuit’s assembly.

1.3 The zebrafish model

1.3.1 Zebrafish as a vertebrate model for systems neurosciences

The zebrafish (Danio rerio) is a small gregarious teleost fish originating from eastern

Asia (Figure 1.12A-C). It belongs to the Cyprinidae family: stomachless fish with

toothless jaws. Adults grow up to ∼4 cm and become sexually mature at ∼3 months.

They are commonly found in shoals of a dozen of individuals and are omnivorous.

They thrive in various environments: shallow waters with low current but also rice

fields, streams or ponds. They are found in remote and pristine waters but also in

contact with men in canals or rice paddies (Figure 1.12D-F). They consume plankton,

insects, small crustaceans but also algae, plant material and assorted detritus. They

are exposed to a large array of predators: birds such as kingfishers or herons, insects

(dragonfly larvae) and many species of fish, at different stages of their development

(Figure 1.12G-O). Interestingly, most of the behavioral repertoire of zebrafish has

been observed in laboratory conditions and field observations are anecdotal (Parichy,

2015).

Zebrafish was first selected as a genetic model ∼35 years ago by George Streisinger

and colleagues (Streisinger et al., 1981). It’s genome has been completely sequenced

and comparison with the human genome has revealed that 70% of human genes have

at least one obvious zebrafish ortholog (Howe et al., 2013) . Numerous models for

human diseases have been generated over the past years including melanoma (White

et al., 2011), Alzheimer’s disease (Paquet et al., 2009) and Rett syndrome (Pietri et al.,

2013).

In recent years, the zebrafish larva has become an appealing vertebrate model for

neuroscience research. Indeed, zebrafish are easy to breed and transparent at embryonic
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four types of cone cells, including an ultraviolet-sensitive cone type. The wavelength

response of the cone photoreceptors ranges from ∼350 to ∼580 nm (Endeman et al.,

2013) although tectal responses to UV illumination are completely absent (Fosque

et al., 2015).

The inner retina comprises cell bodies of bipolar, horizontal, and amacrine interneu-

rons, and Müller glia-cell somata. Synaptic contacts between photoreceptors and the

inner retina are formed in the outer plexiform layer. Closest to the lens is the ganglion

cell layer, containing displaced amacrine cells and RGCs (Figure 1.5). The axons

of the RGCs form the optic nerve and project to 10 different arborization fields (AF)

within the larva’s brain (Nevin et al., 2010).

Retino-recipient areas: arborization fields

RGCs project to at least ten AF (see Figure 1.14) but ∼95% project to the OT

(AF-10). RGCs project to at least one AF (Semmelhack et al., 2014) and Baier H.,

unpublished results, and all ten AFs are contralateral. AF-1 also receives ipsilateral

innervation throughout the hypothalamus (Burrill and Easter, 1994).

Several lines of evidence indicate that AFs are probably specialized in detecting

relevant features of the external world and generating appropriate behaviors. For

example Semmelhack and colleagues demonstrated that AF-7 is activated specifically

by the optimal prey stimulus (3 angular degrees, noted 3°) and that ablation of this

areas markedly reduced prey-capture behavior (Semmelhack et al., 2014). Similarly,

two retino-recipient brain areas, AF-6 and AF-8, were shown to respond robustly,

although not exclusively, to looming stimuli (two-dimensional representation of an

object approaching on a collision course, which may represent a predator or an obstacle)

(Temizer et al., 2015).

RGCs projections are organized in a retinotopic manner in AF10: neighboring

RGCs terminate at neighboring positions in the OT. Nasal RGCs axons terminate in

posterior regions and dorsal RGCs axons terminate on the ventral regions (Figure

1.15).

The optic tectum, AF10

Apart from direct (AF10) retinal efferents, the OT receives direct and indirect inputs

from all sensory organs and other brain regions. It is mainly composed of GABAergic

and glutamatergic neurons although few cholinergic neurons have been observed (Nevin

et al., 2010). The majority, ∼95% of them are periventricular (PV) while the rest are

found in the neuropil. The OT neurons can be categorized into five periventricular
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ronal assemblies. Strikingly, after characterizing the tuning curves of tectal neurons

the authors showed that spontaneously active groups mimic activity patterns induced

by visual stimulation. These spontaneously active assemblies comprised ∼80% of

the significant neuronal pair-wise correlations observed in the tectal population and

therefore account for a large fraction of the correlation structure of the OT population.

Also, after removal of retinal inputs, they observed that the frequency and topological

structure of spontaneous events remained unchanged. This suggests that OT spon-

taneous events do not reflect correlated feed-forward inputs from the retina, but it

rather represents the local computations performed by the OT recurrent circuitry.

Assemblies represented all-or-nothing "preferred" network states shaped by competitive

dynamics, features reminiscent of attractor-like circuits. Furthermore, some of the

functional neuronal assemblies features match those observed during prey-capture

behaviors, and some of the assemblies were predictive of directional self-generated

tail movements. These results suggest a behavioral correlate of spontaneous activity

patterns and highlight their biological relevance. Indeed, they could be necessary

to reduce the high dimensionality of the external world and extract relevant visual

information of the visual scene in low-contrast cluttered environments.

Interestingly, these spontaneous neuronal assemblies might not underly direct

neuronal connectivity but rather functional processing modules (Harris, 2005). However,

no information exists on the neuronal subtypes (morphology, neurotransmitter types)

forming these spontaneously active ensembles as well as the mechanisms underlying

their formation.

OT computation of motion direction and orientation

Several groups have studied how extraction of the direction of motion is performed

by the OT. The pioneering work of Niell and Smith showed that tectal cells are DS,

a property that emerges 12 hours after the onset of the visually evoked responses

(78 hours post fertilization) (Niell and Smith, 2005). These findings were confirmed

by Ramdya and Engert by surgically removing a single tectal lobe, they forced the

RGCs’ axons to project and enervate the ipsilateral remaining tectum. In this single

remaining tectum, they found neurons responding to apparent visual moving stimuli

(two dots appearing at nearby locations with a given delay are perceived as a moving

dot), where each dot was presented at a different eye. Several neurons responded to

this apparent motion stimulus in a DS manner, responding equally well to moving

stimuli presented to one or both eyes. Thus, they suggested that DS is an emergent

property of the recurrent tectal circuitry (Ramdya and Engert, 2008). This mechanism
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was later confirmed by Grama and Engert. The authors performed electrophysiological

recordings of DS tectal neurons and found that their inhibitory inputs were strongly

biased toward the null direction of motion, whereas the excitatory inputs showed little

selectivity (Grama and Engert, 2012).

Opposite results were obtained by Gabriel et al. who found that DS in the OT

neurons emerges from the combination of DS excitatory inputs and inhibitory inputs,

selective to the null directions. It is possible that this ambiguity arises from recordings

of different neuronal subpopulations (Gabriel et al., 2012). In this line, Hunter and

Lowe et al. concluded that both studies are correct and the apparent disparity between

the two reflects the full repertoire of DS processing in the retino-tectal system (Hunter

et al., 2013).

Classification of visual stimuli by size

In the late 50’s, neuroscience pioneer Jerome Lettvin was struck by the counterintuitive

observation that immobile prey did not drive any capture behavior in frogs (Lettvin

and Maturana, 1959). Later, when recording from RGCs he could detect so-called

“bug-detectors”, cells that where strongly activated by small dark spots moving within

the field of view. He therefore concluded that prey detection is only determined by

size and motion. From these influential experiments emerged the concept of “feature-

detectors”: neurons or circuits that extract behaviorally relevant signals out of sensory

noise.

Using the zebrafish retino-tectal system, the neuronal substrate of such filtering

has been partially resolved. In a recent work, Del Bene et al. presented small moving

bars to immobilized larva and recorded the calcium fluctuations in the tectal neuropil

using GCaMP1.6. Because the fluorescence rise was indistinguishable for different

stimulus sizes they concluded that retinal input does not carry information about the

size of the presented stimuli (Del Bene et al., 2010). However, when recording the

fluorescence rise in PV neurons projections they observed that large stimuli were less

efficient at exciting deep tectal projections suggesting that size filtering is an emergent

property of the OT. The authors later identified GABAergic SINs located in the SO as

spatial frequency filters. First, they showed that they preferably responded to large

stimuli and second, that their selective ablation equalized responses to large stimuli

in all tectal layers. Therefore, they concluded that the SINs participate in filtering of

large stimuli to allow the tectum to respond to small size objects such as prey to drive

feeding behavior.
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A recent study has nevertheless challenged the idea that the tectum is the sole

contributor to spacial filtering. By studying in details the RGCs projecting to the

OT Preuss et al. remarked that the OT receives size tuned inputs. Conspicuously,

superficial SFGS inputs were already tuned to small stimuli while deep inputs were

tuned to large stimuli. Because GABAergic SINs had already been suggested to act as

spatial frequency filters (Del Bene et al., 2010) the authors investigated whether their

position within the SFGS could predict their functional inputs. Strikingly, the authors

demonstrated that two SINs populations co-exist: SFGS projecting SINs responding

phasically to large stimuli and SO projecting SINs responding phasically to small

stimuli. Thus, superficial interneurons process small and large-size-selective signals

depending on their dendritic target layer, consistent with the functional organization of

retinal ganglion cell inputs (Figure 1.17A-B). The authors speculate that inhibitory

SINs provide lateral inhibition to tectal sub-networks, participating in fine tuning of

the spatial localization about small objects. Additionally, they could be instrumental

in balancing downstream networks between two states: one that drives avoidance and

the other that drives approach by selective inhibition (Figure17C).

However, SINs are not purely GABAergic (Boulanger-Weill et al., unpublished

results) which might hamper the comprehension of their functional role. Further work

is required to understand how size selective SINs process information and serve as

relays to downstream tectal circuits and in what extent the OT participates in the

fine-tuning of these inputs.

To conclude, classification according to the size of stimulus is not an emergent

property of the OT since it is already present in RGCs. Overall, these results show

that the OT relies on already tuned RGCs inputs to further refine sensory responses

and perform behaviorally relevant classification to generate adequate directional motor

behaviors.

1.3.4 The optic tectum as an ideal model to study circuit

functional assembly

As illustrated before, the OT possess many technical advantages that helped improved

our understanding of sensory processing in the visual system. Here I propose to use the

zebrafish OT as a model to study the physiological development of newborn neurons

and their integration into a functional visual circuit.
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Fig. 1.17 (Previous page.) (A) RGCs tuned for small sized objects project to superficial
layers of the tectal neuropil (mainly in the stratum opticum, SO). A population of
superficial interneurons (SINs) inputs receive these inputs and synapse with sized
tuned periventricular neurons (PVNs). Their size tuning could result from specific
connections in superficial or deeper retinorecipient layers. The proportion of inputs
tuned for prey sized objects decreases as deeper layers of the neuropil are reached. (B)
RGCs tuned for large sized objects project to deeper layers of tectal neuropil: mainly
the stratum fibrosum et griseum superficiale (SFGS). A population of SINs receive
these inputs and synapse with size tuned periventricular neurons (PVNs). Conversely,
the proportion of inputs tuned for large “predator like” objects increases as deeper
layers of the neuropil are reached. Note that the position of the SINs dendrites but not
their soma, correlates with their size tuning. (C) Proposed tectal circuit for object
classification and size-selective response selection. Size tuned RGCs project to two
loosely defined different layers of the tectal neuropil (SO ans SFGS) and contact PVNs.
These parallel inputs might form sub-networks that inhibit each-other (dashed lines).
RGCs tuning curves are indicated in the insets in activity (A) versus size (S) plots.
Reproduced from (Preuss et al., 2014).

The OT development is suitable for functional studies

Due to the larva’s transparency, the entire brain activity can be recorded using two-

photon microscopy or SPIM imaging without the need for surgery. This non-invasive

preparation enables monitoring neuronal dynamics for up to ∼6 hours with SPIM,

(Jouary et al., unpublished results) or chronic recordings of the same neurons (up

to 4 days in a row with two-photon imaging, Boulanger-Weill et al., unpublished

results). Due to the larva’s small size, and the dense periventricular layer of the OT,

a large number of neurons can be simultaneously recorded (up to ∼1000 neurons

simultaneously, ie. ∼15% of the OT), which provides an unprecedented sampling of

the vertebrate visual system.

Genetic tools can be used to sparsely label neurons: electroporation (Tawk et al.,

2009) or Cre/lox conditional labeling (Sato et al., 2007a) and perturb their function

(Hua et al., 2005). Optogentic tools can also be used to map connectivity (Kubo

et al., 2014), or suppress neuronal activity (Arrenberg et al., 2010). Moreover, recently

developed trans-synaptic viral tracing techniques (Mundell et al., 2015) will enable

mapping connectivity of nascent or mature circuits.

Neuroepithelial neurogenesis in the OT

Neurogenesis in the OT occurs in two phases: primary neurogenesis that forms a

neuronal scaffold up to 2 dpf and secondary neurogenesis that adds up neurons upon the
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scaffold (Chapouton and Bally-Cuif, 2004; Recher et al., 2013). Secondary neurogenesis

in the OT has been compared to a conveyor belt because of the spatiotemporal

correlation between the maturation state of a cell and its position (Recher et al., 2013)

(Figure 1.18). Indeed, migration doesn’t seem to be a prominent feature of the OT

neurogenesis (in adults: Zupanc et al. (2005), in larvae: Recher et al. (2013) and

Boulanger-Weill J, personal observations) except for neuropil neurons (such as SINs)

that must displace in the neuropil to reach their final positions.

OT neural progenitors form a monolayer, referred as the ’posterior midbrain layer’

(PML) (Figure 1.18). The PML wraps the embryonic OT posteriorly and laterally

and is composed of slow amplifying progenitors (SAPs) expressing neuroepithelial

markers such as atypical protein kinase C and Zona occludens protein 1. SAPs then

give rise to tectal fast amplifying progenitors (FAP) that differentiate into neurons.

Interestingly, a different neurogenic system is present in the telencephalon where radial

glia serves as NSCs (Rothenaigner et al., 2011). However, Ito et al., have observed that

a few non-dividing adult tectal radial glia express the proliferating cell nuclear antigen

(PCNA) and might serve as long-lasting progenitors Ito et al. (2010).

The molecular properties of the OT neural progenitors are still unclear but Recher

et al., have suggested that Her5+ stem cells at the junction between the mid and the

hindbrain (MHB) might contribute to neurogenesis in the OT (Recher et al., 2013).

To conclude, in the OT slow dividing neuroepithelial progenitors give rise to FAP

located in the tectum. The cells exit the cell cycle and differentiate into neurons. They

are constantly pushed anteriorly by the division of NP located more caudally (Figure

1.18). This continuous growth matches the growth of the retina and probably improves

vision spatial resolution. Interestingly, the process that ensures the formation of such

retinotopic circuits, while maintaining the functional structure of already matured

networks, remains unknown. Studying this process is simpler in anamniotes because

neurons are progressively added to already functional circuits while during mammalian

development, massive waves of post-mitotic neurons maturate simultaneously while

sensory transduction is still absent.

Using, the zebrafish OT, I addressed two open questions that are relevant to

the assembly of sensory circuits: 1) What are the functional steps that undergoes a

developing newborn neuron before and during the integration into mature sub-circuits?

2) To what extent developing cells change their fate when they integrate into mature

sub-circuits, and how do these mature circuits influence the functional properties (RFs

and DS) of the developing newborn neuron?





Chapter 2

Material and methods

2.1 Zebrafish larva

2.1.1 Zebrafish husbandry

Embryos were collected and raised at 28.5 °C in 0.5x E3 embryo medium (E3 in mM:

5 NaCl, 0.17 KCl, 0.33 CaCl2, 0.33 MgCl2 pH 7.2 (Westerfield, 2000). Larvae were

kept under 14/10 hours light/dark cycles and fed after 6 dpf. All experiments were

approved by the Comité d’Éthique pour l’Expérimentation Animale Charles Darwin

(Ce5/2009/027).

2.1.2 Transgenic and mutant zebrafish lines

For imaging experiments I used nacre (mitfa−/−) background zebrafish between 5 and

8 dpf. The nacre fish strain lacks melanophores (black pigmentation) but have a normal

retinal pigment epithelium (Lister et al., 1999). Nacre larvae have a transparent skin

enabling the monitoring of brain activity in an intact organism without the need for

surgery or the use 1-phenyl 2-thiourea (PTU) to reduce pigmentation (PTU has been

described to block pigmentation, but also decrease eye size and affect behavior).

For pulse-chase experiments I used wild-type zebrafish. For whole mount immuno-

chemistry I used casper larvae (White et al., 2008). Casper line consists of a double

mutation: nacre (mitfa−/−) crossed with roy orbison (roy−/−) mutants. Roy orbi-

son (roy) zebrafish is a spontaneous mutant, and has a complete lack of iridophores,

uniformly pigmented eyes, sparse melanocytes, and translucent skin.

To localize the neurogenesis sites in the OT, I used Tg(EF1:mAG-zGem(1/100))

(Sugiyama et al., 2009). This line expresses a chimeric protein composed of mAG
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(monomeric Azami Green fluorescent protein) and the N-terminal 100aa of zebrafish

geminin. Geminin expression rises during the S phase and decreases during the G1

phase of the cell cycle. The amount of protein is controlled by an ubiquitination domain

(1-100aa) throughout the cell cycle. Thus, the chimeric mAG-zGem(1-100aa) denoted

mAG-zGem labels cells in S/G2/M phase.

To identify the neurotransmitter types of neurons I used Tg(vglut2a:loxP-DsRed-

loxP-GFP) (Miyasaka et al., 2009) which labels glutamatergic excitatory neurons.

vglut2a is a zebrafish orthologue of the mammalian gene encoding the vesicular gluta-

mate transporter Vglut2a (Smear et al., 2007). Inhibitory GABAergic neurons were

labeled in Tg(gad1b:GFP) (Satou et al., 2013). These lines were generated using the

BAC (bacterial artificial chromosome) homologous recombination technique with either

the I-Sce I-mediated method (Kimura et al., 2006) or the Tol2-mediated method (Suster

et al., 2009). The two previously described transgenic lines were provided by Shin-Ichi

Higashijima (Okazaki Institute for Integrative Bioscience, Japan).

2.1.3 Generation of transgenic lines

We performed recordings of brain activity by using calcium imaging as a proxy. This

was achieved using two-photon excitation of the genetically encoded calcium indicator

GCaMP5G (Akerboom et al., 2012) under the control of the pan-neuronal HuC

promoter. A tol2 HuC:GCaMP5G vector was built by insertion of a 3.2kb fragment

of the zebrafish HuC (elav3 ) promoter (gift from HC. Park, Kyungpook National

University, Korea) (Park et al., 2000), then the GCaMP5G calcium probe (gift from

L. Looger, Howard Hughes Medical Institute, Ashburn, Virginia, USA (Akerboom

et al., 2012) was inserted into pT2KXIG in (from K. Kawakami, National Institute of

Genetics, Shizuoka, Japan). HuC is a pan-neuronal promoter driving the expression

of a RNA-binding protein, and involved in neuronal differentiation. In zebrafish, the

3.2kb proximal region encompassing 2771 base pairs of the 5’-upstream sequence up to

the translation start site in +383/+385, has been shown to be sufficient to target all

differentiated neurons (Park et al., 2000).

One-cell-stage nacre zebrafish embryos were injected with ∼20 ng of the plasmid

DNA and ∼25 ng of transposase RNA (generated from pCS-TP plasmid, K. Kawakami).

Injected embryos were raised to adulthood and crossed individually with nacre fish to

obtain F1 embryos. These embryos were then screened and selected according to their

level of transgene expression. The embryos with the highest expression were raised to

adulthood and incrossed to obtain the homozygous Tg(HuC:GCaMP5GGS16) line.
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2.2 Labeling of newborn neurons

2.2.1 Plasmids for electroporation

In vivo electroporation is a method for delivery of DNA, RNA or organic dyes in

various tissue that offers precise temporal control. The following protocol was adapted

from (Hoegler and Horne, 2010; Tawk et al., 2009) to label sparse tectal cells.

Three vectors were co-electroporated to perform long lasting labeling, yet without

toxicity, of tectal neurons.The injected plasmids were based on the yeast Gal4/UAS

(upstream activating sequence) system. Gal4 is a DNA binding protein which binds to

the UAS sequence: CGG-N11-CCG, where N can be any base and drives transcription

of downstream coding sequences. Adapting the number of UAS repeats can be used to

directly control the levels of transgene expression.

The first plasmid consisted of a tol2 HuC:Gal4 vector (obtained from Suresh

Jesuthasan, Temasek Life Sciences Laboratory, Singapore, D’Souza et al. (2005)). The

second plasmid was a 2XUAS:tdTomatoCAAX vector by successive ligations. The two

UAS repeats upstream of the tdTomato fluorescent reporter sequence fused to the RAS

derived CAAX sequence for membrane targeting, were chemically synthesized (Eurofins

Genomics, Germany) and ligated into a Tol2 GFP destination vector designed using

the Tol2Kit (Kwan et al., 2007). After trying several red fluorescent proteins (mCherry,

mKate2, TagRFP-T, DSRed, mRFP and FusionRed), tdTomato was selected for it’s

low toxicity and good spectral separation using two-photon microscopy. Two UAS

repeats were chosen to obtain low tdTomato expression. The latter was important for

optimal spectral separation when imaging with a two-photon system (see following

section). To further enhance spectral separation I added a Ras CAAX peptide to

the 3’ end of tdTomato coding sequence to target the protein to the membrane

leading to spatial separation from GCaMP5G (GCaMPs are typically expressed in

the cytoplasm minimally penetrating the nucleus). The third plasmid consisted of a

2XUAS:transposase vector generated by successive ligations. The co-electroporation of

a transposase has been shown the enhance the stable genomic integration of transgenes

and enables long lasting transgene expression in chicken embryos (Sato et al., 2007b).

A pT3TTS-Tol2 (Balciunas et al., 2006) construct expressing the medaka transposase

was used as a destination vector. The 2XUAS sequence was PCR amplified from

the previously described 2XUAS:tdTomatoCAAX vector and ligated upstream of the

transposase open reading frame. Co-electroporating vectors flanked by Tol2 sequences

(Figure 2.1A) has been shown to drive stable transgene integration and long-term

expression (Sato et al., 2007b).
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To determine the neurotransmitter types of immature neurons I generated a

10XUAS:EGFP vector. Vectors containing a 10XUAS and EGFP sequences were

obtained from the CB. Chien lab (The University of Utah, Salt Lake City, USA). The

EGFP coding sequence was inserted into the 10XUAS vector by classical cloning meth-

ods (Figure 2.1B). This vector was co-electroporated with the previously described

HuC:Gal4 and 2XUAS:transposase constructs in Tg(vglut2a:loxP-DsRed-loxP-GFP) to

determine if neurons labeled by electroporation were glutamatergic. To test whether

the neurons were GABAergic, I electroporated the constructs depicted in Figure1A

in Tg(gad1b:GFP) (Satou et al., 2013).

To test in what extent the observed labeling was promoter dependent, I cloned

∼3,0kb fragments of the 5’-flanking sequences of the musashi1 (msi1 ) and cyclinb2

(ccnb2 ) genes as controls. msi1 has been used as a marker for pluripotency in the

medaka OT (Alunni et al., 2010) and ccnb2 is a key cell-cycle regulator involved in

S to M phase transition (Duffy et al., 2005). I expected that these promoters would

drive transgene expression in neuronal progenitors. Sequences upstream of the human

homologs of msi1 and ccnb2 coding sequences were PCR amplified from genomic DNA

of 5-week-old wild-type zebrafish and inserted into a PCRII vector using TOPO cloning

(Life Technologies, USA). The isolated promoters were sequenced and then cloned

up stream of the EGFP and tdTomatoCAAX coding sequences, respectively (Figure

2.1C).

2.2.2 Electroporation setup

Before electroporation, larvae were embedded in a drop of 1.8% low-melting agarose

(Invitrogen, USA) in Evans solution (134 mM NaCl, 2.9 mM KCl, 2.1 mM CaCl2,

1.2 mM MgCl2, 10 mM glucose and 10 mM Hepes at 290 mOsm and pH 7.8) and

covered with E3 medium. The electroporation device consisted of two 125 µm platinum-

iridium (90/10%) 120 µm wires (GoodFellow, UK) spaced by ∼1mm mounted on a

micro-manipulator. Glass injection needles were pulled from capillaries (1.0 mm outer

diameter, 0.5 mm inner diameter, without filament, FHC, USA) on a Kopf 720 puller

(David Kopf Instruments, USA) and back loaded with DNA solution. The needle tip was

broken off with forceps. The injection solution consisted of 2XUAS:tdTomatoCAAX

vector diluted to a final concentration of 2 µg/µL with other vectors at 1 µg/µL

(Figure 2.1A). For better visualization of the injection, phenol red was added to

the solution in a final construction of 0,05%. The solution was injected by several

pressure pulses at 4 dpf (corresponding to 0 days post electroporation) until the tectal

ventricle was swollen with red solution (Figure 2.2) using a pneumatic picopump
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2.2.4 Displacement of newborn neurons in the optic tectum

Dividing cells incorporate the thymidine analogue BrdU (5-bromo-2’-deoxyuridine)

that can be labeled using immuno-chemistry. To monitor the displacement of tectal

newborn neurons, I performed a typical pulse-chase experiment: BrdU was diluted in

E3 at 10mM to label only a subset of dividing cells and dissolved in 15% DMSO to

ensure penetration through the skin. 4 dpf larvae were placed in the solution for 20

minutes at 4°C degrees. The solution was quickly removed and washed with E3 medium.

Fish were placed back in the incubator for 30 minutes and fixed at the following stages

: 0h, 24h, 48 and 72h in 4% PFA for 24h at 4°C. Larvae were then soaked in 15%

sucrose at 4°C overnight and embedded in gelatin containing 15% sucrose. The freezing

procedure was performed in the following way: gelatin/sucrose blocks were frozen for

30s in isopentane previously cold down with liquid nitrogen. Blocks where then kept

at -20°C for subsequent sectioning. 20 µm-thick sections were cut using a cryostat

(Cryocut1800; Leica) and stuck on Superfrost-plus glass slides.

For brain sections, each slide was washed several times in PBT and then blocked

in blocking buffer (PBT complemented with 10% goat serum and 0.5 Triton X-100)

for 1 h at room temperature before application of the primary antibody. For primary

antibodies, we used rat anti-BrdU (1:500; Abcam, UK), mouse anti-PCNA (1:1000;

Sigma, USA), chicken anti-GFP (1:100; Santa Cruz, USA). For secondary antibodies,

we used Alexa Fluor 488-, 546- and 647-conjugated subclass-specific antibodies (1:500;

Invitrogen, USA). Sections were embedded in fluorescence mounting medium (Dako,

USA). For immunodetection of BrdU, the samples were incubated in 2 M HCl for 30

min at 37°C before blocking. For nuclear staining, the samples were incubated in DAPI

(4’,6’-diamidino-2-phénylindole) (1:10000; Invitrogen, USA) for several minutes after

immunohistochemistry was performed. Immunostainings were imaged with a LSM700

confocal microscope (Carl Zeiss Microscopy, Germany) using a 20X oil-immersion

objective.

2.3 Two-photon calcium imaging

2.3.1 Experimental setup

Recording chamber

Larvae were embedded in 1.8% low-melting agarose (Invitrogen, USA) in E3 embryo

medium on an elevated stage within a custom-made cylindrical chamber filled with E3
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in two-photon excitation each of the photons carries out half of the energy necessary to

excite the fluorophore (double of the wavelength). Since at least two photons have to

hit the fluorophore within a very short time window (attoseconds) to send an electron

to a high-energy state, the probability of this process to occur is extremely low. To

increase this probability, a pulsed infrared laser is necessary to provide large photon

densities required to generate significant two-photon excitation. Since the photon

density necessary to induce two-photon excitation is only achieved at the focal plane,

confocality emerges directly from this non-linearity and also limits photo damage to

the plane being scanned. Finally, since excitation light is infrared it is invisible to the

zebrafish larva, avoiding the direct excitation of the retina by the excitation laser, an

important issue when studying the visual system (Ahrens and Engert, 2015; Niell and

Smith, 2005; Ramdya and Engert, 2008; Sumbre et al., 2008).

Tg(HuC:GCaMP5G) was used to study the neuronal network dynamics in the OT.

The OT region was imaged at a retinotopically organized plane at ∼60 µm below the

skin surface using the cerebellar commissure as anatomical and visual responses as a

functional references. Planes showing no retinotopicity were discarded. Due to the

Ca2+ affinity of GCaMP5G (∼460±11 nM) (Akerboom et al., 2012), significant calcium

transients (see 2.3.2, Inference of calcium events), most probably involved several

action potentials (Yaksi and Friedrich, 2006).

i. The two-photon scanning fluorescence microscope The imaging set-up was

based on a MOM system (Sutter, USA) with a 25x NA1.05 Olympus objective and a

Mai Tai DeepSee Ti:sapphire laser tuned at 920 nm. The output power at the focal

plane was less than 3 mW. The green GCaMP5G and the red dTomato emitted photons

were collected by the objective and deflected towards a photo-multiplier (PMT) via

a 670dcrx (Chroma, USA) dichroic (objective dichroic). Infra-red light was filtered

from the emission path by a FF01-680 short-path filter (IR Blocker, Semrock, USA).

The wavelength of the emitted fluorescence was separated into two channels (green

and red) by a FF01 520/70 band-pass filter (Semrock, USA). Band-pass filters FF01-

520/70 (green) and FF01-607/70 were placed before the PMTs (H1070, GaAsP from

Hamamatsu, Japan). The emission signal was pre-amplified with a SR-570 (Stanford

Research Systems, USA) and acquired using ScanImage (Pologruto et al., 2003) at 3.91

Hz, with 256 x 256 pixels resolution (see Figure 2.7 for a schematic of the optical

excitation and emission paths).
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ii. Spectral separation Although simultaneous two-photon imaging of fluorophores

pairs has already been performed at a single wavelength Kawano et al. (2008); Ohtsuki

et al. (2012), recording calcium activity together with detailed neuronal morphology

with optimal spectral separation still constitutes a challenge. Indeed, to isolate

fluctuating calcium signals from stable morphological labeling, spectral contamination

has to be minimized. In our initial preparation, GCaMP5G fluorescence was largely

contaminated by tdTomato. Such observation can be explained by different phenomena:

either by large difference in fluorophores expression levels or by large difference in

two-photon brightness (TPB) σ2’, expressed in Goeppert-Mayer (GM) units (1GM =

10−50cm4s). TPA brightness σ′

2 = σ2φ where σ2 is the two-photon cross section or

two-photon absorption and φ is the fluorophore quantum yield.

σ2 characterizes the probability of the simultaneous absorption of two photons

whose energies add up to match the molecular transition energies and provides a direct

estimate of the detected fluorescence rate per molecule (Drobizhev et al., 2011; Mütze

et al., 2012). Upon 920 nm, two-photon excitation EGFP and tdTomato have TPBs of

∼27,5GM and ∼30,0GM respectively (Drobizhev et al., 2011). According to Akerboom

et al. (2012), φGCaMP 5G = 0, 96φEGF P (in Ca2+ saturating conditions) therefore the

difference in TPB cannot explain the spectral contamination of GCaMP5G fluorescence

by tdTomato.

Most probably, because red fluorescent proteins fluorophores and the calcium indica-

tor were expressed using different means: GCaMP5G by transgenesis and tdTomato by

electroporation, a large difference in green and red fluorescence (red>green) intensities

was observed. To overcome this issue tdTomato was greatly reduced by decreasing

promoter strength and by membrane addressing to ensure topological separation (see

2.2.1, Plasmids for electroporation).

To further optimize spectral separation of red photons I used 565dcxr or FF562-

Di03 dichroic mirrors (all from Semrock except 565dcxr from Chroma) to deflect

emitted red and green photons towards dedicated PMTs (Figure 2.7). A FF01-607/70

bandpass filter was placed upstream of the red PMT. Using such filters accurate

spectral separation was achieved (Figure 2.8 and Results) and was sufficient to

perform both calcium imaging together with detailed study of morphology of sparsely

labeled neurons.

iii. Online compensation for drifts in the Z axis Probably due to agarose

dilatation during the experiments, drifts in the Z plane are sometimes observed. To

compensate for the Z drifts, I used an algorithm which measures the cross correlation
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of the images acquired with the images of 3 other images acquired at 3 different focal

planes. Every 100 frames an average image was generated and and cross-correlated with

the 3 reference images acquired before the onset of the experiment (the recording plane

and 2 planes: 2,44 µm below and above the recording plane). If the correlation was

higher with the superior or inferior planes an automatic compensation was performed

in the opposite direction by displacing the objective by increments of 0,44 µm until

the correlation of the running average was maximum with the reference plane (the

algorithm was developed by Adrien Jouary, a PhD student in the lab).

iv. Reconstruction of neuronal morphology Neuronal morphology was recorded

with the same set-up use for two-photon calcium imaging using ScanImage (Pologruto

et al., 2003). Semi-automatic neuronal tracings were performed using Imaris after a

Matlab pre-processing step to remove the skin and facilitate the detection process. The

total dendritic volume was extracted with Imaris.

2.3.2 Pre-processing of the acquired images

Image registration

The calcium imaging experiments were saved as a series of 16 bits TIFF files. The

first step in the analysis of the calcium imaging data was to compensate for possible

drifts in the XY plane. For this purpose, we registered the images using the Image

J plugin Template Matching (Tseng et al., 2012) in combination with a custom-

made algorithm. Furthermore, in non-paralyzed agarose-restrained larvae, eyes or tail

movement commands can sometimes generate moving artifacts perturbing the analysis

of calcium transients. Movement artifacts were detected according to large deviations

in the cross-correlation between successive frames. All frames with large deviations

were then manually inspected and removed if necessary. Thanks to the low-melting

agarose elasticity, the imaged plane almost invariantly returned to its original position,

following a larva’s movement, permitting to discard only the frames showing movement

artifacts and keeping the rest. If this was not the case, the complete experiment was

discarded. Artifact episodes rarely exceeded 10 consecutive frames in length. We did

not include frames showing moving artifacts in the subsequent analysis.

Segmentation – neurons identification

Segmentation was achieved using a custom made Matlab program originally written by

Sebastian Romano and subsequently optimized by several members of the lab. Regions



2.3 Two-photon calcium imaging 63

of interest (ROIs) corresponding to each of the imaged neurons were semi-automatically

detected on a morphological basis by analysis of an averaged picture of the recorded

region.

We implemented a series of digital imaging processing techniques (Gonzalez et al.,

2004) in a custom-made program that produced putative ROIs layouts that were

afterwards manually curated. GCaMP5G is mainly localized in the cytosol with

minimal penetration to the cellular nuclei. The algorithm first identified neuronal

ROIs that corresponded to individual nuclei by local fluorescence intensity wells. In

order to flatten non-relevant intensity fluctuations in these minima, the eroded version

of the imaged region was morphologically reconstructed under the mask given by

same image. Local minima were detected by applying a user-defined threshold to

the extended-minima transform of the resulting image. Finally, to obtain the ROIs

perimeters we took advantage of the high density of the tectal stratum periventriculare

(SPV) neurons. We calculated the euclidean distance transform of the local-minima

image and we performed a watershed segmentation to obtain the boundaries between

neurons (Romano et al., 2015).

The obtained ROIs were manually inspected and corrected when needed. ROIs

typically included the neuronal nuclei and the thin cytosolic surrounding ring, conser-

vatively excluding the outermost cytosolic perimeter that could potentially be subject

of cross-neuron fluorescence contamination due to the high neuronal density (Figure

2.9). This procedure gave similar results to fully-manual ROI selection, accelerated

the process by ∼5-fold and minimized human subjectivity. Sparsely labeled tdTomato

expressing neurons were manually selected and their identity was saved for later analy-

ses. Finally, we computed the changes in calcium associated with the activity of each

neuron along time, by averaging the fluorescence of all pixels within the ROIs.

Inference of calcium events

Analyses described in the following section were performed using Matlab programs first

designed by Veronica Perez-Schuster and Sebastian Romano and further optimized for

the need of the project.

In order to infer the significance of the Ca2+-related fluorescence transients associ-

ated with neuronal activity, we used a method that infers the statistical significance of

single-neuron calcium dynamics in an adaptive and unsupervised manner. It considers

that any event in the fluorescence time series data belongs to either a neuronal activity

process, A, or to an underlying noisy baseline, B. In order to discriminate, with a

desired degree of confidence, between these two sources, a data-driven model of B
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was built, taking into account the biophysical constraints of the fluorescent calcium

indicator (GCaMP5G fluorescence decay time constant). Then a Bayesian odds ratio

estimation framework was applied. Non-significant portions of the ∆F/F traces were

then set equal to 0 in all subsequent analysis.

Raw fluorescence datasets consisted of the fluorescence time series of N neurons

sampled at T discrete time points (N x T matrices). In the present work N=∼500

and T=14000. A smooth estimate of the fluorescence baseline for each neuron, the

baseline bfast, was calculated by computing the 30s long running average of the 8 th

percentile of the raw data Dombeck et al. (2007). This estimate reflected fluctuations

unrelated to the fast calcium transients evoked by neuronal activity. A second baseline

bslow was calculated using 100s long running average to remove potential laser power

fluctuations. We then subtracted from the raw fluorescence data the sum of previously

b=bfast+bslow calculated baselines and the result was further divided by the raw

fluorescence in order to obtain a rectified estimate of the relative fluorescence change,

∆F/F.

To infer the noise magnitude of process B, the variance of ∆F/F baseline was

calculated. A neuron’s ∆F/F typically present a positively skewed distribution, an

example is showed in Figure 2.10. This distribution peaked at a value µ, with a long

positive right heavy tail populated by neuronal calcium events. The most frequent

value of the time series, µ, represented a constant residual value of ∆F/F (µ = 0.23

± 0.06 for a representative dataset) product of an underestimation of B . The ∆F/F

time series of each neuron were therefore recalculated after correcting b by the factor

(1+µ). Samples represented by the left tail were negative ∆F/F deflections from

the baseline produced by B, hence not related to neuronal calcium events. A robust

estimate of the standard deviation (s.d.) of B, σ noise , can be obtained if we consider

that B is a Gaussian stochastic process, allowing us to fit the left ∆F/F tail with a

normal distribution of mean µ and s.d. σ noise . This assumption seemed valid due

to the accuracy of the calculated fits (Left tail, Gaussian fit r2 = 0.995 ± 0.002 for a

representative dataset as in Figure 2.10).

- Single-neuron ∆F/F time series had diverse amplitude scales and noise levels, as

quantified by the distribution of the their s.d., σ , and of σnoise (see Figure 2.11).

Therefore, in order to unbiasedly compare the dynamics across neurons we needed

to adaptively normalize the multivariate dataset to homogenize the variance across

the multiple time series. A satisfactory normalization is obtained by dividing each

time series by the corresponding σnoise, defining a dimensionless quantity Z n,i that

approximates the signal-to-noise ratio of the neuron N at the time sample i. The
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- As observed in Equation 2.6, in practice, when setting the threshold we allowed

for a noise corruption of value 1 (one σnoise) of each Zn,i. These limits impose straight

bounds in the amplitudes of Zn,i → Zn,i+1 transitions. The combination of this time

constant bound together with the estimated map of posterior odds results in a range

of transitions that both respect the temporal dynamics of GcaMP5G and are inferred

to be produced by neuronal activities with at least 95% confidence (see Figure 2.13,

Figure 2.14).

- It is instructive to compare this method of posterior odds thresholding to the

popularly used likelihood ratio test, which optimally minimizes an expected loss function

of the classification (Neuroscience, 2005). In contrast, the method presented here,

essentially puts a limit to the quantity of false positives that we are able to accept (at

the expense of possible false negatives). Using the Bayes’ theorem (2.4), we expanded

posterior odds for B against A.

p(B | Zn,iZn,i+1)
p(A | Zn,iZn,i+1)

=
p(B)
p(A)

· p(Zn,iZn,i+1 | B)
p(Zn,iZn,i+1 | A)

(2.7)

The first term in the right hand side of 2.7 is the prior odds, which reflects our a

priori expectation for the odds without taking into account any particular measurement,

and the second is the likelihood ratio which modulates the naive prior inference by the

ratio of probabilities for a transition given either the A or B process. As mentioned

before, the latter term could be used to infer if any given transition is related to

neuronal activity by estimating if the corresponding likelihood ratio was below a

certain threshold parameter η. However, for this purpose, we should build a model

for the A process, which is out of our reach, if possible at all. Anyway, 2.7 indicates

that the likelihood ratio and the posterior odds were equal, up to the constant factor

prior odds, that does not depend on the measured data. This means that any inference

based on the the posterior odds (the current method) is qualitatively similar to the

one that could be performed through the likelihood ratio test, albeit an overall scaling

factor of the confidence value.

2.3.3 Data Analysis

Pair-wise correlations between neuron’s spontaneous activity

Spontaneous correlations were computed by calculating the temporal Pearsons’s linear

correlation ρ for all neuronal pairs. For a pair of neuron i and j, ρX,Y was computed

using the binarized activity dynamics X and Y as input (0 for non-significative and 1

for significative fluorescence fluctuations). ρX,Y is the covariance of X and Y divided by
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the product of their standard deviations. The expression of ρX,Y is shown in Equation

(2.8) where E is the expectation, σ the standard deviation of the neuron’s activity

along time, X.

ρX,Y =
E[(X − µX)(Y − µY )]

σXσY

(2.8)

Significant correlations were extracted by thresholding correlation values. The

threshold was calculated on a surrogate data set where the spontaneous spike times

stamps where shuffled. Correlations between all neuronal pairs were computed using

the shuffled surrogate and the 99th percentile value of the correlations distribution

was defined as a threshold. The mean value of the threshold was 0,03±0,01 for n=30

experiments. All correlations greater than the threshold originating from the null

model were considered as significant.

To establish the topology of the correlation distribution, the pair-wise cell-to-cell

distances from the ROIs’ centroids corresponding to each neuron were used (Figure

2.9).

To compute the lags during population events. I first extracted significant population

events using a threshold based on a null model to discard synchronous events that

could be explained by chance. The null model was calculated by shuffling the time

stamps of spontaneous calcium events. Population events that contained a number of

cells greater than the 95th percentile value of the distribution arising from the null

model were considered as significant. Onsets of spontaneous population events were

defined as the times when the number of co-active cells passed the threshold. Offsets of

spontaneous population events were defined as the time when the number of co-active

cells decreased below the threshold after an onset. The lag for a given cell and for a

given event was defined as the duration from onset (Figure 2.15).

Clusterization techniques

Hard and Fuzzy clustering methods were applied. Matlab built-in functions and a fuzzy

clustering toolbox were used (Balasko et al., 2005). To extract mutually exclusive

neuronal ensembles from spontaneous activity recording the K-means hard clustering

algorithm was used. The K-means algorithm aims at partitioning a population of n ki

elements into k clusters in which each element belongs to only one cluster. The aim of

this algorithm is to minimize a quantity Θ that quantifies the inner-cluster variability

(see Equation 2.9) for the xi elements classified into the ki cluster, ţi being the mean

of elements in cluster ki.
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clusters. The number of clusters that maximized Si values was selected for further

analyses.

Conversely, the fuzzy clustering algorithm does not perform a strict partitioning

of the data but attributes a membership level for every element of the population to

each cluster. Similarly to the K-means algorithm it minimizes a quantity Θ where each

element wij tells the degree to which element xi belongs to cluster cj, see Equation

2.11.

Θ =
n∑

i=1

c∑

j=1

wij ‖xi − cj‖2 (2.11)

The correlation matrix was transformed into an euclidean distance matrix using

non classical 2-dimensional scaling and used as an input for Fuzzy C-means clustering

method (Figure 2.16A-B). The number of clusters was selected using the Davies-

Bouldin index (DBI) to assess clusterization performance by estimating the ratio of

within-cluster and between-cluster distances (Balasko et al., 2005). The number of

clusters that maximized the DBI was selected further analyses. The distance index from

clusters centers was computed as the inverse of the probability of membership of the

closest cluster. To exclude inactive neurons or those whose activity was desynchronized

with tectal neurons, I using a thresholding method based on the previously described

null model used to detect significant pair-wise correlations (see 2.3.3 Pair-wise

correlations between neuron’s spontaneous activity). Using a surrogate data

set where the spontaneous spike times stamps where shuffled, I computed the number of

significantly correlated neurons for each neuron. The 95th percentile of the distribution

was used as a threshold: the mean value of the threshold was 15.6±0.05 neurons for

n=30 experiments. Neurons that were significantly correlated with a number of neurons

greater than the threshold were considered for further analyses.

Calculation and analysis of the neurons’ visual receptive fields

The RF was determined as the region of the field of view within which light-spot stimuli

evoked significant calcium responses. The calcium responses were averaged in a 3,75s

window from the stimulus onset after subtracting the baseline fluorescence averaged

over 1s before stimulation.

RFs were filtered using a correlation based approach to select the most similar trials.

Indeed, I observed that 40% of the recorded fish showed habituation to the stimuli,

eliciting very few calcium events upon stimulation after 5 trials. To prevent averaging

with these poorly informative trials, those that didn’t elicit spikes were discarded and









Chapter 3

Results

3.1 Labeling newborn neurons in zebrafish larvae

3.1.1 Low-voltage electroporation labels newborn neurons

To study the morphological and functional neuronal maturation as well as their

incorporation into circuits during embryogenesis it is necessary to develop a technique

that specifically labels immature neurons during a time window when mature and

newborn neurons co-exist. Moreover, this technique has to be minimally invasive,

maintaining the integrity of the neuronal circuit in-vivo.

In an attempt to label newborn neurons in the zebrafish OT (Figure 3.1A-

C), I performed in-vivo electroporation between 4-7 dpf using the following vectors:

HuC:Gal4, 2XUAS:tdtomatoCAAX and 2XUAS:transposase. HuC is a pan-neuronal

promoter that labels neurons very early after differentiation (Kim et al., 1996). I

remarked that at low voltage (20V), one short electrical pulse (4ms) labeled a few

number of cells (4,1±1,7 cells, n=91 fish) that were located in close vicinity of the

caudo-lateral portion of the OT (Figure 3.1C and Figure 3.1D, asterisk).

Previous studies have shown that this region ensures the teleosts tectal growth from

larval stages up to adulthood (Alunni et al., 2010; Recher et al., 2013). Indeed, in the

Tg(HuC:GCaMP5G) line, a line that expresses GCaMP5G pan-neuronally (Figure

3.1C), this region was unlabeled (Figure 3.1D, asterisk). In addition, the morphology

of the labeled neurons was immature, showing small dendritic arbors compared to the

described mature neuronal types at identical stages (see Figure 3.1D, Material and

methods and Nevin et al. (2010)).

To confirm that labeled neurons were located next to proliferation sites in the OT,

I crossed Tg(HuC:GCaMP5G) with Tg(EF1α:mAG-zGem). The latter expresses a
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To study the migration of these newborn neurons, I performed BrdU-pulse-chase

experiments followed by immuno-labeling of BrdU-positive cells and PCNA positive

proliferation sites of coronal OT sections. I observed that BrdU-positive neurons are

found progressively further away from proliferation sites as the delay between the pulse

and the fixation increased (Figure 3.3). The BrdU-labeled neurons were globally

distributed in a front-like manner that advanced radially away from the proliferation

site. This observation suggests that newborn neurons are pushed away from the

proliferation site by the newly produces neurons, passively colonizing the OT during

early larva developmental stages (4-7 dpf). However, few individual cells were found

far from the large BrdU population (Figure 3.3, t+24h, arrowhead). In contrast to

the rest of the population, these cells may displace through active migration or indicate

rare radial glia divisions after injury. Taken together, these results suggest that in

the OT periventricular zone the majority of newborn neurons are pushed away from

proliferation sites and distributed radially through passive displacement. This confirms

previous results obtained in the juvenile medaka and in the adult zebrafish OT (Alunni

et al., 2010; Zupanc et al., 2005).

To confirm that the labeled cells were newborn neurons, I tested whether they

already had a cell identity (exctitatory or inhibitory), one day after the electropo-

ration. In the OT, the large majority of neurons either become glutamatergic or

GABAergic (Gabriel et al., 2012; Robles et al., 2011). Therefore, I electroporated the

HuC:Gal4 and UAS:tdTomato vectors in transgenic zebrafish expressing GFP under a

GABAergic promoter (Tg(gad1b:GFP)), and the vectors HuC:Gal4 and UAS:EGFP in

transgenic zebrafish expressing DsRed under the control of a glutamatergic promoter

(Tg(vglut2a:loxP-DsRed-loxP-GFP)). At one day after the electroporation, the labeled

newborn neurons were negative for GFP and DsRed respectively (n=6, n=5), indicating

that they did not yet acquired their cell identity (Figure 3.4).

To conclude, newborn neurons can be sparsely labeled in the zebrafish larva OT,

using in vivo electroporation with HuC:Gal4, UAS:tdTomato and UAS:transposase

vectors from 4 to 7 dpf. This technique was harmless to the fish and did not impair

their survival up to 11 days post fertilization (see Material and methods). Moreover,

electroporated larvae normally and successfully captured prey. Since they mainly rely

on their visual system to hunt (Gahtan et al., 2005), I suggest that the electroporation

technique did not perturb the OT functioning and it is therefore well suited to perform

morphological and functional imaging of developing tectal newborn neurons.
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3.2 Functional maturation of labeled newborn neu-

rons

3.2.1 Developing newborn neurons show synchronous activity

with local neuronal ensembles

The ongoing spontaneous activity has traditionally been considered as biophysical noise

devoid of functional significance (Shadlen and Newsome, 1998). However, recent results

have revealed that spontaneous activity is spatiotemporally structured and can revel

inter-regional brain connectivity in mice (Mohajerani et al., 2013) and humans (Fox

et al., 2005; Raichle et al., 2001). Spontaneous activity seems also to recruit neurons

with similar visually induced responses (Miller et al., 2014; Romano et al., 2015) that

have been demonstrated to be preferentially synaptically connected (Ko et al., 2013)

or electrically coupled (Yu et al., 2012).

In the zebrafish OT, groups of near-by neurons show spontaneous activity correla-

tions (Romano et al., 2015). These ensembles comprise neurons with similar RFs whose

synchronous activity represents ∼80% of the significant neuronal pair-wise correlations

observed in the tectal population. Furthermore, some of these spontaneous neuronal

assemblies features match those observed during prey-capture behaviors, and some

of the assemblies are predictive of directional self-generated tail movements. The

functional neuronal assemblies showed attractor-like dynamics and emerged even in the

absence of their main sensory input (retina), suggesting that they represent the tectum’s

recurrent connectivity (Akerman and Cline, 2006; Romano et al., 2015). However, how

such network properties are acquired during development and how newborn neurons

incorporate into these sensory-motor relevant assemblies remains unexplored.

To address this open question, I performed two-photon calcium imaging of HuC:Gal4,

UAS:tdTomatoCAAX and UAS:Transposase electroporated Tg(HuC-GCaMP5G) larvae

at 4 dpf. This method enable me to label newborn neurons (red) and simultaneously

monitor their developing spontaneous activity and that of the mature surrounding

neurons (∼500 neurons, green), for 4 consecutive days (5, 6, 7 and 8 dpf). Recordings

were not chronic but performed in different labeled neurons sampled from 1-4 dpe

(Figure 3.8).

Previous studies have demonstrated that at 5 dpf, the larva is capable of performing

tectum-dependent complex behaviors such as prey capture (Orger et al., 2009). Indeed,

from 5 dpf yolk reserves are exhausted and the fish critically needs to feed (Figure
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Interestingly, the frequency of events and their amplitude was consistently lower in

developing cells (p<0.05, labeled vs. unlabeled at all stages, Mann-Whitney U-test).

This result might be explained by the fact that tdTomato expression impeded the

detection of low-magnitude Ca2+ events (due to quenching and/or cross talk between

channels). This could be also explained by the observed electroporation bias towards

only two neuronal subtypes (Figure 3.7, nsPVIN and PVPN spontaneous activity

events could have lower frequencies and smaller amplitudes in comparison to the

average tectal neuron).

To gain further insights on the development of the spontaneous activity of newborn

neurons, I explored the spatial structure of the spontaneous correlations between the

newborn and the surrounding mature neurons. For that purpose, I first extracted

the physical distances between the neurons to compute the distance to correlation

relationship at all recorded time-points (1, 2, 3 and 4 dpe). Second, I extracted

significant correlations using a null-model based threshold. The threshold was calculated

on a surrogate data set where the spontaneous spike times stamps where shuffled.

Correlations between all neuronal pairs were computed using the shuffled surrogate

and the 99th percentile value of the correlations distribution was defined as a threshold

(threshold for significance values was 0,03±0,01). Non-significant correlations were

discarded for further analyses.

At 1 dpe, newborn neurons showed almost no significant correlations with their

tectal mature counterparts (9.6 significantly correlated neurons per labeled neuron at 1

dpe and 38.8, 156 and 66 at 2, 3 and 4 dpe, respectively). At 1 dpe, these few and

weak correlations (0.0433±0.0021, Figure 3.10A) were distributed homogeneously

along all distances. At 2 to 3 dpe, significant correlations were found from 0 to 80

µm although strong correlations were mostly clustered at short distances. At 4 dpe,

the tendency was accentuated such that significant correlations were found almost

exclusively at short distances (Figure 3.11A and Figure 3.11B).

To compare the distance/correlation relationship between different time points and

between the mature and the newborn developing neurons, I computed the proportion

of significant correlations for the different physical distances between neurons (within

distance bins of 10 µm). As suggested by previous results, at 1 dpe, only 1.6% of all

pair-wise correlations were significant, suggesting that at this stage, newborn neurons

are not yet connected to the local circuitry (Figure 3.12). From 2 to 3 dpe, the

proportion of significant correlations increased from 10.7% to 20.3% with the majority

of the correlations being found within 30 µm distance from the developing newborn

neurons (66,2% at 2 dpe and 72,2% at 3 dpe). At 4 dpe 14.2% of all pairwise correlations
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Table 3.1 Skewness of distances distribution for significant correlations. Dis-
tributions from Figure 3.12 were used, both for labeled and unlabeled neurons.

1 dpe 2 dpe 3 dpe 4 dpe

Labeled neurons 0.32 1.32 1.13 1.42
Unlabeled neurons 0.77 0.84 0.93 0.86

Table 3.2 p-values obtained by comparison of distances distribution for sig-
nificant correlations between labeled and unlabeled neurons, Mann-Whitney
U-test.

1 dpe 2 dpe 3 dpe 4 dpe

Labeled neurons vs. unlabeled neurons 9.29∗10−8 0.0026 0.52 8.84∗10−25

the distributions’ skewness remained similar (0.93 at 3 dpe and 0.86 at 4 dpe, see

Table 3.1).

Interestingly, the correlation to distance distribution of the newborn cells was

non-significantly different to the simultaneously recorded mature population at 3 dpe

(Mann-Whitney U-test, p=0.51, and see Table 3.2). This indicates that at this stage,

the spontaneous activity spatial structure of the newborn neurons is similar to that of

the mature tectal population.

To further explore the activity temporal dynamics of developing neurons I measured

the lag between spontaneous events of each tectal neuron with respect to significant

spontaneous population events. The latter were defined as containing a number of

co-active cells that could not be explained by chance (null models, see Material and

methods).

I observed that neurons located nearby neurogenesis sites (Figure 3.1 and Figure

3.2) displayed longer lags to population onsets than those situated away from the

neurogenesis sites (Figure 3.13A). Then, I calculated the lag between the spontaneous

activation of newborn neurons with respect to the peak of the significant spontaneous

population events (see Material and methods), at the different developmental stages

(1-4 dpe). At 1 dpe, the lag could not be computed since newborn neurons were not

synchronized with neighboring neurons (Figure 3.9-3.11) and thus not co-activated

with significantly large neuronal groups (groups whose co-activation could not be

explained by chance) (Figure 3.13B).

At 2 dpe their lag showed larger values than the mean population (1.4±0.32s in

electroporated neurons and 1.21±0.02s in non-electroporated neurons, Figure 3.13).
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maximizing inter-clusters variance (see Material and methods, silhouette index).

The algorithm enabled partitioning of the correlation matrix by isolating mutually

exclusive co-varying neuronal populations (Figure 3.14A). Clusters intra-correlations

were tested for statistical significance using shuffled surrogate clusters of identical sizes

(null models, see Material and methods).

The topographic representation of the different clusters showed covarying neurons

locally organized (neuronal assemblies, Romano et al. (2015)). Moreover, these sponta-

neous assemblies were organized in a retinotopic-like manner as previously observed by

Romano et al. (2015) (Figure 3.14B).

Then, I asked whether and when newborn neurons incorporate into such spontaneous

neuronal assemblies. For this purpose, I quantified the proportion of neurons belonging

to spontaneous mature assemblies and observed a rise from 0-11% at 1-2 dpe to 60-86%

at 3-4 dpe (see examples in Figure 3.14B and population analysis in Table 3.3).

Therefore, newborn neurons were mainly excluded from neuronal assemblies during

their early development (1-2 dpe) but incorporated later to already established ones at

3-4 dpe.

The K-means hard-clustering algorithm is not compatible with situations in which

certain elements could belong to several clusters (as overlaping neuronal assemblies,

(Romano et al., 2015), thus this technique excluded some neurons from significant

clusters and could not represent the overlap between the neuronal assemblies. To solve

this issue, I applied a fuzzy clusterization technique to attribute to each neuron a

probability of membership to each cluster. As for K-means, the number of clusters was

optimized using simultaneous analysis of intra-clusters and inter-clusters variance (See

Material and methods for the Davies-Bouldin index). To represent the topographic

distribution of the fuzzy clusters, I randomly attributed a color to each cluster and

color coded each cell by weighting the clusters’ colors according to their membership

probabilities.

Using this clustering method I obtained a similar retinotopic-like organization

as observed for the K-means clusterization (Figure 3.15A). Moreover, the fuzzy-

clustering technique enables visualizing the overlap between neuronal assemblies at their

frontiers (neurons situated in an area close to two assemblies have similar probabilities

to belong to one or the other assembly: see Figure 3.15A). Interestingly, neurons

located next to the tectal neurogenesis niche showed probabilities of belonging to several

clusters rather to a given local one (note the mixed colors among neighboring neurons,

Figure 3.15A, white dashed square and Figure 3.15A, right panel). To quantify the

development of the organization of neurons within assemblies. I calculated a distance
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dendro-dendritic excitatory synapses or electrical coupling through gap junctions with

neighboring neurons located within ∼6 somatas distance (Figure 3.11).

3.3 Maturation of visually induced responses of new-

born developing neurons

To gain more insights into the functional connectivity development of newborn neurons

in the OT, I studied the developmental dynamics of their visually induced responses.

More specifically, I presented visual stimuli to characterize the newborn neurons spatial

RFs and their DS. The stimuli consisted of light spots presented at different regions of

the visual field (90° x 40°: horizontal x vertical) and bars moving in the four cardinal

directions (see Material and methods).

3.3.1 Emergence of direction selectivity in newborn neurons

In the zebrafish OT, DS cells can be observed from 72h, ie. 6h after the first visually

induced responses (Niell and Smith, 2005). Selectivity to certain directions is inherited

by retinal inputs (caudo-rostral, upwards and downwards motions) while an additional

direction is computed exclusively in the OT (rostro-caudal motion) (Hunter et al.,

2013). However, the temporal dynamics characterizing the emergence of DS in tectal

newborn neurons, is still unknown.

To study the emergence of general visual responsiveness of newborn neurons, I

compared the fluorescence levels before and after the presentation of visual stimuli

(720 light spots and 16 bars, presented during 1h recordings). Neurons that displayed

a significant increase in fluorescence after stimulation (light spots and bars pooled,

p<0.01, Mann-Whitney U-test, see Material and methods) were considered to be

visually responsive. Surprisingly, the majority of the newborn neurons (∼65%) were

already visually responsive at 1 dpe, indicating that they already received either direct

or indirect retinal inputs very early in their developmental process (Figure 3.16A).

Next, I studied the emergence of DS in newborn neurons. Interestingly at 1 dpe,

78±5.1% of all non-electroporated imaged tectal neurons were DS (Figure 3.16B,

n=5 recordings, k=1998 neurons, DS index, |DSI|>0.5, either left vs. right of up

vs down, see Material and Methods). This proportion remained stable up to 4

dpe (Figure 3.16B). As previously observed (Hunter et al., 2013), there was an over

representation of DS neurons towards the right (rosto-caudal motion), while neurons
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Surprisingly, at 1 dpe all electroporated newborn neurons that were responsive to

moving bars (50%, n=6) were already DS to at least one motion direction (either left

vs. right of up vs down) (Table 3.4). The proportion of electroporated neurons that

responded to moving bars increased with time (62% at 2 dpe to 85% at 4 dpe) and

almost all were DS to at least one motion direction (27/28 neurons, all days pooled)

To analyze the global DS of newborn neurons, I devised a directionality index (DI)

expressed as the norm of the resulting vector of the left vs. right and up vs. down

DSI individual vectors (DI was higher than 1 when the neuron was completely DS for

one direction and equal to
√

2 when it was equally DS for both directions and thus

OS) (Figure 3.16C). The DI index was non-statistically different at all monitored

days (Figure 3.16D, p-values>0.05, Mann-Whitney U-test, for all combinations of

developmental stages considered, labeled and unlabeled neurons).

Overall, these results show that newborn neurons become DS as soon as they begin

to respond to motion without exhibiting any further refinement, despite the large

functional and morphological changes.

Table 3.4 Proportion of direction selective neurons, from 1 to 4 dpe. Neurons
that were DS for at least one direction of motion (|DS|>0.5) were considered DS.
The proportion of neurons responsive to bars and the number of neurons analyzed is
indicated below.

1 dpe 2 dpe 3 dpe 4 dpe

% of direction selective neurons 50% 62% 67% 85%

% of bars responsive neurons 50% 77% 67% 85%

Number of neurons analyzed 6 8 12 13

3.3.2 Emergence and developmental dynamics of newborn

neurons’ receptive fields

Using the previously described stimulation paradigm (see Material and Methods), I

studied the development of newborn neurons RFs between 1 and 4 dpe (for the number

of studied electroporated neurons see Table 3.4). For this purpose, I presented to the

larva 5° light sport at the contralateral visual hemifield with respect to the recorded

tectal hemisphere of the larva. The light spots covered an area of 90° x 40° (horizontal

x vertical), resulting in a total of 36 different stimulated positions. Each position

was stimulated 20 times. Due to the large variability of the responses and neuronal

habituation I used for the computation of the average RFs only the 5 most correlated
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trials among the 20 presented (see Material and Methods). Representative RF

examples at each developmental stage after electroporation are shown in Figure

3.17A.

To assess the functional development of newborn neurons added to the OT, I com-

puted their RF size from 1 to 4 dpe (5 to 8 dpf). At 1 dpe, RFs were significantly smaller

than that of mature neurons (87.5±37.5 deg2 and 415.0±6.0 deg2 for electroporated

and non-electroporated neurons, respectively, p-value=0.004) (Figure 3.17B). From

1 to 3 dpe newborn neurons RF sizes increased gradually (258.3±62.5 deg2 at 2 dpe

and 540.0±86.2 deg2 at 3 dpe, p-values=0.038 between 1 and 2 dpe and 0.048 between

2 and 3 dpe, Mann-Whitney U-test) to match the sizes of those of mature neurons

(Figure 3.17Bii). Indeed, at 3 and 4 dpe, the electroporated neurons RF sizes were

non-statistically different than the non-electroporated neurons (p-values=0.89 and 0.36,

Mann-Whitney U-test between electroporated and non electroporated neurons at 3

and 4 dpe, respectively). Therefore, newborn neurons acquire mature RFs sizes within

3 days of development (Figure 3.17Bii).

To gain more insights into the development of newborn neurons RFs I computed the

amplitude of the peak of the neurons’ receptive fields, at each stage. Peak responses

within average RFs were defined as the first decile of induced responses with the highest

amplitude. This enabled me to capture the maturation of the most significant RFs

positions while excluding low amplitude responses. In electroporated neurons, peak

responses were consistently smaller than in mature neurons (p-value<0.05 at all stages

when comparing electroporated and non-electroporated neurons, Figure 3.17C).

However, newborn neurons peak responses increased sharply from 1-2 dpe to

3 dpe (0.25±0.03 ∆F/F at 2 dpe and 0.57±0.08 ∆F/F at 3 dpe, p-value=0.005,

Mann-Whitney U-test) and remained stable thereafter (0.59±0.09 ∆F/F at 4 dpe,

p-value=0.87, between 3 and 4 dpe, Mann-Whitney U-test, Figure 3.17A and Figure

3.17C).

Taken together, these results indicate that newborn neurons development is char-

acterized by an increase of their RF sizes and the amplitude of their peaks at ∼3

dpe. Additionally, the sampled population suggests that RFs do not undergo further

refinements after 3 dpe.

Moreover, the relationship between the amplitude of the visual response with respect

to the distance away from the peak showed similar dynamics between 1 and 2 dpe,

from peaks up to 90° distance (p-value>0.05 for distance bins of 10° from 0° to 90°,

Mann-Whitney U-test) (Figure 3.17D). Between 2 and 3 dpe I observed a significant

increase of the global response amplitude from peak to 80° distance (p-values<0.001
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In the OT RFs become progressively sharper during development (Dong and

Aizenman, 2012; Zhang et al., 2011) probably shaped by emerging lateral inhibition

(Sillito, 1975), thus providing spatial accuracy to the visual responses. To assess the

evolution of sharpness of newborn neurons responses, Gaussian functions were fitted to

the RFs. The sharpness was computed from the ratio of the half-maximum amplitude

of the tuning curves over the half-band bandwidth at half maximum (see Material

and Methods, Figure 2.17). Newborn neurons’ sharpness increased from 1-2 dpe to

3 dpe (18.2±4.0 AU at 1 dpe and 30.9±6.4 AU at 3 dpe, p-value=0.043, Mann-Whitney

U-test) and was non-significantly different at 3 and 4 dpe (30.9±6.4 AU at 3 dpe and

34.5±2.3 AU at 4 dpe, p-value=0.75, Mann-Whitney U-test). This result suggests that

receptive fields become sharper as the newborn neurons develop, either by a selective

synaptic strengthening or addition of connections corresponding to the emerging center

of the maturing RFs between 1 and 3 dpe.

Moreover, at 3 and 4 dpe, the electroporated neurons sharpness was non-statistically

different than the non-electroporated neurons (p-values=0.41 and 0.18, Mann-Whitney

U-test between electroporated and non electroporated neurons at 3 and 4 dpe, re-

spectively). Therefore, newborn neurons acquire mature sharpness within 3 days of

development (Figure 3.17Cii).

Interestingly, one report has suggested that calcium indicators such as Oregon Green

BAPTA-1 might distort neuronal tuning curves (Nauhaus et al., 2012) due to large Ca2+

affinity (Kd=170nM) leading to fluorescence saturation at high spiking rate (Yamada

and Mikoshiba, 2012). However, GECI such as GCaMP5G (Akerboom et al., 2012)

do not show such non-linear fluorescence dynamics. Therefore, our measurements are

not distorted by the non-linearity of the used calcium indicator and reflect functional

development of newborn neurons.

3.4 Chronic imaging of the spontaneous and in-

duced activity during the circuit incorporation

process – preliminary results

To get further insights on the functional principles underlying the incorporation of

newborn neurons into mature tectal circuits, I monitored the developmental dynamics of

the morphology, spontaneous and visually induced activity of the same newborn neuron

for three consecutive days post electroporation (1-3 dpe). For this purpose, I took

advantage of the Tol2 system that enables genomic integration of electroporated vectors
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Fig. 3.18 (Previous page.) (A) Developmental dynamics of a nsPVIN neuron imaged a
1, 2 and 3 dpe. Ai: Neuronal morphology. Scale bar: 10 µm. Aii: Averaged smoothed
RFs. Aiii: Optical plane of the tectal imaged neurons. Neurons are color-coded
according to their pair-wise correlation values (color scalebar) with the labeled neuron
(white). Scale bar: 20 µm. The insets are a zoomed image of the white dashed squares.
Note the distribution of correlated neurons: dense at 2 dpe and sparser at 3 dpe. (B)
Developmental dynamics of the spontaneous activity of a different nsPVIN neuron
imaged at 1, 2 and 3 dpe. Bi: Neuronal morphology. Scale bar: 10 µm. Bii: Optical
plane of the tectal imaged neurons. Neurons are color-coded according to their pair-wise
correlation values with the labeled neuron. Scale bar: 20 µm. The insets are a zoomed
image of the white dashed squares. Note the distribution of correlated neurons: dense
at 2 dpe, forming a thin radial column along the periventricular layer and a dense
patch at 3 dpe.

(Sato et al., 2007a). This method enables monitoring electroporated neurons for several

days. Then, using two-photon calcium imaging of HuC:Gal4, UAS:tdTomatoCAAX and

UAS:Transposase electroporated Tg(HuC:GCaMP5G) larvae at 4 dpf, I recorded both

visually induced and spontaneous activity of the tectal circuit and the same newborn

electroporated neuron, for 3 consecutive days (n=2, See Material and Methods,

Figure 2.6).

As suggested by previous experiments, the developing nsPVIN depicted in Figure

3.18Ai was visually responsive from 1 dpe, although the amplitude of the responses

was weak (0.08 ∆F/F at peak response, Figure 3.18Aii). At this stage, the neuron

was weakly correlated with sparse mature tectal neurons, with no discernible spatial

structure (Figure 3.18Aiii and Figure 3.11B). At 2 dpe, the morphology matured

and stronger visually induced responses could be observed (0.17 ∆F/F at peak response,

Figure 3.18Aii). Simultaneously, higher spontaneous correlations with neighboring

tectal neurons emerged (Figure 3.18Aiii). At 3 dpe, its RF became more robust and

sharper as the amplitude of the RFs peak response increased while other positions that

were eliciting neuronal responses were lost (compare 2 and 3 dpe, Figure 3.18Aiii).

At 3 dpe, the labeled neuron was correlated with sparser and more distant neurons.

As suggested by previous recordings of developing spontaneous activity (Figures

3.11-12), this scattered spatial distribution of spontaneously correlated neurons rep-

resents a transitory stage. This process may indicate a developmental mechanism

enabling the selection of mature neurons sharing similar functional properties as the

newborn ones, a hypothesis that still needs to be tested (Figure 3.11B).

In a second example (Figure 3.18B), I observed the gradual emergence of the local

spatial structure of the spontaneous correlation between the newborn neuron (also a
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nsPVIN) and the mature network. Remarkably, at 2 and 3 dpe the correlated neurons

were never sparsely distributed but rather located in the close vicinity of the developing

neuron. It is possible that the transitory incorporation into sparser networks happens

only in a fraction of developing newborn neurons or that functional maturation occurs

with different dynamics.



Chapter 4

Conclusions and Perspectives

4.1 Summary

During my PhD project I have examined the functional incorporation of newborn

neurons into mature neuronal circuits in the zebrafish larva’s OT, its most complex

layered structure and highest visual center. The use of the zebrafish larva as the

experimental model enabled me to perform experiments in an intact, non-anesthetized

and non-paralyzed vertebrate.

The experiments have been performed between 5 and 8 days, a period in which

the OT is behaviorally functional (the larva displays tectum-dependent behaviors such

as prey capture, Gahtan et al. (2005)). During this period the OT is still in constant

growth. This growth is achieved by the addition of new neurons generated in the

OT neurogenic zone spanning its entire length along the tectal ventricle: from the

dorso-medial axis to its caudo-lateral margins (Figure 1.18 and Recher et al. (2013)).

To study the functional development of newborn neurons, I developed a tool to label

newborn neurons using in-vivo electroporation, a harmless technique that does not

perturb the tectal circuit and enables monitoring their functional and morphological

development. Using this technique, I recorded both spontaneous and visually induced

activity of the labeled newborn and the surrounding mature tectal neurons.

I observed that newborn neurons were already spontaneously active at 1 dpe but

weakly correlated with other tectal neurons. Starting at 2 dpe, correlations between

their spontaneous activity and that of the mature tectal neurons began to emerge. By

3 dpe, the newborn-labeled neurons showed correlations with nearby neurons whose

spatial distribution was similar to the correlations among mature neurons.

Most of the developing neurons (65%) were responsive to visual stimulation from 1

dpe indicating that they rapidly receive retinal inputs. Remarkably, as soon as they
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responded to motion the newborn neurons were already DS, a property which remained

stable thereafter. At this stage (1 dpe), responsive newborn neurons had small-size RFs.

At 3 dpe, their sizes and sharpness increased and matched those of non-electroporated

neurons (the mature ones).

Finally, I pioneered a technique to monitor the developmental dynamics of the

same newborn neuron over several days. Overall, these results suggest a developmental

sequence during which newborn neurons capable of generating intrinsic activity first

connect to their pre-synaptic sensory organ (the retina). At a second stage, newborn

neurons gradually incorporate into the tectal mature circuit by, showing first weak

and sparse correlations with a few mature neurons and with a larger but still sparse

population thereafter. The spatial distribution of the correlated mature neurons was

later refined and became local and dense suggesting that the newborn neurons first

connect to a large population of sparse mature neurons and subsequently distant

connections are pruned, permitting the newborn-labeled neuron to acquire a stable

and robust functional signature (e.g. a sharp receptive field).

Here, I discuss the obtained results, summarized in Figure 4.1 and present further

research paths to strengthen my conclusions and gain more insights into the formation

of neuronal networks.

4.2 Discussion

4.2.1 Electroporation of newborn neurons

The first part of my thesis was dedicated to the development of a genetic method to

label newborn neurons. This technique was adapted from previous reports by reducing

the voltage to achieve sparse labeling and unexpectedly labeled specifically newborn

neurons (Figure 2.2 and Cerda et al. (2006); Hoegler and Horne (2010); Kera et al.

(2010); Tawk et al. (2009)). Moreover, when combined with the Tol2/transposase

genetic system it enabled long-term labeling (Kwan et al. (2007), Material and

Methods, Figure 2.1). Overall, the technique was rapid (∼40 fish/hour for a trained

experimentalist), non-toxic for cells and harmless to fish (98% survival, comparable

to non- electroporated controls, See Material and Methods) and labeled newborn

tectal neurons from 4 to 7 dpf, and at least for up to 10 days in the OT (Figure 2.3

and Figures 3.1-2).

Electroporation could be combined with several types of fluorescence-proteins-

expressing vectors: mKate2, tdTomato, EGFP, TagBFP2 and EBFP2 (Figure 2.4,
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Figure 3.4 and data not shown). However, for all red-fluorescence proteins tested,

only tdTomato and mKate2 were not toxic. Others, killed the expressing neurons

within ∼2 days (mCherry, mRFP, mFusionRed, tdKatushka, TagRFP-T).

Besides the bias of the electroporation technique to label newborn neurons, the

labeling was also biased towards one type of tectal interneuron (86% of nsPVIN,

Figure 3.7). The bias towards newborn neurons could be explained by their position

on the walls of the tectum. The bias towards nsPVIN can be explained by either an

over-representation of these cells in the OT, or an over-production of these cells during

the studied period. The use of other neuronal subtype-specific promoters (such as

orthopadia targeting DS bsPVIN, Gabriel et al. (2012) or brn3a targeting neurons

projecting to the hindbrain, Sato et al. (2007a)) could reveal whether the described

developmental principles underlying the functional incorporation of newborn neurons

into mature circuits can be generalized.

Overall, the electroporation technique described here is an easy tool to study the

physiology of newborn neurons whose main advantage is to be quick to set-up, contrary

to Cre/lox genetic tools requiring the establishment of transgenic lines (see Knopf et al.

(2011) and Cheng et al. (2011)).

4.2.2 Development of spontaneous activity

Using spontaneous activity to determine functional connectivity between neurons,

I shed light on a sequence of events leading to the acquisition of nsPVINs mature

properties. I found that all newborn neurons were spontaneously active and the

majority responded to visual stimuli already at 1 dpe (Figure 3.10 and Figure 3.16).

Previous work using BrdU pulse-chase experiments has demonstrated that at 4 dpf,

dividing cells in the OT become neurons in less than 24h (Boulanger-Weill et al.,

unpublished results). Moreover, electroporated neurons were already differentiated at 1

dpe (expressing GCaMP5G in Tg(HuC:GCaMP5G) and were found just adjacent to the

OT neurogenesis niche (Figures 3.1-2). Thus, dividing tectal progenitors (probably

fast amplifying progenitors, Recher et al. (2013)) differentiate into neurons, become

spontaneously active and visually responsive in less that 2 days.

Furthermore, I showed that within ∼3 days, electroporated neurons incorporated

into neuronal assemblies organized in a retinotopic fashion (Figure 3.14). Using

a fuzzy-clustering method I also observed that newborn neurons strengthened their

connectivity to progressively become members of just a unique cluster (Figure 3.15).

By studying the spatial distribution of significant correlations between newborn neurons

and their mature counterparts, I observed the formation of dense neuronal assemblies
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at 4 dpe (∼6 somata radius, Figures 3.11-12). At this stage the electroplated-labeled

neurons became leaders: first neurons to be active during synchronous population

events (Figure 3.13).

Since newborn neurons were responsive to visual stimulation before they displayed

synchronous activity with their mature counterparts, direct retinal connectivity is

probably established before the recurrent tectal connectivity. In the future, this

hypothesis could be strengthened by expressing a ChR2 construct such as UAS:Chr2-

tdTomato in newborn neurons to test whether neurons are first activated by RGCs

(direct retinal inputs, by presenting visual stimulation) and then can trigger calcium

events in their tectal neighbors by optogenetic stimulation.

Previous reports (Romano et al., 2015) have suggested that spontaneously active

assemblies probably mirror the recurrent tectal connectivity mediated by GABAergic

interneurons (see Introduction, Figure 1.8 and Akerman and Cline (2006)). In the

hippocampus, synchronous activity in newborn and mature granule cells is triggered

by interneurons contacting both population (Markwardt et al., 2009). One possible

mechanism is that GABAergic interneurons rapidly contact tectal newborn neurons

providing excitatory inputs that are synchronized with mature assemblies, a hypothesis

that still needs to be tested.

4.2.3 Maturation of receptive fields size and sharpness

From 1 to 3 dpe developing newborn neurons showed an increase in their RFs sizes

and sharpness and at 4 dpe, both parameters were non-statistically different from the

non-electroporated neurons (Figure 3.17). This observation could be explained by the

selective addition or strengthening (by synaptic plasticity) of synapses in the emerging

center of the developing RFs. Interestingly, Romano et al. (2015) have found evidence

for reciprocal inhibition between visually evoked neuronal groups. Since the sharpness

of a receptive field has been described to be shaped by lateral inhibition it is possible

that the emergence of recurrent connectivity (i.e. incorporation into tectal assemblies,

observed by studying spontaneous activity) plays a role in shaping spatially restricted

neuronal responses.

4.2.4 Receptive fields size in non-electroporated neurons

Previous studies have shown that developing zebrafish tectal neurons undergo an

increase of their RFs size from 4 to 6 dpf and then their size decreases from 6 to 8

dpf to reach sizes that were similar to 4 dpf (Zhang et al., 2011). In my experiments,
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the sampled non-electroporated population did not follow the same developmental

dynamics but rather increased in size, stabilizing around 8 dpf (Figure 3.17Bii).

This difference could arise from the different technical approaches used (Zhang et al.

(2011) used whole cells recording in fish with flattened retina measuring only the ON

response) and/or the nature of the sampled neuronal population (only a specific type

of inhibitory interneuron in my case).

4.2.5 Rapid emergence of direction selectivity

The electroporated newborn neuronal population was already DS as soon as it started

to respond to moving visual stimuli (DS>0.5) and did not undergo further refinement

thereafter (Figure 3.16 and Table 3.4). Results obtained in the mice visual cortex

(V1) have shed light on the mechanisms that might be involved during the functional

specification of immature neurons. Indeed, in mice, DS is already present at eye opening

and emerges independently of visual experience (Rochefort et al., 2011). One possible

conclusion proposed by Rochefort et al. (2011) is that DS is already present in the

retina at eye opening and is relayed in the visual cortex. In the zebrafish OT, several

reports have demonstrated the existence of pre-synaptic DS inputs into dedicated

tectal laminae (Gabriel et al., 2012; Nikolaou et al., 2012). Thus, I suggest that DS

acquisition is a feedforward process inherited from the retina early in the development

which remains stable thereafter (at least for the developmental period studied), rather

than being an experience-dependent process based on inputs refinement and plasticity

until the final DS is obtained.

Overall, these results suggest that the synaptic mechanisms shaping DS and RF

follow different developmental dynamics and argues for two different mechanisms

underlying the development of position and motion computation in nsPVIN.

4.2.6 Chronic recordings as a preliminary approach to study

the interplay between spontaneous and induced activity

In the last part of my thesis project, I have pioneered neuronal recordings of the

same newborn neuron for several days during its development (Figure 3.18). I have

confirmed that newborn neurons first show few sparse and weak correlations with

other tectal neurons, and progressively the correlations become stronger and spatially

more organized (among neighboring neurons) forming dense local clusters. Because

of the functional similarity of neurons that form tectal assemblies (Romano et al.,

2015), transitory sparse correlation patterns may emerge to allow an activity-dependent
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connectivity selection based on the match between their functional properties (such as

DS and/or RF). A detailed study of the functional properties of transiently correlated

neurons might be critical to understand how the final properties of newborn neurons

are shaped during development.

Overall, this study provides new insights on the basic functional principles underly-

ing the formation of neuronal circuits during development by shedding light on the

functional dialogue between the newborn neuron and the matured neuronal network

during the incorporation process. These results may open the door for the improvement

of new stem-cell treatments for brain reparation in neurodegenerative diseases (e.g.

Parkinson’s disease) or brain trauma, by increasing the precision and the rate of

incorporation while decreasing the risk of tumor formation.

4.3 Graphical summary

Fig. 4.1 Graphical summary, next page. Evolution of morphology, spontaneous
activity and induced activity from 1 to 4 dpe (after performing electroporation at 4
dpf). Left panel: representative pictures of nsPVIN at 1, 2-3 and 4 dpe. Middle panel:
representative stages of the evolution of spontaneous activity. At 1 dpe, newborn
nsPVIN were not yet synchronized with their tectal counterparts, see fluorescence
traces and pair-wise correlation values represented over the imaged tectal plane. The
insets are zoomed images of the white dashed squares. At this stage, few correlations
were significant (see bar charts) indicating that neurons were not yet connected to the
tectal network. At 2-3 dpe, nsPVIN displayed correlated activity with their neighbors
as indicated by the fluorescence traces and pair-wise correlations. These correlations
were significant and in average scattered over the tectum (see bar charts). Later at 4
dpe, a refinement occurred and significantly correlated neurons were only found in the
close vicinity of electroporated neurons (see tectal image and bar chart) suggesting
connections pruning. Right panel: representative stages of the evolution of induced
activity. At 1 dpe, neurons were already visually responsive indicating that they rapidly
receive retinal inputs (see RF at 1 dpe). Once electroporated neurons started to respond
to moving bars, they showed direction selectivity, responding only to one direction of
motion as shown by the fluorescence traces (the direction of the presented stimuli are
indicated in top). From 2-4 dpe, RFs matured: increasing in size and sharpness (see RFs
at 2-3 and 4 dpe) to ultimately become similar to the non-electroporated neurons. My
result suggest that newborn neurons acquire a stable and robust functional signature
thanks to the pruning of transitory distant connections.
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