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Abstract

The brain is the most complex organ of animals and serves them as to aid and guide rapid interactions with the environment in an adaptive manner. One of the most intricate feats of the brain is memory formation, storage and recall. Non-invasive imaging and electrophysiological methods in humans have helped deepen our understanding of brain function and the areas involved in memorization but lack the far more detailed resolution of invasive methods thus making imperative the use of animal models.
A variety of animal models have provided important insights into memory processes on multiple levels from the molecular to behavioral systems and the most compelling general theory we have to date is the synaptic plasticity and memory hypothesis. Synapses, the contacting points between neurons, far exceed the already astronomical number of neurons in even the “simplest” model organisms and they are dynamically changing their properties as a result of experience. Detailed unified theories of memorization are lacking due to this tremendous complexity. There is thus a need to develop in vivo preparations where theories about memorization can be tested and combined with vast physiological measurements on multiple levels along with monitoring of behavioral readout in order to uncover the relation between synaptic plasticity and memory.
The Negative Image Model is one of the most complete synaptic network models having strong explanatory power about one of the simplest forms of memory, habituation, along with other more complex types of memory. It describes synaptic network alterations as a result of experience with an emphasis on inhibitory neuron function and plasticity and is supported by scientific evidence gathered from a wide spectrum of animal models. 
Here, I use the larval zebrafish which concentrates many advantages that would make it a favored model organism for studying memory formation. Its transparency allows monitoring the activity of hundreds to thousands of neurons simultaneously with modern imaging methods while its behavior is composed by well studied sets of movements that can be tracked in detail. Additionally, decades work on genome sequence and developmental studies have made possible genetic engineering methods to create mutant or transgenic lines in a straight forward manner.  I characterize a novel transgenic line expressing a neural activity sensor for an extended period in the fish’s lifespan and use it to test predictions about alterations in local network activity as a result of patterned sensory experience. I find that the neuropil of the Optic Tectum (OT), the most complex visual center in teleost fish, exhibits network adaptation motifs to repetitive patterned visual stimulation which are in can be interpreted with the Negative Image Model of habituation on 2 different sensory stimulation contexts. 
In parallel, I attempted to develop transgenesis tools in order to tag synapse strength modifications in living zebrafish. Such tools should serve as to monitor in vivo synaptic strength alterations during and after memorization. Although this effort did not produce clear results, it outlines a strategy which could be used to convert the larval zebrafish from an excellent vertebrate model to study sensory-motor transformations, to an excellent vertebrate model of simple memory formation, retention and expression. 
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Chapter 1

Introduction













1.1 General introduction and thesis specific aims 


The central and peripheral nervous system (CNS and PNS) or brain is the organ responsible for making animals interact with their environment in an adaptive manner throughout their lifespan. In humans, it is composed of approximately 85 billion neurons which are the biological “processing units” communicating with each other through synapses , the cellular regions of communication between neuronal cells, whose number is even much greater. As an example, in the rodent hippocampus a pyramidal neuron establishes on average synapses (its inputs), from approximately 104 pre-synaptic neurons. Complex interactions among different collectives of neuronal cells and synapses give rise to properties like sensory computation, perception, learning and memory, motor planning and execution and others which define the behaviour of animals or are influenced by it. Thus, feedback loops and recurrences are ubiquitous throughout brain function and behaviour and this feature of Brain research or Neuroscience makes it a highly interdisciplinary science. These disciples ranging from Biology, Psychology, Cognitive science, Applied Mathematics and Physics are used in combination or autonomously in order to provide descriptions of the nervous system on different levels from the molecular, synaptic, neuronal, neural circuit (local in a single anatomical area and global among different anatomical areas) up to behavioural systems.  
The process of learning and memory which is reflected on the behaviour of an animal is one of the most fundamental aspects of brain function and is attributed to plastic (changing/dynamic) modifications in the nervous system, occurring mainly at the synapses. This idea dates back to the Spanish neuroanatomist Ramon y Cajal who first put it forth16 and has been a matter of intense research over many decades by many laboratories around the world. It still remains the main hypothesis in the field but has been also a matter of serious debate 17,18. For research in humans, the fact that individuals can report communicatively their memories has lead to many discoveries by combining psychophysical and memorization tests with simultaneous physiological measurements of global brain activity such as the electro-encephalogram (EEG) and functional magnetic resonance imaging (fMRI). The drawback of course of such methods is that they report global measurements of activity, resulting from the concerted activity of myriads of neurons as was mentioned before. Ethical considerations prevent research to be performed on a smaller scale, that of local circuits, neurons, synapses and molecules except in the rare cases of organ donations and in vivo experiments by consent of a patient in medical operations. Thus from very early on, the focus in the field of learning and synaptic plasticity has shifted towards using model organisms with much less complex nervous systems that offer selective advantages. 
These advantages include: 1) Detailed monitoring of behaviour for prolonged periods of time and development of learning paradigms and protocols in various species of animals. 2) Electrophysiological experiments that can be performed on many scales such as intracellular, extracellular and local field potential and focusing on individual neurons and local circuits with enhanced temporal resolution on the order of milliseconds. 3) Modern optical physiology techniques such as confocal 2-photon (2P) that have been developed and used as a replacement or supplement of electrophysiological recordings with the advantage of far better spatial resolution but less good temporal resolution19. 4) Under the vast expansion of knowledge in genomic sequencing and genetic engineering methods, transgenesis tools have been developed in order to visualize neuronal morphology thus replacing on many occasions the more traditional methods of Golgi technique20 and immuno-histochemistry21. Similar genetic methods have been developed which allow the manipulation of neural activity and these include optogenetic22 and chemogenetic methods23. Lastly, adapted modern genetic methods for specific purposes have been developed that allow expression of exogenous protein sensors for opto-physiological experiments or effectors for optogenetic experiments to specific neurons and neuronal circuits24.
The species of teleost fish Danio rerio or zebrafish, particularly in its larval stage, concentrates many of the afore-mentioned advantages and has emerged as a promising model in modern systems neuroscience research which aims at uncovering the neuronal circuit mechanisms (local and global) that ultimately lead to behaviour. Its behaviour can be monitored in great detail and opto-physiological experiments can be made in vast populations of neurons simultaneously. Additionally, the previously mentioned genetic approaches are applicable in the zebrafish due to the vast amount of knowledge that has been gained from developmental and applied biomedical genomic research. 
However, there are two major caveats in the sub-field of larval zebrafish neuroscience regarding memory research. Firstly, learning and conditioning protocols that assess memory are extremely few and our knowledge of the learning potential and capabilities of larval zebrafish is very limited. This is accompanied by very few studies that have aimed to characterize in vivo physiological activity before during and after learning. Secondly, methods by which to study mechanisms of synaptic plasticity in vivo are lacking. Current optical imaging techniques of neuronal activity, even cutting-edge, lack the temporal resolution to report sub-threshold changes of membrane potential and in vivo patch-clamp and intracellular sharp electrode techniques, essential for this purpose, are very scarce in the larval zebrafish25,26. 
The realization of these caveats motivated me to try to develop tools and approaches in order to make feasible in vivo real-time imaging of synaptic plasticity in the larval zebrafish by indirect genetic engineering/cellular techniques. Additionally, I decided to work on establishing experimental conditions in which neuronal network activity can be optically monitored for extended time periods and be informative of neuronal network adaptation, which is an indirect method to infer plastic modifications of neural circuits27,28. 
Due to the fact that research described in this thesis moves across scales in the nervous system, it is imperative to develop some basic understanding of synaptic plasticity and what makes it a prime candidate for storage of information during learning and memory. For this purpose, I will begin the introduction section describing and discussing basic canonical mechanisms of synaptic integration and how changes in synaptic strength are influencing single neuron firing output. Next, I will describe the two basic mechanisms of synaptic plasticity, Long-term Potentiation (LTP) and Long-term Depression (LTD) as well as homeostatic synaptic plasticity and which basic molecular cascade mechanisms are implicated in these processes. After this, I will change scales to the behavioural level and elaborate on how different studies on different memory processes have aided the field into choosing appropriate model organisms to study each one. Additionally, I will focus on how this approach has helped identify circuit plasticity mechanisms occurring in vivo in model organisms and how this has inspired the first models aiming to provide a mechanistic understanding of simple memory processes. At the end of this section, it will become apparent on why the zebrafish larva is a model organism in systems neuroscience which offers many advantages and how, in principle, could provide direct support for a mechanistic model of habituation, the Negative Image Model.
On a second stage, I will describe general features of the zebrafish larva that have made it an excellent model organism to study sensory-motor integration through the development of modern behavioural and physiological imaging techniques. Particular focus will be directed to knowledge in the field concerning what is known about learning in the zebrafish larva, plasticity mechanisms and learning-induced physiological adaptations that have been uncovered in the zebrafish and a phylogenetically neighbouring species, the larva of the amphibian Xenopus laevis. 
Lastly, I will describe and explain open questions in the field and how I aimed at describing physiological adaptation on previously unexplored contexts.                             






1.2    Fundamentals of neuronal anatomy, single neuron synaptic integration and synaptic plasticity 


Neuronal cells are highly polarised structures composed of dendritic trees or fields, neuronal somata and axonal compartments. In vertebrates, according to their neurotransmitter phenotype, neurons are classified as glutamatergic (excitatory), synthesizing the neurotransmitter glutatamate, GABAergic, synthesizing the neurotransmitter GABA and modulatory, synthesizing neuromodulators like acetylocholine, serotonin, dopamine and others. Synapses, the contacting points between neurons, serve as hubs of communication between neurons29. The axon terminals of pre-synaptic neurons contact dendritic spines of post-synaptic cells, that is on most occasions as there are minority exceptions like the dendro-dendritic synapses in anatomical areas like the olfactory bulb30. Neurons are also the only cells in the CNS which are electrically excitable, that means there are rapid voltage fluctuations along their cytoplasmic membranes. The canonical course of these fluctuations starts from dendritic structures. Rises in local dendritic voltage potential are named excitatory post-synaptic potentials (EPSPs) whereas reductions of dendritic voltage potential are called inhibitory post synaptic potentials (IPSPs). EPSPs and IPSPs are caused by the differential influx and efflux of cations (Na+ influx, K+ efflux, Ca2+ influx) and anions (Cl-, influx) respectively through the action of specialized neurotransmitter receptors which act as ion channels or voltage-gated ion channels on the synaptic membrane. EPSPs and IPSPs constantly sum up, as a result of the action of presynaptic inputs, excitatory and inhibitory 1,31. It should be noted that this is a canonical simplistic scheme and can be taken into account for most neurons other than sensory neurons of the periphery, which transform sensory information directly to electrical fluctuations through the action of specialized receptors for different stimuli, for example photoreceptors, chemoreceptors and others. These stimuli can belong to vision, olfaction and other modalities32. If the summed post-synaptic potential exceeds a certain threshold, usually around -40mV, the local positive fluctuations or depolarizations are transformed to rapid all or none fluctuations of high amplitude, called action potentials, on the scale of tens of millivolts in amplitude and with a duration on the order of a few milliseconds . Action potentials encode characteristics of sensory stimuli or of internal signals, travel the axon and reach the axon terminals. There they will trigger neurotransmitter release through local exocytosis and these molecules will bind to post-synaptic receptors, thus initiating another cascade of action potential generation if the depolarization in the next neuronal cell exceeds the required threshold (Figure 1).
[image: ]
Figure 1.1. Illustrated basic principles of neuronal anatomy and communication. (A) A pyramidal cortical neuron of a rat drawn by Ramon y Cajal with clearly defined dendritic and axonal structure. Action potentials can be recorded, extracellularly in this case, and be visualized as all or none voltage fluctuations in the neuronal cell membrane. (B) Schematic depiction of the flow of between pre-synaptic and post-synaptic neurons. Inside the dashed circular line is the location of the synapse. Image taken from 1. 

Individual excitatory synapses on many areas in the CNS of vertebrates, excluding sensory neurons of the periphery, are relatively weak. This means glutamate secretion from pre-synaptic neurons on individual synapses causes a minute depolarization on the post-synaptic neuron (a fraction of a mV)33,34. Synchronously active, or very close in time within a few milliseconds, excitatory synapses are much more potent in driving effectively post synaptic responses and action potential generation. An additional feature of synapses is that their efficacy changes according to previous activation history; hence they are described as plastic. A persistent rise in the amplitude of excitatory post-synaptic currents (EPSCs), when measured with intracellular electrophysiological recordings is called LTP. High temporal correlations in the firing of synaptically connected neuronal cells may lead to formation of neuronal assemblies, groups of neurons establishing stronger connections between them caused by LTP35.  This form of plasticity is therefore called Hebbian because it recapitulates Hebb‘s postulate on plasticity and memory formation summarized in the statement that “neurons that fire together, wire together”36,37. 
On the opposite side of LTP, a persistent decrease in the intracellularly measured amplitude of EPSCs is called LTD. Both LTP and LTD were initially described in the mammalian hippocampus, a part of the archicortex in the mammalian brain, in vivo and in in vitro brain slices38. A unifying feature of LTP and LTD is that they are frequency-dependent. LTP will be induced by high-frequency burst electrical stimulation of a synaptic pathway (greater than 15 Hertz) whereas LTD will be induced will be induced by low frequency stimulation (lower than 1 Hertz)39. The simplified synaptic pathways of the hippocampus and LTP induction are illustrated in Figure 1.2.
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Figure 1.2 The mammalian hippocampal slice preparation as a model system for synaptic plasticity. (A) Illustration of a transverse slice preparation of the mammalian hippocampus (rat). Entorhinal projections of the perforant pathway (pp) project to all sub-regions of the hippocampus including dentate gyrus (DG) granule cells. Granule cells project their axons (mossy fibers, mf) to the CA3 area which in turn projects to the CA1 area (Schaffer collaterals, Sch). Extracellular stimulation can be combined with intracellular recordings (from CA1 in this case) and by varying the intensity of stimulation, different numbers of axons can be stimulated. Additionally, it is feasible to insert more electrodes and control very accurately pre- and post-synaptic firing. The hippocampal slice preparation has been a standard model for the study of synaptic plasticity for decades. (B) Field responses from DG granule cells before (upper left) and after (upper right) stimulating the pp with high frequency (200 ms long 230 Hz) electrical pulses and inducing LTP. The rise of the population synaptic response is reflected on the increased amplitude of the field potential. (Below) The amplitude of the EPSP response increases substantially after LTP induction with the high frequency pulses. Image taken from 2

Classical LTP can be inherently unstable. This is because correlated activity among connected cells that have already expressed LTP will lead to a positive feedback loop between them and one will reinforce the other. Thus, the nervous system must compensate for this effect by enacting regulatory mechanisms to counteract it; otherwise this might be lead to pathological conditions such as an epileptic state. The most prominent of these mechanisms is called homeostatic plasticity 40,41. Under conditions of overly increased net excitation, homeostatic plasticity will rescale excitatory synapses over hours by reducing their strength. Under low net excitation, it will increase their strength thus bringing the neural system activity on an optimal range for physiological computations and normal plasticity function42.
This section covered some fundamental aspects of how basic synaptic plasticity mechanisms are induced and operate on the physiological level. The next section will cover some basic molecular mechanisms of synaptic plasticity with a particular focus on the a-amino-3-hydroxy-5-metyl-4-isoxazole-proprionic acid (AMPA) ionotropic glutamate receptor.


1.3  AMPA receptor trafficking and synaptic plasticity.

	AMPARs form homo- and hetero-tetramers of subunits GluA1-A4 which in mammals are encoded by genes GRIA1-4 whereas in fish they are encoded by a duplicated set of genes called gria1-4a and b 43,44.  All subunits share some common structural features. These include an extracellular amino terminal domain (ATD), a ligand-binding domain (LBD) (S1 and S2), three membrane spanning domains (M1, M2 and M3) one cytoplasmic re-entrant loop (P), and a carboxy-terminal intracellular region3. The flip and flop variants, encoded by exons 14 and 15 respectively, are generated by alternative splicing. Their difference lies in a 38-amino-acid insertion in a position which is part of the extracellular LBD 45,46 (Figure 1.3a).
	AMPA trafficking in and out of the post-synaptic membrane during Hebbian plasticity depends on interactions of its extracellular, intracellular and auxiliary subunits with several types of proteins within the post synaptic density (PSD). The PSD is the electron-dense thickening underneath the post synaptic membrane present in all excitatory synapses that contains neurotransmitter receptors, proteins linked to actin cytoskeleton and signaling proteins such as kinases and phosphatases3. A major initial event is the influx of Ca2+ through activated N-methyl-D-aspartate (NMDA) receptors, the other major ionotropic receptors in the CNS. The ratio of AMPA to NMDA receptors rises during development and defines the distinction between nascent and mature synapses. High frequency presynaptic stimulation for short periods of time induces LTP and sustained low-frequency stimulation induces LTD. At resting membrane potentials, magnesium prohibits Ca2+ flow by binding to NMDA receptors. Once the postsynaptic cell is depolarized by spike-triggering inputs from neighboring synapses it is relieved by magnesium and Ca2+ can enter the interior of the cell. Different concentrations of Ca2+ set in motion different signaling pathways recruiting kinases to induce LTP and AMPA receptor exocytosis and phosphatases inducing LTD and receptor endocytosis4. Examples of major kinases involved include the Ca2+-dependent protein kinases I and II (CamKI and CaMKII), Camp-dependent PKA and protein kinase C(PKC). Principal phosphatases include protein phosphatase I (PPI), 2A (PP2A) and 2B (PP2B)47(Figure 1.3b).  These signaling pathways influence LTP and LTD respectively by determining subunit composition and by inducing short-term post-translational modifications (phosphorylation and dephosphorylation), thus modulating channel permeability and interactions with other proteins in the local microenvironment of the synapse. 
AMPA trafficking has also been found to play a major role in homeostatic plasticity42,48. This form represents a negative feedback mechanism compensating for high or low long-term levels of activity and restoring them back to physiological levels49. Over-activation of synapses leads to internalization of AMPA receptors and under-activation to exocytosis and thus rises in excitability. Homeostatic mechanisms also act on and are influenced by subunit composition of receptors as well as protein groups such as scaffolding proteins, secreted factors, and PSD complexes3. 
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Figure 1.3 Structure of AMPA receptors and mode of trafficking during synaptic plasticity. (A) Schematic depiction of subunit composition of AMPA receptors. Image taken from 3 (B) Differences in the mode of presynaptic activation result in different forms of plasticity. Low frequency firing of presynaptic cells has low propability of coinciding with post-synaptic firing and this leads to LTD and recruitment of phosphatases and endocytosis of AMPA receptors. High frequency presynaptic firing has high propability of coinciding with post synaptic firing where NMDA receptors will act as coincidence detectors and the result is strengthening of synaptic connections through recruitment of kinases and exocytosis of AMPA receptors. Image taken from 4

	AMPA receptors and their sub-units are instrumental in mediating the direct effects of excitatory glutamate neurotransmission on the post-synaptic level and are subject to various forms of plastic changes50-52. As glutamate binding trans-membrane channels they participate both in information processing in neuronal networks and they are regulated on various levels in the post-synapse through endocytosis, exocytosis, lateral extra-synaptic movement through diffusion, trapping in the PSD and extensive post-translational modifications which alter their biophysical properties43,53,54. The direct measurement of their dynamic movement in and out of the synaptic cleft under in vivo conditions has been a sought-out resource for many years. Only recently, modern genetic expression approaches have been utilized that allow monitoring of recombinant sub-units of these receptors fused to fluorescent sensors. In this way changes in functional properties of neurons, for example receptive field formation in the primary visual cortex of mice, have been tightly associated to differential synapse strength alterations in single neurons55. From this perspective, vertebrate model organisms which can be engineered to express recombinant AMPA sub-units tagged with fluorescent sensors but which also allow monitoring the state of synapses in distributed neural circuits throughout the brain could be particularly useful in understanding deeper the relationship between synaptic plasticity and memory.     
As was mentioned earlier in this section of the Introduction, the AMPA receptor in its many variants is expressed throughout the nervous system of zebrafish including its larval stage44 and its trafficking in central reticulo-spinal neurons, the Mauthner cells, has been shown indirectly with in vivo intracellular electrophysiological techniques25. This realization, in combination with the fact that in vivo optical recordings of receptor trafficking in the zebrafish larva are lacking in the field led me to formulate my working hypothesis for one of the axis of the research project presented here.
	 

1.4 Elements of Learning Theory

If a researcher would wish to investigate the relationship between synaptic plasticity and learning in the zebrafish larva, then it would be imperative to acquire some knowledge of principles of learning theory and which types of memory could be robustly studied in this model organism. Furthermore, it would require up to date knowledge of the learning capabilities of zebrafish larva which is itself a quite uninvestigated area in the field. Lastly, one would need to focus on candidate neuronal circuits which would likely be causally related to learning in the zebrafish larva. These issues will be discussed in the following sections of the introduction.
 	Learning is one of the most distinctive feats accomplished by the nervous system and increases significantly the probabilities of survival and generation of offspring for animals, or the fitness of a species in evolutionary terms56. By memorizing events occuring in space and in time, animals can infer the saliency and relevance of different sequences of sensory stimuli and/or ‘‘assign’’ rewarding (positive) or unrewarding/punishing (negative) values to them57,58. 
The distinction between incentive-driven and incidental learning lies in the association between a conditioning stimulus or behavioral output with positive or negative reinforcers. Incidental learning occurs after repeated exposure to a stimulus of a single modality without the association between the behavioural output to reinforcers. As a classic example of incentive driven learning, pavlovian conditioning does not depend on behavioral output as the conditioning stimulus (CS+) (ringbell in the case of the classic experiments with dogs etc) is paired simultaneously or with a short delay with the unconditioned stimulus (CS-)(food etc) and it will not depend on the movement of the animal59,60. Contrariwise, operant conditioning and learning depends entirely on the ongoing or elicited behavior of the animal61. Further on, in this category of learning processes one can classify the trial and error learning forms. An example is birdsong learning, studied extensively in the bird zebrafinch, where the young male bird listens and memorizes it‘s father‘s (or tutor) song and later on with a trial and error procedure it will refine its own singing by comparing the memorized song (template) to the vocal output of its own practiced song62,63.  Another example is navigation in mazes where animals (usually mammalian animal models such as mice and rats) will have to forage/navigate through a trial and error procedure in order to find a cue which will impose reinforcement64. It is worth noting that under natural environmental conditions, operant and trial and error reinforcement learning can account for the majority of incentive-driven learning in an animal ‘s lifespan and thus offer a better insight into learning procedures under ethologically relevant conditions. Nonetheless, classical or Pavlovian conditioning due to its simplicity has served as a widely used paradigm in learning and memory experiments spanning many decades, linking behavioral, molecular, cellular and circuits neuroscience by utilizing a variety of vertebrate or invertebrate model organisms65. 
Incidental learning can involve complex forms of learning such as familiar object recognition which includes perceptual training/conditioning with the object or stimulus that is to be memorized66 as well as sequence learning67. Perhaps the most studied forms of incidental learning are sensitization and habituation which are considered additionally to be the simplest forms of learning. Habituation is defined as the decrease in the magnitude or probability of a behavioral response over time under the presentation of the same stimulus of a single modality whereas sensitization refers to the opposite, an increase in the magnitude or probability of a behavioral response with a conditioning stimulus but under different stimulation contexts. Stimuli of high intensity or stimuli which resemble predators will not habituate animals easily and will not reach the low almost asymptotic levels of response magnitude as neutral ones68.  
Another approach in order to classify learning processes is by making a distinction between implicit and explicit learning31. Implicit learning involves perceptual and motor skills whereas explicit, or declarative learning involves memorization of events, conspecific interactions, places and other complex constructs encountered in an individual‘s lifespan. In comparison to the previous classification, pavlovian conditioning, operant conditioning, some forms of trial and error learning, habituation and sensitization are grouped to the implicit learning category whereas maze learning and object recognition are grouped to explicit learning. This highlights the complexity of classifying memory processes and the importance of choosing appropriate model systems to study each one separately and accurately. An extensive literature of studies in mammalian species has identified different neural circuits involved in these two categories with explicit learning engaging the hippocampus and adjacent high-level cortical areas whereas implicit learning engages other anatomical neuronal systems such as the cerebellum, striatum, amygdale and others. In invertebrate species, implicit learning has been found to engage the sensory-motor reflex circuits alone and this has led to many discoveries concerning the molecular and synaptic basis of memory formation 58,65.     
1.6 The contribution of animals with small nervous systems to studies of Learning and Memory: Basic forms of Learning and Memory in Aplysia Californica 

	The sea snail Aplysia californica had been shown to exhibit with high probability a stereotyped reflex movement in response to tactile or electrical stimulation in the tail or siphon69. By monitoring and quantifying the behavioral response over time, researchers were able to show that the snail could exhibit short and long-term sensitization and habituation70. This fact, in addition to the ability to perform molecular, cellular and electrophysiological studies has lead to many discoveries concerning the biochemical and physiological properties of the synapse. On the circuit level, neurons in this sensory-motor network can be classified according to their neurotransmitter phenotype to excitatory, inhibitory and neuromodulatory. Excitatory sensory neurons detect tactile stimuli with mechanosensory receptors located in their dendritic endings on the siphon and tail71. The signal is transferred directly to motor neurons which control contraction of the gill. A parallel pathway establishes synapses with local inhibitory and modulatory interneurons which make synapses between them but also motorneurons controlling the gill. Neurons in this circuit are easily identifiable across different animals and intracellular recordings on different layers of neurons are feasible. Electrophysiological but also histological/anatomical investigations have characterized the circuit and its connections with a primary focus on the sensory to motor synapses. Simultaneous sensory neuron stimulation and motor neuron intracellular recording in the siphon-gill withdrawal reflex circuit along with quantitative measurement of behavior have shown that repetitive stimulation of a single sensory neuron results in initiation of gill withdrawal. The neural circuit reconstruction shows that the siphon- and tail-gill network can be comprised of just one, three or slightly more layers of synapses (Figure 1.6). 
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Figure 1.4 The simple sensori-motor network of Aplysia as a model of synaptic contributions to memory formation. (A) Dorsal view of the abdominal ganglion. Sensory neurons are labeled in blue, motor neurons are labeled in brown color. In order to map synaptic connectivity and the effect of pre-synaptic input, one neuron is stimulated intracellularly while another microelectrode records the electrical output of the motor neuron. (B) (Left) Simultaneous recording and stimulation of a motorneuron and behavioral recording of gill movements reveals the tight relationship between the firing of a single motorneuron and movement of the gill. (Middle) Dual intracellular recordings of a synaptically connected pair of sensory and a motor neurons show that firing of a sensory neuron is closely followed by firing of the motor neuron thus showing a causal relationship. (Right) Simultaneous electrophysiological recordings of a sensory neuron, a motor neuron and measurement of the movement of the gill demonstrate the previously mentioned causal relationship from sensory periphery to motor output. (C) Schematic depiction of the circuitry mediating the siphon and tail mediated withdrawal reflexes. For the siphon-gill reflex, the synaptic connections between sensory and motor neurons are direct and their depression has been associated to habituation learning72,73. Sensory neuron afferents also contact feed-forward excitatory and inhibitory interneurons. Potentiation of inhibitory synapses onto motor neurons has also been associated to habituation of the reflex. The circuitry of the tail-gill withdrawal reflex is more complex with initial activation of serotoninergic and modulatory interneurons on 3 layers of synapses. The action of serotoninergic neurons in particular has been associated to sensitization learning and memory74,75    

Already at the level of direct sensory to motor synapses, changes in synaptic efficacy or strength have been associated to particular forms of learning5. More specifically, short- and long-term facilitation of sensory-motor synapses, majorly dependent on pre-synaptic site modifications, has been associated to sensitization learning whereas short- and long-term pre-synaptic depression of the same synapses were linked to habituation72.  Furthermore, structural plasticity which includes the formation of new or modification of pre-existing synapses has been found to correlate with both forms of non-associative learning in the snail. After sensitization induction, sensory neuron axonal branches and boutons were found to be enriched. The exact opposite was found in habituated animals with massive reduction in the numbers of these cellular processes 76-78.
Numerous neurobiological studies in the sea snail for years have suggested that mainly pre-synaptic modifications in neurotransmition underlied short- and long –term changes in behavior which manifested as sensitization and habituation or even associative forms of learning established in this model organism75,79. This view has changed however in recent years as post-synaptic changes involving a-amino-3-hydroxy-5-methyl-4-isoxazopropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) glutamate receptors have been found to play an important role in learning paradigms. Specifically, a recent study found that blocking either NMDA receptors with the inhibitor APV, or AMPA receptors with the inhibitor DNQX on the post-synaptic site blocked long-term habituation80. Thus, the cellular mechanism underlying depression of the sensory-motor synapse on the long term appears to rely on post-synaptic mechanisms whereas depression on the short-term relies on pre-synaptic mechanisms. 

1.7 Neural circuits for habituation

On a mechanistic level, it is not known with great precision which concerted mechanisms lead to short- and long term habituation. As it was mentioned earlier, homosynaptic (pre-synaptic) depression has been losing absolute merit for this form of behavioral adaptation. A primary intuition about possible mechanisms can be drawn by thinking about this learning process on an abstract level.  
Habituation and saliency mapping are two very closely related terms in brain research.  Animals constantly encounter a vast number of stimuli in sequences from which frequently they have to select the sets of stimuli representing features of the environment which require attention. Through attention, animals will have to decide the course of action in response to these new stimuli and this will determine their behavioral output. In some cases, for stimuli of short duration, the attention and decision making process occur very quickly, as in escape movements. This is reflected in the respective anatomical neuronal circuits which tend to minimize the number of relay anatomical station structures from sensation to action. Habituation could act as a selective sensory filter, “shutting off” predictable stimuli and thus affecting the selection process of the appropriate motor program or output. As a prime example, research in the sensory motor network of the sea snail can be mentioned but there is a plethora of studies in other animals, both invertebrate and vertebrate, which have aimed to unravel mechanisms of habituation in different modality contexts. These include the habituation of escape response in Crayfish81, olfactory habituation to aversive odors in the fruit fly Drosophila melanogaster  at the adult82-84 and larval stage, olfactory habituation in the rat85, the habituation of the C-start escape response in goldfish86 and larval zebrafish87,88 and others. 
An emerging model of the underlying cellular and network mechanisms of habituation is the negative image model6. On broad terms and in a very simplistic scheme, a distinct sensory stimulus will be coded by specific groups of neurons on 3 layers of neurons with the middle layer involving feed forward and feedback connections between projection neurons and local interneurons, inhibitory in nature. Distinct groups or ensembles of projection neurons are considered to transfer a unique “image” of each stimulus. However, either through feed-forward or feedback inhibitory mechanisms each stimulus activates a negative (inhibitory) response image of itself which becomes potentiated after repetitive stimulus presentation. This potentiated negative image will eventually reduce the net excitation of ensembles coding for the stimulus thus not transmitting adequate information on to the next layer of neurons (Figure 1.7). 
A feature of this model, as developed until now, is that it proposes potentiation of inhibitory signaling and thus strengthening of inhibitory connections onto projection neurons in layer 2. One can think of an alternative possibility where excitatory connections of projection neurons, feed-back in the case of the olfactory bulb of mammals and the antennal lobe of insects, onto inhibitory interneurons are selectively strengthened during habituation. A characteristic of habituation is that it is dependent on the action of NMDA receptors. In the rat, olfactory habituation on the time order of 30 to 60 minutes is dependent on NMDA receptors and the same is true for short-term habituation of the larval zebrafish C-bend acoustic escape response87. An alternative of this suggestion could be the activation of NMDA receptors on the presynaptic inhibitory terminals of feed-back or feed-forward inhibitory interneurons87. 
NMDA receptors are non-linear ionotropic glutamate receptors (iGluRs) which means that they exhibit a current-voltage curve and not a straight line, which is an indicator of linear relationship. This characteristic has associated them with coincidence detection, that means the detection of synchronous activation of pre-synaptic terminals of various neuronal sources4. Aside post-synaptic glutamatergic connections, they have been found in presynaptic inhibitory terminals. Their function at pre-synaptic terminals is thought to attenuate presynaptic vesicle release through relief of the magnesium blockade a high frequency pre-synaptic train of action potentials. In this context, pre-synaptic NMDA receptors could be participating in potentiation of inhibition by facilitating γ-aminobutiric acid (GABA) release through increased trafficking of recycling endosomes of the pre-synapse to the synaptic membrane4,89.
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Figure 1.5 The negative image model for habituation. Familiar (B) and unfamiliar/naive (A) stimuli induce similar levels of activation in net excitation but they differ in the net inhibitory activation levels.  Familiar stimuli will induce an increased net inhibition while naive stimuli will induce low or moderate levels of net inhibition. The outcome will be severely decreased net excitatory output to the next processing layer. (E-J) Proposed motifs for local inhibition contributing to the negative image model for habituation. (E) A local inhibitory interneuron is excited by all excitatory neurons in anatomical area RI and provides feed-back inhibition to all of them. (F) Local inhibitory interneurons receive connections from a subset of and provide feed-back inhibition to a subset of them in area RI. (G) Inhibitory neuron(s) from the area RII, downstream of area RI, send feed-back connections to excitatory neurons of RI. (H) An excitatory neuron from area RII projects to a local inhibitory interneuron in RI in turn providing inhibition to the excitatory neurons of RI. (I)  An excitatory neuron from area RII projects to a local inhibitory interneuron of RI which in turn provides inhibition to subsets of excitatory interneurons. (J) Different excitatory neurons in downstream areas project to different local interneurons in RI and these in turn project to different sub-groups of excitatory neurons. (Figure taken from 6).         

A consequence of the negative image model for habituation is that after induced familiarity (repetitive conditioning, induction of behavioral habituation) with a stimulus sequence, there should be a redistribution of activation patterns between excitatory projection cells and inhibitory local interneurons90.  The outcome would be an increase in the net activation of inhibitory interneurons with coordinated reduction in net activation by excitatory projection neurons. Gaining better understanding of the circuit, synaptic and molecular processes by which this is accomplished would be of particular biomedical interest as weak habituation and an excitatory/inhibitory imbalance are closely associated with pathological neurological states including autism spectrum disorders (ASD) and schizophrenia 91,92 
From this perspective, it would be interesting to look for evidence of in vivo implementation of this model, in an organism where one could monitor the activity of a substantially large number of neurons over the period of a behavioural conditioning protocol to induce habituation or repetitive sensory conditioning alone. Alternatively, there could be an effort to study adaptation of a candidate neural circuit to repetitive conditioning and investigate whether adaptation can inform me about the redistribution of activation patterns in a candidate local neuronal circuit. In the following section I will develop the logic behind choosing the zebrafish larva as model organism to study this hypothesis in a defined conditioning paradigm.  






1.8 The zebrafish larva as an upcoming model organism for systems neuroscience and memory research.

1.8.1 Selective advantages of the zebrafish larva

The larva of the teleost zebrafish Danio rerio has been used extensively for the last approximately 20 years as a model system for systems neuroscience. George Streisinger and colleagues introduced it as a model for developmental biology about 36 years ago93. The major advantages of this organism are the ability to perform large-scale optical physiological recordings, for prolonged periods, with modern microscopy methods (2-photon, selective plane illumination or SPIM) in vivo94, straight-forward procedures to create transgenic fish mainly through the Gal4/UAS system95 and genetic mutations96 or manipulate neuronal activity with optogenetics97. Moreover with their relatively low maintenance cost, short generation time and the advantage of using fully optically transparent animals lacking melanophores on the skin98, the zebrafish larvae can provide a very good vertebrate model for imaging studies in order to study the activation patterns of large neuronal networks, in most of cases with cellular resolution, in an intact preparation.
Due to the afore-mentioned reasons, over the last more than 20 years there has been a tremendous step-by-step progress in combining detailed behavioral recordings of a living animal and optical recordings of neuronal activation patterns on a large scale. The pioneering experiments of Joseph Fetcho and his collegues focused on the hindbrain-spinal cord network mediating rapid escape behaviors as there was already a substantial amount of anatomical work on adult zebrafish as well as a phylo-genetically very closely related species, the goldfish99,100. Quickly the potential for detailed behavioral recordings was recognized and researchers began monitoring tail and eye kinematics in freely moving and immobilized agaroze-embedded animals in order to start defining the behavioral space of the zebrafish larva, that is all the different postures and movements that this animal can exhibit when challenged with different stimuli or spontaneously. 



1.8.2 Detailed behavioural measurements in the zebrafish larva as a proxy for the study of memory. 

Examples of visual behaviors that were defined in this course include the optokinetic reflex (OKR), the stereotypical bi-phasic response of eye movements fixating on moving visual stimuli on the horizontal visual axis101, the opto-motor response (OMR), a behavioral response of the larval zebrafish to stabilize its posture evoked by whole field moving visual stimuli including moving vector fields (the optic flow or else the type of sequences of images appearing to be moving towards an animal)102, the prey capture motor sequences elicited by living or artificial paramycia (the usual source of food of zebrafish larvae)103, escape responses elicited by looming stimuli104 and others7 (Figure 1.6). Thus, a large number of contemporary previous and ongoing studies are capitalizing on the advantages of the zebrafish larva as mentioned before in order to characterize and map sensory related activity, motor related activity and behavioral output in an effort to infer some causal relationship between them. Alternatively, there are certain neuronal anatomical areas and their respective neuronal circuits which can be studied autonomously such as the retina with predominantly feed-forward circuitry105,106 that has been studied extensively in order to gain better understanding of early visual computations in the nervous system.  
Much less is known about the learning capabilities and potential of larval zebrafish.  Establishing learning protocols in the larval zebrafish in combination with imaging approaches would facilitate a better insight into the network dynamics, potentially on a very large part of the CNS 94,107, underlying different learning states (naïve stage, learning procedure/conditioning, learned behaviors and stored memories). In the adult zebrafish, a series of experiments have identified various learning capabilities with behavioral experiments that include spatial place preference and passive avoidance learning, active avoidance learning, spatial alternation tasks, spatial and visual discrimination tasks, stimulus generalization and discrimination108. In addition to that, there have been efforts to specify the developmental stage in which fish learn robustly but there are conflicting reports regarding this matter. An earlier study established a paradigm in freely moving zebrafish combining visual conditioning stimuli with a noxious unconditioned stimulus (mild electrical shock) in order to test classical and operant conditioning in various developmental stages of the zebrafish. Analysis of the developmental ontogeny of learned behaviors revealed that fish learn robustly the association between stimuli only by the 3rd week post fertilization109. However, other studies have reported robust associative learning in zebrafish as young as 8 days post fertilization. In 2013, a study showed that pairing distinct visual environments (conditioned stimulus, CS) in different spatial compartments of the test chamber with visual access to conspecifics, (unconditioned stimulus, US)induced a place preference memory which persisted for up to 36 hours110.
Non-associative learning is perhaps the most studied form of learning in the zebrafish larva. High speed behavioral recording and tracking techniques have an important role in this research development. Larvae are extremely fast, upon an abrupt sound or tactile stimulus they can reach angular velocities of 10000 degrees per second and linear velocities of 30 cm per second. In this manner, they even outpace the fastest maneuvers of fruit flies8,111. Thus, high spatial and temporal resolution behavioral imaging approaches are necessary in order to study escape behaviors and “simple” cases of sensory-motor learning. Already by the fourth day post fertilization, zebrafish larvae exhibit fast escape maneuvers upon tactile stimulation and by day six they exhibit short- and long-latency C-bend escape behaviors upon acute and mild acoustic stimulation respectively. The name derives from the characteristic shape of the tail curvature after less than 15 milliseconds of stimulus onset for the short-latency C-bend. The longer latency acoustic behavior is induced by weaker acoustic stimuli of lower intensity or frequency and initiates about 40 to 60 milliseconds later8.             
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Figure 1.6 Visually evoked behaviours in the immobilized and freely swimming zebrafish larva. (a) A zebrafish larva, immobilized in methyl-cellulose in a cylindrical chamber, while exhibiting the OKR reflex when visually stimulated with a moving rotating stimulus. During this opto-kinetic reflex, the eyes follow the moving stimulus (anti-clockwise moving bars in this case) with a smooth pursuit and then a saccade fast reset movement. (b) Freely moving zebrafish larvae exhibiting the OMR response to a moving whole field visual stimulus, grating in this case. In the two left images, the fish follows the grating moving upwards whereas in the two right images the fish turns and follows a rotating stimulus by turning. (c)  Motor sequences of a larvae during approach and consumption of a living paramecium. Within two seconds of recording, the larva detects the paramecium and initiates orienting J-turns towards the prey, named as such due to the characteristic bending of the tail (upper 3 pictures). In parallel, there is a convergence of the eyes towards the target with simultaneous movement towards the midline of the visual field. This ocular movement facilitates binocular vision and prey detection112,113 (not shown). On the next stage, larvae will approach the target with slow swimming movements (middle three pictures). On the last stage, having reached a minimum distance, the larvae will initiate a capture swim in order to trap the paramecium (bottom 3 pictures).Figure is taken from 7.     
In Figure 1.7, a comparison between different escape or navigational maneuvers is shown in 4 millisecond intervals. All of these movements are recorded in fish 5 to 7 days old. The O-bend is a visual startle behavior which is elicited by step decrements in light intensity. A pre-requisite for this behavior to manifest, is to dark-rear fish in complete darkness for some period and then expose them to uniform light of a certain intensity for at least 20 minutes, before the step luminance decrement or “dark flash”. Thus, this behavior is directly dependent on previous light adaptation. As can be seen on the figure (first row), within 20 ms the larva will curle its tail and head so that the head almost reaches the tail. The angular velocity of this movement is significantly different from that of short-latency C-startle. Another difference is that ,contrary to acoustic startle escape movements, the initial turn when visual stimulation is biased towards the direction of the last source of illumination. It could be inferred that such a behavioral strategy would be deleterious in a natural environment as light decrements could be attributed to predators. Thus, the researchers who first described the behaviour made the suggestion that this maneuver is navigational rather than escape from a potential predator and serves as to re-orient the fish towards the last encountered source of illumination26. In the same figure, it is also apparent that kinematically, the O-bend is quite distinct from other turning maneuvers that have been described such as routine turns (navigational), J-turns (predatory), burst swimms (navigational) and scoots (navigational)8. 
	Through the establishment of the conditions for behavioral induction and accurate measurement of the C- and O-bend startle responses, non- associative learning could be tested by measuring the behavioural readout after repeated exposure to a stimulus, visual or acoustic.  To date, only two studies have assesed the effect of spaced visual conditioning and established a long-term habituation paradigm for the O-bend startle88,114. The first study also established short-term acoustic habituation protocols  involving the C-bend startle response. Additionally, the researchers used the acoustic habituation protocols in order to perform a screening for drugs affecting learning. This highlights the importance of establishing robust forms of learning in the larval zebrafish, as these can be combined with large-scale screening of compounds affecting this process in a high throughput manner. Another important contribution of this study was that it showed that once a robust learning process is established, it would be feasible to combine this with imaging approaches before, during and after a learning process and try to find differences in physiological patterns between these different states.   	      
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Figure 1.7 Distinct kinematic parameters of zebrafish maneuvers evoked by distinct sensory stimuli or occurring spontaneously. High frame rate recordings allow capturing distinct kinematic parameters of zebrafish larvae maneuvers. Frames from left to right are updated every 4 milliseconds. Figure taken from 8  
    





1.8.3 Imaging plasticity in neural circuits of the zebrafish larva

1.8.3.1 Acoustic habituation

In a follow-up study, researchers  combined quantitative behavior with high-speed videography (500frames/second) in order to monitor tail kinematics, and high speed spinning disk confocal calcium imaging (20 frames per second) focusing on the Mauthner (M) cell and its large lateral dendrite. By crossing a Gal4::4FF-62A transgenic line (expressing the Gal4 gene trap to M-cells) to a UAS (upstream activating sequence)::GCAMP6 line they generated themselves, they were able to optically isolate the M-cell and perform calcium imaging on the sub-cellular scale, which is very tightly correlated to voltage fluctuations and dendritic excitability at this acquisition rate. The relative fluorescence transients of the M-cell recorded from the soma as well as lateral dendrite during acoustic short-latency escape responses in 6 days old fish revealed that the excitability of the M-cell, especially its large lateral dendrite, dictates the probability of occurrence of the fast C-bend escape response. One especially interesting finding of the study was that local inhibition is contributing majorly to the short-term habituation of the C-startle response. By bath application of the neurotoxin strychnine which acts as glycine receptor antagonist, the major local inhibitory neurotransmitter in this part of the hindbrain, the researchers showed that habituation after repetitive conditioning did not occur. The same was observed by bath application of the NMDA non-competitive inhibitor MK-801115.
	An implication of the last mentioned study is that it makes relevant the negative image model of habituation on this model organism. The circuit mediating the short-latency C-start response is one of the best characterized anatomically and it also includes the decision-making mechanism for startle initiation which is ultra-fast (see section above). In rhomvomere 4/5 of the hindbrain, the giant spinal-cord projecting Mauthner (M) cell and its local network are instrumental in this behavior as laser ablation of the M-cell abolished it116. These mirror symmetric neurons receive glycinergic and GABAergic inhibition on 3 different modes, feed-forward from passive hyperpolarizing potential (PHP) inteneurons which are directly exhited by auditory nerve afferents, feed-back as M-cell firing activates feed-back glycinergic inteneurons and recurrent as firing of one M-cell leads to indirect inhibition of the contralateral M-cell117-119. Thus, potentiation of feed-forward inhibition and consequently negative image formation appears to be highly suggested for this form of acoustic habituation. 
	
1.8.3.2 Visual habituation

 For visually induced startle responses such as the O-bend maneuver, the underlying circuit mechanisms mediating the sensory-motor transformations are largely unknown. One approach to start deciphering the circuit could be selective ablations of distinct anatomical visual pathways and subsequent behavioral assessment, as in 102 where researchers assessed the effect of tectum ablations on the OKR behavior in immobilized larvae. The study that first described the O-bend also showed that ablation of M-cells did not affect normal O-bend maneuvers26. It is suggested that on the pre-motor and motor coding level, a distributed network of neurons controls the coordinated muscle movement during distinct movement patterns, except the ultra-fast Mauthner system as was already mentioned 120,121. Furthermore, the initiation latency for the O-bend is at 300 to 400 milliseconds on average, thus this constrains the sensory-motor computation and decision-making process for this maneuver in zebrafish26. In the case of habituated animals with a spaced conditioning protocol, fish either respond with an almost double latency or with reduced propability of occurrence 88,114.   A very recent study has used cutting-edge techniques such as SPIM microscopy and pan-neuronal calcium imaging in order to map visual sensory responses on the whole brain volume  and, with appropriate mathematical analysis, motor related responses in order to gain better insight into the sensory-motor transformations to a battery of visual stimuli9. Among the stimuli that were tested was the dark flash with a protocol that involved alternating light and dark whole-field stimulation every 20 seconds. On a reference whole brain, the researchers back-registered average responses and created sensory evoked maps. On Figure1.10, a 3D average response map of transitions to bright-dark whole field visual stimuli can be viewed. On the left, the dorsal view is shown and on the right, the lateral view of the brain. Dark flash stimuli induce wide-spread activation of groups of neurons in the telencephalon, diencephalon, mesencephalon and hindbrain, predominantly in the cerebellum.
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Figure 1.8 Whole brain mapping of “dark flash” evoked activity recorded with SPIM  microscopy. (A) With red color, back-registered average stimulus response maps for whole-field light/dark transitions. With light blue color, whole-field dark/light transitions. (B) Left, cells that show periodicity in their response pattern are clustered by the K-means algorithm. Average responses for each cluster (six in this case) are presented with color-coded lines representing averages and standard error of the mean (s.e.m). Right, color-coded according to cluster grouping are the anatomical locations of grouped cells on a reference brain. Pa: pallium, Hb: habenula, pTec: pre-tectum, OTec: optic tectum, Cb: cerebellum. Image taken and adapted from 9
	The optic tectum (OT), a laminated anatomical structure in the dorsal mesencephalon of the larval zebrafish and arguably the most thoroughly investigated center of complex visual computations in fish122,  could be a good candidate structure in order to study physiological adaptations contributing to learning and memory formation. 
	 The main function of the OT in many classes of vertebrates that have been investigated in sensory coding and sensory-motor transformation studies, is to process information about spatial location and high priority of stimuli in the environment and based on that to inform pre-motor, motor and forebrain areas for subsequent processing 56,123,124. Like it s homologous structure in mammals, the superior colliculus (SC), it receives retinotopic inputs which form a detailed visual map of the contralateral visual field 125-127.  For the zebrafish larva with its unique advantages, it has become an attractive neural system to study computation of salient visual signals which lead to distinct behavioral output104,128. Thus, its evolutionary conserved role in saliency detection could provide insight into learning processes where this computation is seemingly weakened, such as habituation. 
	Robust local network adaptation is another prominent feature of the optic tectum in the zebrafish larva. In 2016, a study utilized the OKR reflex in immobilized larvae able to freely move their eyes as readout of motion perception. The researchers proved that there could be induction of the Motion After-Effect (MAE), a visual motion illusion, after repetitive conditioning with a moving whole-field visual stimulus in a single direction, in this case a moving grating as a conditioning stimulus (CS). The researchers used larvae with pan-neuronal expression of the calcium indicator GCaMP3 under the promoter Huc and monitored calcium transient dynamics in a large part of the optic tectum. They also monitored the activity of direction-selective retinal ganglion cell axons with a transgenic line (ath5:Gal4;UAS:GCaMP3) selectively labeling retinal ganglion cells (RGCs) of the retina through the promoter Ath5. Remarkably, fish exhibited predominantly tectal but not RGC adaptation to direction selective activity to the CS on the physiological level and eye movement activity on the behavioral level persistent on the order of minutes. Additionally, the researchers wanted to rule out the potential contribution of eye muscular fatigue or eye proprioception caused during CS stimulation, to the observed post-CS MAE behavior. To this end and to inhibit eye movements to the direction of the CS, they used the transgenic line Tg(Huc:Gal4);Tg(UAS:eNpHR-mcherry which expresses the yellow light-gated anion(Cl-) channel halorhodopsin(eNpHR) fused to the red light emitting protein mCherry. Focal photo-stimulation with an optic fiber during presentation of the CS  abolished OKR movements following the CS  to a high degree and strongly suggested that neither eye muscle fatigue nor eye proprioception could account for the observed behavioral effect. This further strengthened the suggestion that tectum-specific sensory adaptation is responsible for the behavioral effect. Furthermore, researchers showed MAE-specific direction selective (DS) activities and that these scaled temporally according to the duration of the CS129. Thus, upon appropriate induction, tectal circuits can exhibit selective adaptation that can last minutes, even in the absence of visual stimulation.  

1.8.3.3 Measuring synaptic plasticity in the OT with intracellular recordings

          Moving onto smaller spatial and temporal scales that cannot be captured by current optical imaging techniques in the larval zebrafish, the retino-tectal circuitry has been known to exhibit fundamental forms of synaptic plasticity. In the developing optic tectum of the amphibian Xenopus laevis tadpole, tectal neurons exhibit spike-timing dependent plasticity (STDP), a form of plasticity derived out of Hebb’s rule and stating that neurons that have highly correlated activity on the order of a few milliseconds, are highly likely to establish stronger synaptic connections between them130,131. The phenomenon was first described in 1998 with artificial/ direct electrical stimulation of the retino-tectal tract and simultaneous intracellular recordings from tectal neurons but in follow-up studies, it has been induced even with natural visual stimulation such as bright flashes or moving bars and has been shown to modulate the receptive field structure and selectivity of single developing tectal neurons132-134. Although these results have not been reproduced in the tectum of the zebrafish larva, the two species share many neuro-anatomical/structural similarities and their tecta are predominantly used for complex visual computations, thus it could be suggested that similar mechanisms could be taking place on the tectum of zebrafish larvae upon experiencing patterned conditioning visual stimulation
.  
1.8.4 Neuronal correlates of complex visual memory in the OT of zebrafish larvae.

	Lastly, the optic tectum of the zebrafish larva has even been shown to be involved in perceptual memory of time intervals. In 2008, a study identified a physiological correlate of short-term memory of inter-stimulus time intervals in the tectum by recording from neuronal somata (highly indicative of firing patterns) loaded with the synthetic calcium indicator OGB-1. The correlate was reverberations of neural activity which occurred at a frequency very close to that of stimulus intervals (4, 6 or 10 seconds inter-stimulus interval) after visual stimulation had ceased. The finding was further strengthened by simultaneous behavioral measurements. The freely moving tail of the fish was monitored with a high speed camera and tail escape movements correlated tightly with the timing of the conditioning stimulus and population somatic neural activity measurements135. What can be inferred and generalized from this study is that periodic stimulation, on the order of a few seconds, could interfere with mechanisms of perceptual estimation of time intervals and entrain neuronal activity to the frequency of stimulation, in an adequate context. For example, for long-term conditioning in order to induce visual habituation, stimuli (dark flashes, DFs) are timed every 15 seconds and researchers reported that this frequency was optimal in order to rapidly induce habituation in between block trials88. Thus, the relationship between neuronal dynamics (spontaneous and entrained to rhythmic stimulation) and habituation is currently unexplored.          






1.9 Conclusions and open questions

	The optic tectum of the zebrafish larva is a candidate anatomical structure likely to be involved in visual habituation and as a result undergo long-term adaptive and synaptic plastic changes. It receives the majority of its synaptic input from the retina but also integrates it with inputs from other brain areas such as the visual thalamus136  and generates instructive signals by its projetions to hindbrain pre-motor and motor areas137. This feature could place the tectum as a hub where sensory information that is not relevant and consequential to the zebrafish is filtered out and does not contribute to the generation of the appropriate motor commands, as is observed during visual habituation. Early sensory computation is altered in habituated animals. In Drosophila Melanogaster drastic reductions in the net activation pattern of projection neurons already at the level of the Antenal Lobe (AL) following long-term olfactory habituation have been observed82,138. 
	Another feature of the tectum that makes the negative image model of habituation relevant and testable is the massive presence of inhibitory interneurons, both in its neuropil and in particular the stratum opticum (SO) layer where superficial inhibitory interneurons reside (SIMS). Inhibitory neurons are also in the Periventricular layer (PVL) where there is a large population of as seen in fish that express GFP under the gad67 promoter139,140 which labels specifically GABAergic neurons. Some variants of the latter inhibitory neuron group have also been described in fish expressing GFP under dlx 5/6 enhancer elements141 where it was shown that they project both dendritic fields and axonal arborizations to the neuropil. How these neurons evolve their firing patterns in response to repeated and spaced visual sensory stimulation and specifically dark flashes is currently unknown. The tectal neuropil has been shown to exhibit adaptation, a reduction of recorded activity, in response to repeated visual stimulation with dark flashes on short time scales142. However, the long-term effects of spaced conditioning stimulation, similar to the one used to induce long-term visual habituation, were not assessed. There are some predictions which could be made regarding this matter. First, activity could be driven down by adaptation in a first prolonged session of a spaced stimulation protocol and then remain on lowered levels for the next ones. A possible way by which this could be achieved is persistent depression of retinotectal synapses. An alternative scenario could be that adaptation persists for only some time and  then population activity levels return to previous levels or become even higher. Such a scenario could be plausible if there is a rising shift in the activity of interneurons compensating for adaptation in excitatory neurons. In chapter 4, I show results that could support such a hypothesis by recording network activity during a spaced conditioning protocol composed of series of dark flashes.
 Another open question concerns the long-term effect of visual sensory conditioning on tectal responses. To date, there is only one established protocol shown to induce visual long-term habituation in the zebrafish larva88. In chapter, 5 I use this protocol to subject fish in long-term conditioning and test their activity responses to dark flashes with calcium imaging 24 hours later. Furthermore, taking into account the discrepancy between conflicting reports in the field regarding the effect of presence of conspecifics in the environment of larvae by the second week post fertilization110,143, I performed the protocol in 2 different conditions, on individual fish and fish in groups. Adult zebrafish exhibit differential habituation rates between dominant and subordinate individuals144 and while evidence of social hierarchies in larvae do not exist, I decided to expand spaced conditioning experiments on group and single conditions due to the fact that conspecific presence has already been used as CS succesfully in an associative learning paradigm for 8dpf fish110. The working hypothesis was that by testing tectal net neuropil responses on the next day, I would be able to identify significant changes between naïve and conditioned animals. More specifically, the prediction would be that either through long-term depression of retino-tectal synapses, potentiation of inhibitory synapses onto excitatory neurons, potentiation of excitatory synapses onto inhibitory neurons, or a combination of all these three factors, the net activity levels in the tectal neuropil would drop after a longitudinal spaced conditioning protocol. 
	Another axis of the currently presented research project aimed to develop the first in vivo imaging experiments in the zebrafish larva in an effort to disentangle the mechanisms of AMPA receptor trafficking during synaptic strengthening (exocytosis of receptors on synaptic clefts is a correlate of LTP), weakening (endocytosis of receptors is a correlate LTD) and homeostatic plasticity under conditions of constantly elevated or decreased neuronal network activity.  For this purpose, I used mammalian and endogenous zebrafish recombinant AMPA receptors fused with pHluorin. This pH-sensitive variant of green fluorescent protein (GFP) was first introduced in 1998 and researchers fused it to the luminal side of vesicular protein synaptobrevin in cultured hippocampal neurons of mice in order to show that it reports faithfully exocytosis during neurotransmission. In an acidic environment (pH~5.6) such as in reservoir pools of neurotransmitters and receptors or recycling endosomes below the synaptic membrane, pHluorin is quenched by free protons (H+) and thus . When pH becomes neutral (pH~7,4) pHluorin increases its green fluorescence. This approach has already proven valuable for monitoring in vivo single synapse potentiation and clustering in the cortex of transgenic mice expressing AMPA sub-units fused to superecliptic pHluorin (SEP)145 as well as monitoring presynaptic neurotransmitter release across the early olfactory system of Drosophila melanogaster flies 146. During this research project, there was an effort to express the recombinant receptors under a panneuronal promoter. A prime candidate promoter that was used was elav3/huc which drives the expression of an RNA-binding protein and has been involved in neuronal differentiation, hence its ubiquitous ability to drive expression in almost all neurons 147. The expression system of choice was the GATEWAY system148. This system secures robust expression on about 50% of injection trials. A more thorough discussion regarding this genetic engineering approach and about selection of the promoter, drawbacks, potential developments and future perspectives will be given in the respective chapter. 
	In the last chapter, I will describe and discuss a methodology I attempted to develop in order to be able to visualize plastic changes of excitatory synapse strength, in vivo , by tagging AMPA receptors43 in order to be able to disentagle between fore-mentioned possibilities. Undouptadly, the neuronal pathways mediating visual behaviors and possibly visual learning are much more complex than these processes in other modalities87,149,150 thus hampering identification of the potential synaptic loci where modifications could be localized. Nevertheless, due to the afore-mentioned reasons regarding the central role of the tectum in visuo-motor transformations, the OT still remains a prime candidate structure.
	In the following section, I summarize the axis of the research project described in this thesis.          
	
1.10 Scientific aim       
                
	For this study, I decided to focus on investigating physiological network adaptation in the neuropil of the optic tectum on partially different, partially overlapping contexts of visual sensory and behavioral conditioning. 
First, I characterize with immuno-histochemistry a novel transgenic line expressing the calcium indicator GCaMP3 in large populations of neurons focusing on the retino-tectal system. As will be discussed thoroughly in chapter 3, this characterization was necessary in order to have a better view of the cellular processes of the neuropil being imaged on a mesoscale under a confocal 1-photon microscope. 
Second, in chapter 4 I analyze physiological network adaptation of the tectal neuropil activity with a spaced stimulus sequence composed of dark flashes (DFs) and also record post-CS activity. The purpose of these optical imaging experiments was to gain better insight on the effects of spaced conditioning with dark-flashes on neuropil network activity. Recordings were performed during and after presentation of a stimulus sequence and under minimal background adaptation to light. I will also try to draw connections to the negative image model for habituation based on the results and on what is known about the anatomical organization of the neuropil. 
Third, in chapter 5 I record and analyze activity in the tectal neuropil of individuals belonging to groups with different sensory conditioning history. The hypothesis was formulated according to the negative image model for habituation and the purpose of these experiments was to identify long-term effects of past sensory/behavioral experience on sensory responses, adaptation and post-sensory conditioning period. 
Lastly, in chapter 6 I will describe an effort to tag in vivo plastic synaptic modifications. Towards this end, I attempted to create a transgenic line expressing a recombinant sub-unit of the the second subunit of the ionotropic glutamate receptor AMPA (mammalian GluA2 and endogenous zebrafish gria2) throughout the CNS. This transgenic line could be used in experimental settings described in previous chapters but it could also be adapted to alternative experimental contexts focusing on the relationship between synaptic plasticity and memory.            





                      

     



















Chapter 2

Materials and Methods














2.1 Imaging
2.1.1Animals and Husbandry
Αll experimental procedures were performed in accordance to UK Home Office regulations (Animals Scientific Procedures Act 1986) and were approved by the Ethical Review Committee at the University of Sheffield. All experimental work presented in this thesis was covered by my Personal License (No IEB4C77F3). 
The standard breeding procedure over marbles was used for animal husbandry. Embryos were raised in standard E3 solution (5.0 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) without methylene blue at a temperature of 280 C. The light/dark cycle was kept constant at 14/10 hours. After day 5, larvae were moved to a Tecniplast system (Tecniplast S.p.A, Buguggiate, Italy). They were fed 2 times a day and always after behavioral conditioning or imaging experiments151

2.1.2 Transgenic line
The transgenic line expressing the Ca2+ sensor GCaMP3152 throughout the CNS under the Xenopus laevis Neural Beta Tubulin (NBT) promoter was created by Paola Meza Santoscoy in the laboratory of Dr. Vincent T. Cunliffe (Department of Biomedical Science, University of Sheffield)  with the mini-Tol2 system10,153 (for details see 13). 
2.1.3 Visual stimulation setup for longitudinal sensory/behavioural conditioning
The code scripts for visual stimulation were custom-made and written in MATLAB with the psychophysics toolbox154,155. The unit of the conditioning stimulus in imaging experiments presented here is the “dark flash” which is an absolute decremement of light after presentation of constant illumination. It was provided by a pocket projector (Optoma PK320) connected to a Linux laptop on one side of the chamber used for behavioral conditioning. The acrylic chamber (dimensions 12 x 8.5 x 5 cm) used for conditioning of freely moving larvae was covered with a semi-transparent sheathing which served as a screen upon which the stimulus sequence was presented (Figure 2.1 A). The unit of stimulation or “dark flash” consisted of 1 second absolute decrement of light intensity inter-spaced by 15 seconds of constant illumination. This was repeated in 4 blocks of 120 dark flash repetitions inter-spaced by 10 minutes of constant illumination (Figure 2.1 B). 5 or 6 fish for each training session were left to adapt for 10-15 minutes to constant bright light prior to the initiation of habituation conditioning. This method of conditioning for non-associative learning is defined as spaced due to the 10 minute intervals between consecutive blocks of stimuli156. The protocol was adapted from 88 and 114, in this case for an open-field arena. The goal of this spaced conditioning protocol was to induce a simple form of long-term visual habituation in zebrafish larva, thus a robust88,114 protocol was chosen. The potential long-term physiological impact of such longitudinal conditioning when it is performed under a “socially enriched” environment (groups of fish) or not (single) fish is currently unexplored. Further details behind the rationale of the trial design are provided in the respective chapter (5). After the conditioning protocol was completed, the chamber was carefully washed in order to be cleared of any substance that may act as a stress inducer to the next group of larvae placed inside the chamber. Fish were kept in groups (for group conditioning) or single (for single fish conditioning) in petri dishes in the Tecniplast system for 17 to 24 hours prior to imaging.
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Figure 2.1 Schematic depiction of the setup for longitudinal sensory/behavioural conditioning with a habituating stimulus sequence. (A) Illustration of the chamber for behavioural conditioning and the visual stimulation setup. Visual stimuli (dark flashes) were presented on one side of the open field chamber while groups of fish (left) or single fish (right) were able to swim freely in it. (B) Depiction of the visual stimulation pattern used for sensory and behavioral conditioning.



2.1.4 Pharmacology during sensory/ behavioral conditioning
 The non-competitive NMDA receptor antagonist MK-801 (ApexBioTech, Sigma) was applied during the longitudinal sensory and behavioral conditioning protocol (Figure 2.2). The goal of the administration was to affect learning and synaptic plasticity mechanisms (for detailed reasoning and discussion see Chapter 5). The drug was brought to 1 μM final concentration in 100% DMSO. The fish were per-incubated with the drug at 0.1 % DMSO final concentration for 10-15 minutes prior to conditioning (Figure 2.2). Once the spaced conditioning protocol (identical to the previously presented) was over, fish were transferred to Tecniplast in a petri dish and the chamber was washed 3 times with E3 medium in order to be cleared of any drug trace as well as DMSO with repeated washes of E3 solution. Drug administration was also applied to a control group that received no pre-conditioning in a petri dish. Further control experiments were performed with application of only DMSO at 0.1% final concentration in naïve and groups that received pre-conditioning. 
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Figure 2.2 Schematic depiction of the sensory/behavioral conditioning setup in combination to pharmacological manipulation of NMDA receptors. The non-competitive NMDA receptor inhibitor MK-801 was initially dissolved in 0.1% DMSO and subsequently applied to the E3 medium where 1 μM final concentration of the drug was achieved. Upon completion of the protocol, fish that received conditioning were kept together for 17 to 24 hours. Control fish received the drug at the same concentration in a Petri dish and were subsequently kept together until the imaging session. 



2.1.5 Imaging
Zebrafish larvae were immobilized in 2.5-3 % low-melting point (LMP) agarose diluted in 1x E3 solution inside an acrylic rectangle chamber designed for imaging experiments. Initially, there was a high percentage of z-drifts and by increasing the concentration of the agaroze, which in published works on the research field is about 2%, I observed less drifts on the z-plane. The outer dimensions of the imaging chamber were 90 (L) x 70 (W) x 15mm(H). One of the sides served as surface for screening the stimulus and was covered with a semi-transparent sheathing. Screen size was 90 mm(W) x 15 mm(H)(Figure 2.4 A). Fish were left to adapt in darkness for at least 10 minutes. A micro-controller provided the TTL pulse that was used to synchronize image acquisition and stimulus presentation. Imaging was performed under a 1–photon confocal Olympus FV1000 (Olympus, Tokyo, Japan) microscope at the Wolfson Imaging Facility (University of Sheffield) fitted with a 40x (NA 0.8) LUMPlan objective (Olympus, Tokyo, Japan).  The imaging plane encompassed primarily the OT neuropil (np). Scanning was triggered by the visual stimulation script and videos of 256 x 256 pixels at 1.77 Hertz acquisition rate were collected. 
Recordings were performed with simultaneous initiation of the respective visual stimulation Visual stimulation was provided with 2 different protocols (Figure 2.3). The 1st protocol consisted of 59 dark flashes of the ON-OFF-ON sequence (habituating sequence) and a last ON-permanent OFF transition stimulus (salient stimulus) inter-spaced by 15 seconds in-between. The period from the start of the stimulation protocol until the onset of the last stimulus will be referred to as ON period. The period from the onset the last, salient stimulus until the end of the recording will be referred to as OFF period. 4 blocks (sessions) of series of dark flashes were presented, interrupted by 10 minute spacing with no stimulation (Figure 2.3A). The goal was to test the effect of spacing between block sessions on OT neuropil network adaptation (for details see Chapter 4). The 2nd protocol, also referred to as test stimulus, consisted of 9 dark flashes of the ON-OFF-ON sequence inter-spaced by 60 seconds and a last ON-permanent OFF (salient) stimulus (Figure 2.3 B). The goal of this test protocol was to assess the long-term effects of pre-conditioning on net activation levels of the OT neuropil (for details see Chapter 5). 
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Figure 2.3 Illustration of different stimulus sequences projected during imaging recordings. 2 different stimulus sequences were used during imaging sessions. (A) The spaced conditioning stimulus sequence used to assess adaptation effects across spaced sessions. 59 ON-OFF-ON sequences inter-spaced by 15 seconds were a last ON-permanent OFF (salient) stimulus. 4 consecutive sessions were spaced by 10 minutes in absence of visual stimulation. (B) The test stimulus sequence consisted of 9 ON-OFF-ON sequence dark flashes inter-spaced by 60 seconds of constant illumination. The last stimulus was an ON-OFF transition.  


2.1.6 Analysis of imaging videos and inference of significant Ca2+ transients 

Drifts in the XY plane were corrected with TurboReg157, an imageJ plugin which aligns a series of images by minimization of the mean square difference between a reference frame, that is the average of frames 1-15 (Figure 2.4 B), and all the frames in the video. By visual inspection I sorted videos which had significant deviations in the z-plane.
Analysis of the calcium imaging data was performed with a recently published freely available analysis platform custom-written in MATLAB programming language129,140,158-160. 
In addition to the registration of videos for corrections in the x-y plane with the TurboReg plugin for imageJ, an additional algorithm was used to identify artefacts which might be induced by animal movement during imaging experiments. The program performs a cross-correlation across all frames of the video with a template image, which is a spatially smoothed image frame preserving the major anatomical features of the imaged area with reduced noise. Frames having artefacts were automatically isolated and removed (Figure 2.4 C).  
The tectal neuropil was segmented into different ROIs by applying an hexagonal grid (7μm diameter per hexagon) through marking the anatomical area with the afore-mentioned template image. This approach would facilitate the mapping of sensory-evoked Ca2+ transients and subsequent analysis of multi-dimensional signals.  A recent peer-reviewed study examined adaptation in the OT upon repetitive presentation of DFs161. Both the neuropil region and the SPV layer were analyzed in a broad manner by marking the whole neuropil or the SPV as single layers. In this study, under the current regime of available resources, I observed that the neuropil signal was prominent whereas somatic signal was obscured and not evident. Thus, I decided to focus on analyzing the neuropil signal through segmentation. Segmentation with the afore-mentioned grid pattern was performed because careful observation of video recordings showed that not all neuropil regions respond uniformly or equally to DFs. Thus, this approach has a number of advantages. First, it facilitates the sorting-out of ROIs which show no response at all. The method for doing this will be detailed further on. Second, by application of certain image processing and statistical methods described below, it is possible to infer which ROI is active at which frame/time point. In this way, the precise spatiotemporal pattern of activity in a neuronal population can be visualized through raster plots and activity histograms (a mandatory pre-requisite for an initial and broad understanding of complex datasets). As will be shown in chapters 4 and 5, this line of thought and approach uncovered unique features of the datasets regarding adaptation in the OT not described before. Third, although neuropil signals cannot be used to infer firing rate dynamics of the underlying neuronal populations, they exhibit activity dynamics which can give insight into network states (after higher-order mathematical analysis). A recent state of the art study in the zebrafish larva which included neuropil signals in its analysis of global brain dynamics provides a proof-of-principle for this claim162. Lastly, this approach and analysis with this particular toolbox facilitates detection of complex, higher-order, synchronous, spatio-temporal activation patterns (ensembles)158,159.  Thus, creating high quality datasets in this manner could assist future analysis with the aim of detecting more complex patterns. 
An additional detection of traces with artifacts was performed by applying to each ROI an estimate of the slowly varying fluorescence baseline (Fsmooth) (Figure 2.4 D). This parameter shows slow fluctuations which are not related to the faster transients associated to neural activations and is calculated by applying a running window average on the 8th percentile of the ROI’s fluorescence, with a time window 40 times larger than the decay time constant of the calcium reporter (τ)163. In this case, the time constant (τ) for the calcium reporter GCaMP3 is equal to 0.36 seconds.  For my experiments, I used the Fsmooth in order to calculate the relative fluorescence variation for each particular ROI (ΔF/F0) because it is the best suited method for long sessions where F0 can vary over time. The toolbox was initially designed for the detection and characterization of neuronal somatic responses and it offered the capability of subtracting peri-somatic from somatic relative fluorescence variation. I chose not to use the particular feature since the detailed underlying anatomy of the neuropil is not known, the promoter used in the transgenic line is not specific for neuronal somata or dendritic fields and in these experiments I recorded the activity of intermingled populations of these processes.  
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Figure 2.4 Imaging in vivo of the OT neuropil activation patterns during visual stimulation and steps of image processing. (A) Immobilized larvae were placed in the center of the recording acrylic chamber facing the screen which covered the majority of the frontal visual field. The eyes to screen distance was approximately 1.3 cm. (B) Example focal plane encompassing the OT neuropil(np) with all its layers and the SPV layer where the majority of OT somata lie. Imaging was performed from either hemifield of the OT as visual stimulation was uniform between the eyes. (R) Rostral (C) Caudal (M) Medial (L) Lateral. (C) The whole tectal neuropil is segmented in hexagonal ROIs of 7 μm in diameter. Here, ROIs are displayed after the secondary cross-correlation registration performed with the toolbox. (D) The segmented OT after the last trial for detection of artifacts (sanity test) which could be resulting from ROIs moving in and out of focus. In this example, all ROIs pass the test and are marked with yellow color.     
The next step was the inference of significant fluorescence transients which could be related to neuronal activations. Although in this part of the analysis I focus on the neuropil region of the tectum, immunohistochemical experiments carried out in the lab suggested that the vast majority of fluorescence originates from the dendritic fields of tectal neurons along with sparsely present neuronal somata of local superficial inhibitory and excitatory interneurons (SINs)128,164,165(Barker AJ et al., 2018, Bioarxiv).  A crucial step for the inference of statistically significant calcium transients is the estimation of the baseline fluorescence noise scale (σ) for each ROI. In the experiments presented here, this was calculated by fitting a Gaussian process to the negative fluctuations of ΔF/F0 for each ROI and by estimating the standard deviations of the baseline Gaussian process. Taking into account the estimated model of the underlying noise, inference of significant calcium transients was done by applying a dynamic threshold that depends on both σ and the biophysical properties of the calcium reporter. By applying a Bayesian odds ratio across all frames, it marks as significant the fluorescence transients which cannot be explained by the noise level and are compatible with the GCAMP3 time constant (τ = 0.38)129,140,158-160. In this way, any event in the fluorescence time series data was deemed to belong to either a neuronal activity process A (equal to 1) or to an underlying noisy baseline, B (equal to 0). Extensive mathematical formalization is provided in159. As will be shown in the Chapters 4 and 5, this algorithm was efficient in detecting significant sensory evoked Ca2+ transients which indicate increased underlying cellular somatic and dendritic activity. 

2.1.7 Identification of responsive ROIs for the ΔF/F0 signal
The mapping module of the computational toolbox used in this study was also utilized for the sorting of responsive ROIs. In Figure 2.5, an example of response mapping analysis is displayed. This particular analysis was applied in a recording from a naive (not pre-conditioned) fish stimulated with 10 dark flashes with 60 seconds inter-stimulus interval (Figure 2.5 A). Mapping is performed by first isolating the trace from each ROI 1 second before and 5 seconds after a dark flash. An example of a robustly responding ROI is shown in Figure 2.5B. 10 isolated traces from the same ROI, corresponding to the 10 dark flashes, are marked together with red colour because these transients were identified as significant and belonging to activity in response to the dark flash stimuli. The average of these traces is marked with black colour. For comparison purposes, in Figure 2.5 C the vertical reference bar for ΔF/F0 corresponds to 0.4 and the horizontal bar corresponds to 1 second. In Figure 2.5 D the chosen ROI is displayed on an average image of the OT. The relation of the peak average ΔF/F0 to the mapping parameter which is used to color map the entire neuropil (Figure 2.5 A) is shown in Figure 2.5 E.    
[image: ]
Figure 2.5 Representative response mapping of a single imaging recording. (A) Mapping of average responses to dark flashes (magenta bar) according to the peak mapping parameter (gradient bar). (B) Isolated traces, marked in red for significant transients, from a single ROI. The average is marked with black colour. On the right, reference bars for amplitude of Ca2+ transients (vertical) and time (horizontal). (C) The example ROI displayed on a average of the imaged plane. (D) The relation of the peak average value of ΔF/F0 to the mapping parameter value. The mapping parameter relates the peak value of the averaged response (in this case the peak value of the averaged response shown in black color in B) with an HSV (Hue Saturation Value) color code (see158 for a more detailed description of the function and its implementation in datasets from various model organisms). Note that a large fraction of ROIs remain unresponsive to the dark flash stimulus across all 10 repetitions. 

In order to estimate the net neuropil ΔF/F0 signal, I adopted a conservative approach. As can be observed in the example of Figure 2.5 A, there is a lot of variability in the average responses throughout the neuropil. For every recording, I sorted responsive ROIs according to the criterion of even low responsiveness. In the example shown in Figure 2.5 A, I applied a threshold and kept ROIs which displayed an average ΔF/F0 value greater than 0.04, the lower value of average ΔF/F0 . A similar approach was taken for all optical recordings performed in this study by adjusting this lower threshold.  The resulting datasets retained 40 to 50% of all recorded ROIs for each experiment. 
Quantification was performed by first identifying the peaks of averages pulled from responsive ROIs from different animals. This resulted in vectors with ΔF/F0 values from all pre-sorted ROIs at the frame/time point of maximum average value. Additionally, negative artifactual values which were probably present due to photo-leakage from the stimulation setup were sorted out.  Quantification histograms are shown as average +-s.e.m.

2.1.8 Calculation of the active area signal

The detection of significant Ca2+ transients for each ROI is informative and useful for inspecting the group activation of ROIs during each dark flash stimulus. The detailed method description was provided in section 2.1.6 (for more details see source papers158,159). The time series of each ROI and for each time point can have a value of either 1, when marked as significant, or 0 when marked as belonging to baseline noise. Adding the total number of active ROIs per time point results in an activity histogram which shows the magnitude of active area on the imaged plane (for an example see Figure 4.1 C in Chapter 4). Normalization is done by dividing histogram values with the total number of recorded ROIs for each experiment. The result reports the percentage of active area signal during a stimulus sequence. 
Quantification was performed by isolating the vector corresponding to the peak average active area (in a manner similar to the one described in section 2.1.7 for the net ΔF/F0). Whereas the net ΔF/F0 signal reports the average value of pre-sorted ROIs at the time point of maximal average value, the normalized active area reports how many ROIs are active during stimulus presentation. Thus, it offers a closely related but different way of examining OT activation and adaptation which has not been examined in previous relevant publications161. Results are shown as average +-sem. 

2.1.9 Statistical analysis  

 All datasets were statistically analyzed in MATLAB software. Gathered vectors of ΔF/F0 and active area signal for all optical imaging experiments underwent the Lillie test for normality (a = 1 fail, a=0 pass). For vectors gathered from the imaging during spaced conditioning sessions (Chapter 4), statistical comparison was performed with a parametric t-test on 2 paired samples if both compared vectors passed the normality test or with a non-parametric Wilkoxon Rank Sum test if they did not. For the vectors gathered after longitudinal spaced conditioning (Chapter 5), the non-parametric Mann-Whitney U test was used on all occasions as the vast majority of vectors did not pass the normality test. Statistical comparisons are labeled in graphs as follows: i) Pvalue > 0.05, not significant, ii) Pvalue ≤ 0.05 (*), iii) Pvalue≤0.01 (**) iv) Pvalue≤0.001 (***) v) Pvalue≤0.0001 (****).   


2.2 Histology

2.2.1 Immunohistochemistry
In order to have an appropriate estimate of the cell types in different layers labeled in the retina with the NBT:GCaMP3 line, double immonohistochemistry was performed with anti-GFP (GCaMP3152-specific) and anti- HuC (RNA-binding protein, neuron-specific147) antibodies. Double labeling with anti-GFP and anti-ZN5 (majorly RGC and RGC axonal marker166,167) antibodies was performed in order to estimate labeled RGC axons exiting the retina through the optic tract. DAPI staining was also performed in order to label all cells and provide background control.     
GCaMP3- positive fish (7 and 21 dpf) were culled with a lethal dose of tricaine and fixed in 4% Paraformaldeyde (PFA) (4% PFA in 3% sucrose, 60 mM PIPES, 25 mM HEPES, 5 mM EGTA, 1mM MhCl2) in Phosphate Buffer solution and kept at 40 C. After at least 1 day, fixed fish were placed in 30% sucrose solution and kept in 40 C. A few days later, cryosections were obtained from PFA-fixed tissue using a Jung Frigocut cryostat (Leica Biosystems, Nussloch, Germany). Immuno-staining was performed using Rabbit anti-GFP (1:200,ab290,Abcam, Cambridge, UK), mouse anti-Huc /D (1:200, 16A11, Invitrogen, Carlsbad, CA,USA) and Zn5 (1/50, ZIRC, University of Oregon, Eugene, OR 97403, USA)13. These were supplemented with DAPI staining (1/50000). 

2.2.2 Imaging of antibody-labeled sections
 Laser-scanning confocal imaging was performed using a Leica Sp5 microscope (Leica) with a 63x silicon oil immersion objective (NA 1.3) using the LCS Leica Confocal Software (Leica Microsystems). Image analysis was performed using ImageJ and Volocity Software (Perkin Elmer, Waltham, MA, USA)13.  












2.3 Development of methods for in vivo imaging of recombinant AMPA receptor trafficking. 

2.3.1 Vectors for expression of mammalian GluA2 recombinant subunits of AMPA receptors throughout the CNS of larval zebrafish.
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Figure 2.6 The synthetic GluA2 sub-unit of AMPA receptor with a fused Phluorin protein on its N-terminus. Phluorin-tagged GluA2 subunit of AMPA receptor isolated from Rattus norvegicus. The sequence as shown in the figure starts with the GluA4 signal sequence (Rattus norvegicus) for plasma membrane targeting, followed by the Phluorin sequence and GluA2 cDNA sequence (Rattus norvegicus) . 2 different variants of the GluA2 cDNA sequence were obtained, the Flip and and Flop (see Introduction 1.3). The backbone vector carrying the cassette is pcDNA 1.3(-) MCS (5.4 kb length) (Source:Invitrogen). Antibiotic selection: Ampicilline. Construct made by Sarah Coleman. Source: Kari Keinanen (University of Helsinki). Reference publication 168
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Figure 2.7 The middle entry vector (PME-MSC) of the GATEWAY system10 used for transgenesis. This vector is designed for carrying desired sequences for targeted expression. The gene of interest is inserted between the attL1 and attL2 recombination sites. Vector length: 2765 nucleotides (nt). Antibiotic selection: Kanamycine. Source: Henry Roehl lab (University of Sheffield). 

[image: F:\THESIS DRAFT\Revision\Materials and Methods\Molecular Biology\hu5EC.ape.bmp]
Figure 2.8 Entry vector of the GATEWAY system carrying the promoter (5’) element. This vector is designed for carrying the promoter used for tissue specidic expression148. In this case, the pan-neuronal HuC is inserted between the AttR1 and attL4 recombination sites. Vector length: 5974 nt. Antibiotic selection: Kanamycine. Construct made and provided by Stone Elwotny. Source: Freek Van Eden lab (University of Sheffield).


[image: F:\THESIS DRAFT\Revision\Materials and Methods\Molecular Biology\302_p3E-polyA.ape.bmp]
Figure 2.9 Entry vector of the GATEWAY system carrying the PolyA (3’) element. This vector is designed for carrying the PolyA sequence required for RNA stability during transcription and translation of the chosen gene of interest148. The SV40 late polyA sequence is inserted between the attR2 and attL3 recombination sites. Vector length: 2828 nt. Antibiotic selection: Kanamycine.. Construct made and provided by Stone Elwotny. Source: Freek Van Eden lab (University of Sheffield). 

[image: ]

Figure 2.10 The estination vector pDestTol2pA2. This vector contains the attR4 and attR3 recombination site sequences flanking the ccdB(part of the toxin-antitoxin encoded by the ccd operon)/CmR(Chloramphenicol Resistance Protein)  sequences. Vector length: 5883 nt. Antibiotic selection: Ampicilline. Vector provided by Stone Elwotny. Source: Freek Van Eden lab (University of Sheffield). 
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Figure 2.11 The PCS2FA vector. This vector carries the template sequence for transposase RNA generation. Vector length: 6034 nt. Antibiotic selection: Ampicilline. Vector provided by Stone Elwotny. Source: Freek Van Eden lab (University of Sheffield).

Maps created with SerialCloner software (http://serialbasics.free.fr/Serial_Cloner.html)







2.3.2 Strategy for expressing the recombinant mammalian subunits of AMPA receptors by utilizing the GATEWAY system  
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Figure 2.12 Outline of the 2-step strategy used to express the recombinant mammalian receptors pan-neuronally in the zebrafish larva. (1) The 1st step includes sub-cloning of the mammalian synthetic construct into the middle vector. A straight-forward approach with restriction reactions on the pcDNA 3.1 vector carrying the synthetic construct and the middle entry GATEWAY vector PME-MSC and subsequent ligation was decided. (2) The 2nd step involved performing the LR recombination reaction in the presence of the PME-MSC plus the synthetic construct, the 5’ entry clone with the Huc promoter and the 3’entry clone with the polyA sequence. During the LR clonase reaction the att-recombination sites from lambda phage recombine to generate the expression construct carrying the appropriate promoter-gene of interest-polyA sequence. 





2.3.3 Dh5a cell transfection and DNA purification
Dh5a cells (Invitrogen) were transfected according manufacturer’s instructions and DNA was purified according to standard protocols with mini- and midi-preps (Quiagen).

2.3.4 Restriction reactions
Midi prep purified PCDNA3.1-signalsequence-Superecliptic pHluorin-GluA2flip/flop vectors were digested with NheI and HindIII enzymes in Cutsmart buffer. The PME-MSC middle entry vector of the GATEWAY system was digested with XhoI in Cutsmart buffer. After incubation for 3 hours, the Klenow fragment was added to the recombinant AMPA containing solutions and they were incubated at 250C 15 min. EDTA was added, the reaction was deactivated at 750C for 15 minutes and the restricted backbone vector was then treated with Shrimp Alkaline Phosphatase and its buffer (New England Biolabs). Gel loading buffer was added and electrophoresis was done by loading the whole mixture in wells of 0.7% agarose gel (1% TAE buffer, 6 μl Midori Green or 6 μl Ethidium Bromide (EtBr) added). After visualization in a UV-light screen, the fragments corresponding to the desired constructs were isolated with Gel extraction kit (Quigen) and the ligation reaction was performed in the presence of T4 ligase and its buffer at 160C overnight. Bacterial cultures were collected and test restrictions were performed with the Not-I enzyme. Sequencing reactions are shown in Index Sequencing section.


2.3.5 LR Recombination reaction 
The LR recombination reaction was performed in the presence of the PME-MSC vector carrying the synthesized construct, the p5e-Huc vector, the p3e-polyA vector, the destination vector pDestTol2PA2 as well as in a negative control reaction with just the destination vector without entry vectors. Entry vectors were brought to equimolar concentrations (10 fmol) while the destination vector was brought to 20 fmol. 2 separate LR reactions were performed for the Flip and Flop constructs plus the negative control reaction. In all reactions 1 xTE buffer (10mM Tris-Cl, pH 8.0, 1Mm EDTA) was added. Volumes in the reactions were as follows:

	PME-MSC/FLIP
	1.1
	-
	-

	PME-MSC/FLOP
	-
	1.2
	-

	P5E-HUC
	1.2
	1.2
	-

	P3E-POLY(A)
	1.1
	1.1
	-

	PDESTTOL2PA2
	1.9
	1.9
	1.9

	TE BUFFER
	2.7
	2.6
	6.1

	Vfinal
	8
	8
	8


          Table  2.13 Typical LR recombination reaction
LR clonase II Plus was removed from -800 C and thawed on ice for approximately 2 minutes, vortexed for 2 seconds each time 2 μl were added in each reaction and placed quickly in dry ice before being transferred back to -800 C.  Reactions were incubated at 250 C overnight. On the next day, 1 μl of Proteinase K was added to the solution of each reaction and reactions were incubated for 10 minutes at 370 C. The next step was the transformation of OneShot competent cells (Invitrogen) according to manufacturer’s instructions. 
Transparent colonies most likely carrying the desired final vector were selected, re-grown on LB media and either tested with HindIII restriction enzyme or sent for sequencing with standard primers (M13 forward/reverse), or targeting GluR2 (Biological services, Sheffield). . Sequencing reactions are shown in Index Sequencing section.
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Figure 2.14 Test restriction with the HindIII enzyme of the final destination vector (post-LR reaction). The vector should carry the cassette with the elav3/huc promoter, GluR4 signal sequence, Superecliptic Phluorin, GluR2 subunit of AMPA receptor (GluR2flip lanes first 3 lanes, GluR2flop next 3 lanes, uncut GluR2flop 7th lane), SEP attached to its N-terminus and polyA sequence. Bands are as expected, one close to 7 kb, carrying the cassette, and the other at 4. 

2.3.6 Protocol for in vitro transcription of transposase RNA
PCS2FA vector linearization
5μl DNA 
2μl NotI
2 μl Buffer
6μl nuclease free water 
Incubate for approximately 3 hours
Restriction digest was terminated by adding 1/20 total volume 0.5 M EDTA    
Reaction was mixed well and chilled at -20 deg for at least 15 min
DNA was pelleted by centrifuging for 30 min at 13000 x g at 4 degrees
Supernatant was carefully removed with a pipette
DNA was resuspended in RNAse free water
In vitro Transcription with the mMessage mMachine Kit (Ambion) 
All reagents were placed in ice except the 10x reaction buffer. The 10x reaction buffer and NTP/CAPs were vortexed until they were completely in solution. NTP/CAPs were put back in ice.
The following reaction was assembled in room temperature:
 1 μg linear template DNA
10 μl 2x NTP/CAP
2 μl 10x reaction buffer
2 μl enzyme mix
Add RNase free water if wanted

The reaction was mixed thoroughly and left to incubate at 370 C for at least 2 hours. After the incubation it was stored immediately at -200 C.
RNA purification was performed with the MEGAclear kit (Ambion) 
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Figure 2.15 Electrophoresis of transposase mRNA following in vitro transcription and purification. From right to left, the DNA ladder showing a bright band at 3kb, generated mRNA and more recently generated mRNA. Both lanes on the left contained the same mass of RNA. (Transposase RNA and image generated by Alan Carleton).













2.3.7 Vectors for expression of endogenous recombinant gria2 subunits of AMPA receptors.  
[image: F:\THESIS DRAFT\Revision\Materials and Methods\Molecular Biology\jason vectors\pJSK640.gbk.bmp]
Figure 2.16 Feature map of the pJSK (pJSK641) vector carrying the recombinant endogenous gria2 AMPA receptor subunit. The cDNA sequence of the R form, flip and short C-terminal splice isoform (see Introduction 1.3) was sub-cloned from a pT7Ts vector (kindly provided by Dr. Wei-Yuan Chow, National Tsing Hua University, Taiwan) and by overlap extension PCR, the Superecliptic Phluorin molecule was fused to the 5’ membrane-targeting signal sequence of the gria2 sequence (perfomed by Dr. Jason King, University of Sheffield). For this particular construct, the SEP sequence was inserted 9 nucleotides upstream of the end of the signal sequence (see next Figure for full nucleotide sequence). The synthetic gene construct is under the control of the ubiquitous expressing CMV promoter (useful for expression on cultured cell lines such as HeLa cells. Antibiotic selection: Ampicilline.   



ATGATTTTGTCGGGTCTCCTTTTACCCGCGTTATGGGGACTGGCGCTCGGCGGATCTCCAAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCTTGGCCAACACTTGTCACTACTTTAACTTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACGATCACCAGGTGTACATCATGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGAGGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGGCCCGTCCTTTTACCAGACAACCATTACCTGTTTACAACTTCTACTCTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAAAGCGTCCAAATCGGTGGCCTGTTCCCTAGAGGAGCAGATCAAGAGTACAGCGCGTTTCGGATCGGAATGGTCCAGTTCGGCACGGCAGAATTCCGCCTCACTCCGCACATTGATAACCTGGAGGTGGCAAACAGCTTCGCCATAACCAATTGCTTTTGCTCCCAGTTTTCCAGAGGAGTGTACGCTATCTTTGGCTTCTACGATAAGAAGTCGGTGAACACAATCACGTCATTCTGCGAGACGCTGCACGTGTCCTTCATCACACCCAGTTTTCCAGCAGATGGCCTCAACCAGTTTGTCCTGCAGATGAGGCCTGATATTAAAGGGCCCCTCATCAGCCTGGTGGAGTATTACAAGTGGGAGAAGTTTGCCTATCTGTATGACAGCGACAGAGGTCTGTCGACCCTGCAGGCGGTGCTGGACACAGCAGCAGAGAGGAAATGGCAGGTAACAGCCATAAACGTTGGAAACCTGAAGGATGAGTGGAAAGACGAGGCATATCGCTCACTCTTTCAGGACCTGGAGAACAAGAACGAGAGGAGAGTCATCCTCGACTGTGAACAGGACAAGGTCAAGGACATTATGGAGCAGGTGATTACCATCGGTCGACATGTGAAAGGATATCATTACATCATTGCAAATTTTGGCTTTGTGGATGGAGATTTATCCAAGATTCAGTATGGAGGAGCGAATGTGTCTGGATTTCAGATTGTGGATTTTGATGACCCGCTTGTTGCTAAATTTGACCAGCGCTGGGAGGCTCTGGAGGAAAAGGAGTATCCTGGAGCGGACAGCAGAATTAGGTACACCTCCGCTCTCACATATGATGCTGTGCAAGTGATGACAGAGGCGTTTCGCTTTCTGCATAAACAAAGGATTGACATCAGTCGCCGTGGCAACAACGGAGACTGCCTGGCCAATCCTGCGGTGCCGTGGGCTCAGGGGGTGGAGATTGAACGTGCTCTTAAACAGGTGCGTGTGGATGGATTGACTGGAAATATTCAGTTTGATCAGTATGGCAGAAGAGTGAATTACACAGTCAATGTCATGGAGCTGAAAAACAGCGGCCCTGTGAAGATTGGCTACTGGAATGAGATGGACAAAATGGCAGTGACAAAGTCTGACCTTTTCCCCAATGACACCATGGGAATGGAAAATAAAACGGTTATTGTGACGACAATCCTGGAGGCACCGTATGTGATGCTGAAAAAGAATGCAGAGTTATTCACTGATAATGAACGTTATGAGGGATACTGTGTGGATTTGGCTGCTGAGATTGCAAAGCATTGCGGATTTAAGTATCAGCTGAGGATTGTCGCTGATGGAAAGTATGGCGCTCGAGATGCTGAGACCAAGATCTGGAATGGCATGGTTGGAGAACTGGTGTACGGGAAAGCAGACATAGCAGTCGCTCCTCTCACCATCACTCTTGTCAGAGAGGAAGTGATAGACTTCTCGAAACCATTCATGAGTCTGGGCATATCCATTATGATCAAGAAACCACAGAAATCCAAGCCGGGCGTCTTCTCTTTCCTGGATCCACTGGCTTATGAGATCTGGATGTGCATTGTGTTTGCCTACATCGGAGTTAGCGTTGTGCTCTTCCTCGTTAGCCGCTTCAGCCCTTACGAGTGGCACACTGAGGAGTTTGAGGATGGGCAGCTGGGCCCAAGCGAATCTACCAACGAATTTGGCATCTTTAATAGTCTGTGGTTTTCTCTGGGCGCTTTTATGCAGCAGGGATGCGATATTTCACCAAGGTCTTTGTCTGGCCGTATAGTTGGTGGTGTGTGGTGGTTTTTCACCCTCATCATCATTTCTTCCTACACGGCTAACCTGGCTGCCTTCCTCACTGTGGAGAGAATGGTGTCCCCTATCGAAAGTGCTGAAGACCTGGCCAAACAGACGGAGATTGCCTATGGGACACTGGATGCTGGTTCCACCAAAGAGTTCTTTAGGAGATCTAAGATTGCTCTCTTTGACAAGATGTGGCAGTACATGAAGAGCGCAGAGCCTTCGGTGTTTGTTAAAAACACAGTGGAAGGCGTCTTGCGTGTCCGGAAATCCAAAGGCAAATACGCTTATCTTCTGGAGTCCACCATGAATGAATACATCGAGCAGCGCAAGCCCTGCGACACCATGAAGGTCGGAGGGAACCTTGACTCTAAAGGCTACGGCATCGCCACACCCAAGGGATCTGCTTTAAGAACGCCAGTAAACCTTGCAGTATTGAAACTCAGTGAGCAAGGCATCTTAGACAAGCTGAAAAACAAATGGTGGTACGATAAGGGAGAATGTGGAGCCAAGGACTCTGGAAGTAAGGAGAAGACTAGCGCCCTCAGCCTGAGTAACGTTGCGGGTGTCTTCTACATCCTGGTTGGCGGCCTCGGGTTGGCCATGCTGGTCGCTCTGGTGGAGTTCTGCTACAAGTCGCGCGCGGAGGCCAAACGCATGAAGGTTGCCAAGACTCAGGCTCTAAATCCCTCCTCTTCCTCGCAGAATTCTCAGAATTTTGCTACTTATAAGGAAGGGTACAACGTTTATGGGCTGGAGAGTGTAAGATCTAG

Figure 2.17 Nucleotide sequence showing in detail the fusion of SEP to the 5’ membrane targeting signal sequence of the gria2 subunit of endogenous zebrafish AMPA receptors. With blue, the plasma membrane-targeting signal sequence.  With green, the SEP sequence. With red, the core gria2 sequence. 
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Figure 2.18 Feature map of the pJSK (pJSK641) vector carrying the 2nd construct of endogenous gria 2 with SEP fused in its signal sequence. The vector is identical to the one shown in Figure 2.16 with the only difference being the site of insertion of the SEP sequence. Here, the SEP sequence is inserted exactly after the signal sequence of gria2 (for the detailed nucleotide sequence, see Figure below). Vector produced and provided by Dr. Jason King (University of Sheffield). 



ATGATTTTGTCGGGTCTCCTTTTACCCGCGTTATGGGGACTGGCGCTCGGCGGATCTCCAAGCGTCCAAAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCTTGGCCAACACTTGTCACTACTTTAACTTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACGATCACCAGGTGTACATCATGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGAGGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGGCCCGTCCTTTTACCAGACAACCATTACCTGTTTACAACTTCTACTCTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAAATCGGTGGCCTGTTCCCTAGAGGAGCAGATCAAGAGTACAGCGCGTTTCGGATCGGAATGGTCCAGTTCGGCACGGCAGAATTCCGCCTCACTCCGCACATTGATAACCTGGAGGTGGCAAACAGCTTCGCCATAACCAATTGCTTTTGCTCCCAGTTTTCCAGAGGAGTGTACGCTATCTTTGGCTTCTACGATAAGAAGTCGGTGAACACAATCACGTCATTCTGCGAGACGCTGCACGTGTCCTTCATCACACCCAGTTTTCCAGCAGATGGCCTCAACCAGTTTGTCCTGCAGATGAGGCCTGATATTAAAGGGCCCCTCATCAGCCTGGTGGAGTATTACAAGTGGGAGAAGTTTGCCTATCTGTATGACAGCGACAGAGGTCTGTCGACCCTGCAGGCGGTGCTGGACACAGCAGCAGAGAGGAAATGGCAGGTAACAGCCATAAACGTTGGAAACCTGAAGGATGAGTGGAAAGACGAGGCATATCGCTCACTCTTTCAGGACCTGGAGAACAAGAACGAGAGGAGAGTCATCCTCGACTGTGAACAGGACAAGGTCAAGGACATTATGGAGCAGGTGATTACCATCGGTCGACATGTGAAAGGATATCATTACATCATTGCAAATTTTGGCTTTGTGGATGGAGATTTATCCAAGATTCAGTATGGAGGAGCGAATGTGTCTGGATTTCAGATTGTGGATTTTGATGACCCGCTTGTTGCTAAATTTGACCAGCGCTGGGAGGCTCTGGAGGAAAAGGAGTATCCTGGAGCGGACAGCAGAATTAGGTACACCTCCGCTCTCACATATGATGCTGTGCAAGTGATGACAGAGGCGTTTCGCTTTCTGCATAAACAAAGGATTGACATCAGTCGCCGTGGCAACAACGGAGACTGCCTGGCCAATCCTGCGGTGCCGTGGGCTCAGGGGGTGGAGATTGAACGTGCTCTTAAACAGGTGCGTGTGGATGGATTGACTGGAAATATTCAGTTTGATCAGTATGGCAGAAGAGTGAATTACACAGTCAATGTCATGGAGCTGAAAAACAGCGGCCCTGTGAAGATTGGCTACTGGAATGAGATGGACAAAATGGCAGTGACAAAGTCTGACCTTTTCCCCAATGACACCATGGGAATGGAAAATAAAACGGTTATTGTGACGACAATCCTGGAGGCACCGTATGTGATGCTGAAAAAGAATGCAGAGTTATTCACTGATAATGAACGTTATGAGGGATACTGTGTGGATTTGGCTGCTGAGATTGCAAAGCATTGCGGATTTAAGTATCAGCTGAGGATTGTCGCTGATGGAAAGTATGGCGCTCGAGATGCTGAGACCAAGATCTGGAATGGCATGGTTGGAGAACTGGTGTACGGGAAAGCAGACATAGCAGTCGCTCCTCTCACCATCACTCTTGTCAGAGAGGAAGTGATAGACTTCTCGAAACCATTCATGAGTCTGGGCATATCCATTATGATCAAGAAACCACAGAAATCCAAGCCGGGCGTCTTCTCTTTCCTGGATCCACTGGCTTATGAGATCTGGATGTGCATTGTGTTTGCCTACATCGGAGTTAGCGTTGTGCTCTTCCTCGTTAGCCGCTTCAGCCCTTACGAGTGGCACACTGAGGAGTTTGAGGATGGGCAGCTGGGCCCAAGCGAATCTACCAACGAATTTGGCATCTTTAATAGTCTGTGGTTTTCTCTGGGCGCTTTTATGCAGCAGGGATGCGATATTTCACCAAGGTCTTTGTCTGGCCGTATAGTTGGTGGTGTGTGGTGGTTTTTCACCCTCATCATCATTTCTTCCTACACGGCTAACCTGGCTGCCTTCCTCACTGTGGAGAGAATGGTGTCCCCTATCGAAAGTGCTGAAGACCTGGCCAAACAGACGGAGATTGCCTATGGGACACTGGATGCTGGTTCCACCAAAGAGTTCTTTAGGAGATCTAAGATTGCTCTCTTTGACAAGATGTGGCAGTACATGAAGAGCGCAGAGCCTTCGGTGTTTGTTAAAAACACAGTGGAAGGCGTCTTGCGTGTCCGGAAATCCAAAGGCAAATACGCTTATCTTCTGGAGTCCACCATGAATGAATACATCGAGCAGCGCAAGCCCTGCGACACCATGAAGGTCGGAGGGAACCTTGACTCTAAAGGCTACGGCATCGCCACACCCAAGGGATCTGCTTTAAGAACGCCAGTAAACCTTGCAGTATTGAAACTCAGTGAGCAAGGCATCTTAGACAAGCTGAAAAACAAATGGTGGTACGATAAGGGAGAATGTGGAGCCAAGGACTCTGGAAGTAAGGAGAAGACTAGCGCCCTCAGCCTGAGTAACGTTGCGGGTGTCTTCTACATCCTGGTTGGCGGCCTCGGGTTGGCCATGCTGGTCGCTCTGGTGGAGTTCTGCTACAAGTCGCGCGCGGAGGCCAAACGCATGAAGGTTGCCAAGACTCAGGCTCTAAATCCCTCCTCTTCCTCGCAGAATTCTCAGAATTTTGCTACTTATAAGGAAGGGTACAACGTTTATGGGCTGGAGAGTGTTAAGATCTAG

Figure 2.19 Nucleotide sequence showing in detail the fusion of SEP to the 5’ membrane targeting signal sequence of the gria2 subunit of endogenous zebrafish AMPA receptors. Here, the SEP sequence is inserted exactly after the signal sequence. With blue, the plasma membrane-targeting signal sequence.  With green, the SEP sequence. With red, the core gria2 sequence. 
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Figure 2.20 The vector Tol2_elav3_H2B_GCaMP6s was chosen for expression of the recombinant gria2 AMPA receptor subunits throughout the CNS. This plasmid is used in order to drive expression of GCaMP6 throughout the CNS under the promoter HuC/elav3. The promoter-gene of interest cassette is embedded in a mini-Tol2 backbone vector which, thus transgenesis can be performed without the need for a 3-entry vector LR recombination reaction. For the purposes of this study, it was preferable for a more straight-forward and quicker strategy to express the recombinant zebrafish gria2 subunits under the HuC promoter. Antibiotic selection: Ampicilline. Source: Addgene. Original publication169

The final Tol2_elav3_fused gria2-phluorin vectors were made by Dr. Jason King by restriction reactions (BamHI and XhoI for vectors pJSK640 and pJSK641, AgeI for Tol2_elav3_H2B_GCaMP6s) and subsequent ligation reaction. Products carrying the desired cassette were verified by sequencing. Sequencing reactions are provided in Index Sequencing.


2.3.8 Transfection of HeLa cells
HeLa cells (kindly provided by Dr. Adrew Peden, University of Sheffield) were transfected with Lipofectamine 3000 and the pJSK vectors according to manufacturer’s instructions (Invitrogen). 

2.3.9 Injections of constructs into one cell stage zebrafish embryos
 Fish were first injected with 0.5% Dextran-Red (10000 MW, Invitrogen) in E3 solution in order to assess the quality of the injections. Final GATEWAY destination vectors carrying the recombinant cDNA mammalian GluA2 subunit and the mini-Tol2 Huc:pHluorin/gria2a were isolated with midi-preps and equal concentrations (25ng/μl) or mass (25pg) of DNA and RNA or were injected, along with 0.1% phenol red. The injection site was most commonly in the yolk, with attempts at the cytosol at the 1-cell stage made if possible. On most occasions 25 pg of DNA were injected but on later trials this was increased up to 1.42 ng in order to assess whether efficiency could be improved.  






















Chapter 3

Immunohistochemical characterization of GCaMP3 expression in the retinal circuit







3.1 Introduction

The zebrafish larva has been used extensively in contemporary systems neuroscience research because it offers the possibity to monitor optically the activity of hundreds or even thousands of neuronal cells simultaneously170,171. The vast majority of optical indicators of neuronal firing used in the zebrafish are genetically encoded calcium indicators (GECIs) based on the GFP protein molecule (GCaMPs)11. These sensors detect intracellular rises in free Ca2+ ion concentration and increase their fluorescence, or quantum yield152. In previous work, researchers constructed this single wavelength sensor in which the Ca2+ domain of calmodulin (CaM) and the M13 peptide fragment from myosin light chain kinase are fused with peptide linkers to a circularly permuted enhanced green fluorescent protein (cpEGFP) on the C- and N-termini respectively. Upon free Ca2+ binding to CaM, there is a conformational change of the central fluorophore due to CaM-M13 complex interaction leading to a rise of green fluorescence by many-fold. Importantly, in the absence of free Ca2+ ions there is a sudden decrease in fluorescence and this feature allows detection of Ca2+ events directly related to the firing or non firing of neuronal cells172. This interaction is illustrated in Figure 3.1. Through repetitive rounds of site-specific mutations and subsequent screening, this family of genetically encoded Ca2+ sensors has surpassed synthetic sensors in terms of sensitivity and signal-to-noise ratio173. 
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Figure 3.1 A model of the structural operational mechanism of a GECI based on a single fluorescent protein (EGFP). (Upper part) The fusion of the CaM and M13 domains on the N- and C-termini of a circularly permuted EGFP molecule results in a break of the barrel structure of EGFP which is composed of β-barrels. In the presence of very low free Ca2+ ions the recombinant protein complex is in an unfavorable energetical state and does not emit photons. Upon calcium binding, CaM initiates a conformational change by interacting with M13 and changing the protoniation state of the chromophore. This results the fluorescence intensity of the protein complex. (Lower part) Illustration of the cDNA sequence of the recombinant sensor. M13 is attached to the N-terminus whereas   CaM to the C-terminus. Image taken from 11.
Transgenic lines that have been majorly used in calcium imaging studies in the larval zebrafish are expressing calcium indicators under the pan-neuronal promoter elav3/huc94,147. It is a well characterized promoter that labels selectively neuronal cells as the protein which is expressed under this promoter is a neuron-specific RNA binding protein174. That characteristic has allowed researchers in the field to rapidly record activity throughout the brain on selected brain regions according to research context without the need for localized injection of synthetic counterparts of GECIs. However, there are some caveats in using huc-driven transgenic lines. Expression of the reporter starts to reduce after 6 or 7 days dpf175. In the context of memory research that would mean that these lines could not easily be used for studying memory dependent processes which manifest or become much more robust later in the lifespan of zebrafish109,143 (see Introduction chapter). 
Through collaboration with the laboratory of Dr. Vincent Cunlife, I acquired a transgenic line which expresses the calcium reporter GCaMP3 under the Xenopus laevis neural beta-tubulin (NBT) promoter176. This promoter is neuron specific but the extent of its expression in the CNS of larval and juvenile zebrafish was not known. In the context of the research described in this thesis, where recordings are performed in the optic tectum as will be shown in later chapters, it is important to characterize expression patterns across the early visual system and in particular the retina formation which provides the major input to the tectum177. More specifically, the labeling or not of retinal ganglion cells which are the projection neurons of the retina to downstream telencephalic, mesencephalic and hindbrain visual areas (Figure 3.2) is of particular importance. A non-labeling condition of retinal ganglion cells would mean that optical recordings of downstream areas would reflect local processing of retinal inputs in clusters of dendrites, local neuronal somata of the tectal neuropil and responses from axons of other visual areas projecting to the tectum.  For example, in a very recent publication a thalamo-tectal pathway which conveys inputs from the visual thalamus to the optic tectum neuropil was identified136. Interestingly, these inputs are specifically tuned to diming components of visual stimuli and will engage discussion later on during the progression of this thesis report. Thus, the retinal circuit is a logical starting point to describe expression patterns of this novel transgenic line. 
In the following sections of this chapter I will describe and explain immunohistological methods used to characterize expression of GCaMP3 in neuronal populations of the retinal circuit. In Figure… the anatomical layout of the retina is presented. As was mentioned earlier, particular focus will be dedicated to expression of the on retinal ganglion cells (RGCs), the output cells of the retina and the retinal tract, the bundles of axons of RGCs projecting to downstream visual areas.  
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Figure 3.2 Illustration of the canonical organization of the different somata layers and neuropil areas of the retina. In all classes of vertebrates the retina is in an inverted form. Different patterns of light cross the lens as well as the different strata of neuronal cells and neuropil and reach the photoreceptor layer (PhRL). Photoreceptor cells project their axons to the Outer Plexiform Layer (OPL) where they contact dendrites of retinal Bipolar Cells (BCs) and inhibitory Horizontal Cells (HCs). HCs provide lateral inhibition to populations of BCs while BC cell bodies reside in the Inner Plexiform Layer (IPL) and project to their axons to different strata of the Inner Plexiform Layer (IPL) where they form synapses with different RGCs projecting their dendritic fields. In the IPL many local inhibitory and dopaminergic interneurons reside and are called Amacrine Cells (ACs). At the outmost layer, the Ganglion Cell layer, lie the somata of RGCs which send their axons to downstream visual areas the most prominent of which is the Optic Tectum (OT). Image taken and adapted from 12   

3.2 Results
       
3.2.1 Brain-wide expression of GCaMP3 under the promoter NBT

	The NBT promoter was first characterized and sub-cloned from the amphibian Xenopus laevis. It drives expression of the cytosceletal protein neural beta-tubulin in neuronal cells and has been used in developmental studies in order to differentiate between ectodermic (neural) and mesodermic (muscle tissue) in this model organism176. In the larval zebrafish, the transgenic line NBT::GCaMP3 labels CNS-wide neuronal populations (Figure 3.3). Expression is evident in the telencephalon, mesencephalon, hindbrain and spinal cord when individual fish are imaged under a wide-field fluorescence microscope (Figure 3.3 A). When confocal imaging was performed in individual 7dpf fish, several anatomical areas with labeled neuronal processes (dendrites, somata and axons) could be distinguished in anatomical areas such as the OT (mesencephalon, cerebellum (rostral hindbrain) , telencephalon (forebrain), dielcephalic structures (not shown) and others Figure (Figure 3.3 A). Subsequently, expression was followed in the optic tectum consecutively in fish of increasing age of 11, 17 and 20 dpf (Figure 3.3 C). This observation highly suggested that this line labels robustly neuronal populations well into the juvenile stage and that it could be used for imaging studies on fish older than 2 weeks post fertilization. In Figure 3.3 D, a more magnified image of the OT is shown taken from a fish at the age of 21 dpf. The line labels large populations of tectal cells (spherical somata) in the periventricular cell layer of the tectum (SPV). Additionally, it labels the neuropil (NP) area which includes the other layers of the tectum. This region is very densely packed with dendritic arborizations of labeled SPV cells but also labels some sparse populations of local inteneurons which can be observed in the most rostral parts of the NP and closer to SPV or PVN.   
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Figure 3.3 Characterization of the NBT:GCaMP3 line with wide-field and confocal microscopy. (A) Dorsal and lateral view of a GCaMP3 positive fish imaged at 7 dpf with a wide-filed microscope. Expression of the sensor is widespread in the whole CNS. (B) Confocal images showing expression of GCaMP3 in 7 dpf fish and in 3 different depths. As can be observed, many major neuroanatomical areas are labelled including the telencephalon(Tel), Optic Tectum (OT), Cerebellum (CB) and Hindbrain (Hind). (C) The OT imaged in GCaMP3 positive fish in late larval (11 dpf), juvenile (17 dpf) and late juvenile stages (20 dpf). Note that there is no sign of fainting of the fluorescent sensor. (D) Confocal image showing in greater detail expression of the Ca2+ sensor in the OT of a 21 dpf fish. Note that in the neuropil region (NP) the sensor labels both neurites of Periventricular neurons(PVN) and local somata (distinct circular structures) of local interneurons. Image taken from 13

  3.2.2 Expression of GCaMP3 under the NBT promoter in the retinal circuit.

As was mentioned in the introduction section of this chapter, it was of particular interest for the purposes of this study to specify the expression of GCaMP3 in the retinal circuit and especially its output neurons, RGCs.  For this purpose, immunohistochemistry was performed with anti-GFP antibodies in order to evaluate GCaMP3 expression in the GCL strata. Sparse GFP expression was observed in cells 
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Figure 3.4 Characterization of GCaMP3 expression in intermediate and output cells of the retinal circuit in the 7dpf old zebrafish larva. (A,A’,A’’)  Double immuno-labelling with anti-GFP antibodies, marking cells that drive expression of GCaMP3 under the NBT promoter, and anti-Huc antibodies, marking putatively the vast majority of neurons in the circuit. The NBT promoter drives expression in sparse groups of neurons projecting neurites (axons or dendrites) to the IPL (green colour, A). These are a minority of the vast majority of neurons marked by the anti-Huc antibody which marks the vast majority of neurons in both the INL (upper two arrows) and GCL (lower arrow)(magenta colour, A’). Co-localization of the two antibodies is evident in few groups of neurons in both the GCL and INL. (B, B’,B’’). Double immuno-labelling with anti-GFP antibodies (green) as before and anti-ZN5 antibodies (magenta), which are RGC neuron-specific. There is very little collocalization of anti-GFP and anti-ZN5 antibodies thus strengthening the suggestion that a significant fraction of anti-GFP labelled neurons are misplaced ACs in the GCL stratum. (C, C’, C’’) Inspection of the optic tract reveals that, under the previously mentioned double-immunolabeling method, the NBT promoter drives expression in a small minority of RGCs sending axonal projections through the optic tract. This result shows that optical imaging from downstream visual areas would report local (dendritic) processing or indirect (axonal, for example the thalamotectal) but not responses from retinal projections.            

	
that project to the IPL stratum and their cell bodies are positioned in both GCL and INL strata (Figure 3.4 A). Double immunohistochemistry with an anti-Huc (pan-neuronal) antibody confirmed sparseness of GCaMP3 expression as it labeled dense populations on both strata (Figure 3.4 A’). Subsequent co-localization investigation clearly showed that these are indeed neuronal cells and are very sparsely labeled the GCL, thus restraining their possible type to either misplaced ACs and/or RGCs (Figure 3.4 A’’). In order to differentiate between the two possibilities, double immunohistochemistry with anti-GFP and anti-ZN5 (RGC specific) antibodies was performed (Figure 3.4 B and 3.4 B’ respectively). Co-localization analysis showed that the majority of ZN5-positive cells in the GCL stratum are not labeled by anti-GFP, thus suggesting that at least a majority of the observed GFP-positive cells are misplaced ACs (Figure 3.4 B’’). The observation that most ZN5 positive cells do not express the Ca2+ sensor was further strengthened by analysis of expression in the optic tract (OT) where it is apparent that anti-GFP antibodies mark a very small portion of ZN5-positive axon clusters exiting the retina (Figure 3.4 C and 3.4 C’). Co-localization analysis shows that the predominant part of observable fluorescence originates from ZN5-positive clusters of axons (Figure 3.4 C’’). 

2.4 Discussion 
	The characterization of the NBT::GCaMP3 transgenic was a necessary step in order to obtain a better picture of neuronal cells labeled with this promoter, at least on the retinal level, as well as broadly in the CNS. Since the focus of optical imaging experiments of this study is primarily in the tectal neuropil, it provides a way to measure activity of post-synaptic calcium events on a broad scale with calcium imaging. On a mesoscale, this includes dendritic processes, somata and highly likely indirect axonal projections from other brain areas to the tectum178. For example, the various Huc::GCaMP lines label the vast majority of pre- and post-synaptic neurons in the retino-tectal system, thus discriminating pre-and post- synaptic contributions to locally measured activity in the tectal neuropil is not feasible. Another promising feature of this promoter is that by not labeling RGCs in the retina and thus their projections to downstream visual area targets, it could facilitate discarding neuropil contamination of somatic signals with modern algorithms and computational approaches developed for this purpose in studies utilizing advanced optical analysis methods158,179.
	In the context of memory research, the transgenic line characterized here expresses the sensor robustly well into the juvenile stage and could be putatively used in imaging studies of fish above the age of 14dpf, when learning has been proven to be much more potent than earlier developmental stages109. Altenatively, other complex behaviors such as shoaling are developing rapidly in the late larva (>10 dpf) and throughout juvenile stage (14 to 26 dpf)180. By selecting the appropriate visual stimuli, it would be possible to calculate the receptive field properties of groups of neurons in the optic tectum revealing their preferred tuning and investigate their development over days during the development of this complex visual behavior. Recently, it has been demonstrated that shoaling behavior can be triggered autonomously by clusters of dots imitating biological motion 181. These results on zebrafish behavior open the way for investigating the biological basis of social recognition on this model system. Results presented in this chapter were published in combination with opto-physiological recordings and analysis of receptive field properties in 14, 16 and 18 dpf fish with small moving spots in the horizontal and vertical direction13. Thus, it was shown that this line has the potential to be utilized in physiological investigations of local tectal computation of complex visual stimuli.   
	Taken together, the advantages of this transgenic line make it a valid addition to the already existing toolbox of lines expressing Ca2+ indicators throughout the CNS175 and highlight its particular utility for imaging calcium events in late stage larva (10 to 14 dpf) and juvenile (15 to 21 dpf ) stage.                 
	  








  


	





Chapter 4



Spaced conditioning induces differential adaptation in the 
responses of the optic tectum neuropil to series of dark flashes














4.1 Introduction

4.1.1 General introduction

Spaced conditioning/training is instrumental for many forms of robust and effective learning58. In humans, spaced conditioning has been shown to improve cognitive tasks such as learning of new concepts and verbal tasks182 as well as being effective in classroom teaching practices183. Additionally, spaced conditioning has been shown to be effective in inducing long-term memorization of different learning tasks to a number of species including long-term sensitization in the mollusc Aplysia Californica184, olfactory learning in the fruit fly Drosophila Melanogaster185,  olfactory learning in the honeybee Apis mellifera186, auditory and visual habituation in the larval zebrafish88,114,150, place learning in rats187 and others.
The neurobiological basis of the superiority of spaced compared to massed conditioning has been localized at synapses and proteins that participate in intracellular signalling cascades. In the mammalian hippocampus, induction of LTP by theta burst (repetitive 4 Hertz) stimulation followed by spaced repetitions every 60 minutes leads to extensive morphological changes of synaptic fine structures. This in turn leads to increases in the area of the post-synaptic density and concentration of AMPA and NMDA receptors188,189. In the Schaffer collaterals of the hippocampus, spaced induction of LTP through the same method has been shown to potentiate different groups of synapses at each session as shown in the differential polymerization of actine in neuronal dendrites190. This phenomenon, referred to as synaptic priming has not been adequately described yet on the molecular level. 
Activity-induced transcription factors such as the cyclic AMP responsive element binding protein (CREB) have also been associated to the effectiveness of spaced conditioning due to their mechanism of action which requires a sufficient amount of time to take place5,191 before synapse remodelling genes are transcribed and translated. The CREB transcription factor has been implicated in systems as diverse as in consolidation of LTP in the mammalian hippocampus and cortex192  and long-term facilitation in Aplysia which is associated to long-term sensitization of the tail-siphon-gill withdrawal response193. Other signalling proteins with intracellular dynamics related to spaced trial conditioning and learning include CCAAT enhancer binding protein (C/EBP) which is required for LTP in mammals194, Mitogen Activated Protein Kinase (MAPK) in Drosophila olfactory learning195, the  extracellular signal regulated kinase I (ERK) in mammals196 and others156.
The basis of spaced habituation learning has probably not been investigated as much concerning the molecular cascade mechanisms supporting learning because it has been traditionally related to heterosynaptic depression73,77. However, as it has been mentioned already at the central introduction, accumulating evidence shows that either LTP of inhibition or LTP of excitatory synapses onto inhibitory neurons in a local circuit could mediate habituation and is proposed as a valid idea regarding the cellular and circuit mechanisms of habituation 6,90,197.    

4.1.2 Project-specific introduction 

The zebrafish optic tectum (OT) and specifically its neuropil receives its major visual input from RGCs in the retina12,177 in a spatial retino-topic manner13 but also afferent input from other visual areas136 and non-visual areas198. In both features, it resembles its mammalian mesencephalic homologue, the superior colliculus (SC)126 and it is considered to be the most sophisticated and complex visual center in teleosts170.  
A number of studies have focused on investigating the computation of complex visual stimuli in the OT such as direction selectivity165,199, orientation selectivity200,201 and looming detection104. However, studies of tectal processing and adaptation of the simplest visual stimuli in the OT, light flashes or dark flashes, is surprisingly sparse135,161. Furthermore, dark flashes have been used in order to induce non-associative forms of learning in the larval zebrafish older than 6 dpf such as long-term habituation manifested as a decrease in the propability of initiating an O-bend behavioural response88 or increasing the latency to initiate one114. 
I hypothesize that the central role of the OT in sensory-motor transformations, highly suggestive after late findings113,137,202 makes it a prime candidate to start investigating the neurobiological basis of visual habituation to dark flashes. The OT responds robustly to dark flashes as shown by SPIM microscopy along with other mesencephalic, diencephalic, telencephalic and hindbrain areas throughout the CNS9. As expected, there is diming-specific output of RGCs reaching the OT neuropil in the SFGS layer and particularly its deeper-most sub-layer, SFGS6. This was revealed in calcium imaging experiments where the researchers used the Isl2b:Gal4, UAS:GCaMP6 transgenic line which labels specifically RGCs203. Furthermore, calcium imaging and electrophysiological data not yet peer-reviewed show that superficial inhibitory interneurons (SIMs) residing in the neuropil are particularly tuned to dimming stimuli and this feature makes them highly likely to participate in local tectal processing of dark flashes(Barker AJ et al, 2018 Bioarxiv).  
The tectal neuropil exhibits adaptation (dropping levels of activation) in response to a repeating pattern of 60 dark flashes as tested with 2-photon calcium imaging and utilization of the s1013-GCaMP-HS enhancer trap line which expresses the calcium indicator mainly in the OT and telencephalon161,204. However, the effect of a spaced conditioning protocol, similar to the one used to induce long-term visual habituation was not tested. 
Here, I apply spaced conditioning visual stimulation in order to investigate how adaptation changes or not between trials. I use the transgenic line NBT:GCaMP3 which labels neurons throughout the CNS but also has the advantage of labelling very few RGC axons13 (see Chapter 3 on a relevant immunohistochemical characterization of the retinal circuit). Thus, measured calcium signals should originate from either local tectal neurons and/or highly likely, efferent axonal projections from other areas projecting to the tectum136,178. The hypothesis incorporating the Negative Image Model of habituation is that spacing the conditioning trials would eventually recruit more or enhance the responses of inhibitory neurons (SINs and PVINs) and eventually, adaptation which would be observed in the first trial would be lost or even reversed in subsequent trials. In the next section, I show findings that can be interpreted through this hypothesis by recording and analyzing net activation signals in the OT neuropil.



4.2 Results
4.2.1 Series of identical dark flashes evoke complex and adapting patterns of activity in the tectal neuropil.
	An initial step towards understanding complex calcium imaging datasets where multiple ROIs are recorded in parallel is to plot them together. Then, by inspection, one should try to identify patterns of activation induced by different phases of controlled sensory stimulation. The goal of this study is to identify and analyze adaptation patterns to repeated sensory stimulation. I chose to use modified and already established protocols used to study adaptation161 in the OT neuropil and behavioural habituation88,114 of the zebrafish larva. In this case, visual sensory stimulation consists of two main stages, the ON stage and the OFF stage (marked on Figure 4.1 B, see also Materials and Methods chapter). Recordings are initiated with simultaneous presentation of light (ON period). At the first few seconds of the recording, the observed elevated activity can be attributed to an artefact caused by the laser-scanning blue light beam of the confocal microscope plus responses of various ROIs in the tectal neuropil caused by the light being turned on135 (Figure 4.1 A and B, early seconds of the recording). This initial elevated network activity quickly adapts and returns to low levels. 
The visual stimulation protocol is composed of 4 “blocks” or sessions. For each session, the stimulus sequence is composed of 59 identical dark flashes of the ON-OFF-ON type which will be referred to as “habituating sequence” (see Materials and Methods section 2.1.5). The last ON-OFF transition will be referred to as “salient stimulus” because of its difference compared to the previous identical stimuli. Each dark flash is repeated on regularly spaced intervals of 15 seconds with the first occurring at 15 seconds after the start of the recording and the last at 959 seconds (marked on top of Figure 4.1 A). 
In Figure 4.1 A an image plot depicts the activity of ROIs which have been selected according to the sorting approach described in section 2.1.7 (Materials and Methods). This image plot corresponds to the first session of the visual stimulation protocol. The first 2 DFs evoke strong ΔF/F0 elevations to a large number of ROIs but in subsequent stimuli the responses seem to adapt, both in terms of ΔF/F0 peak value but on a group level as well. Spatio-temporal activation patterns are complex. ROIs that might be responsive to one dark flash might not be responsive to the next (Figure 4.1 A). The bright lines correspond to groups of ROIs responding synchronously to the stimuli. 
On Figure 4.1 B, ΔF/F0 values are converted to values of 0 and 1 based on the approach developed and utilized in129,140,158,159 and is shown here as a raster plot. This conversion is useful because it facilitates clarification of previous observations made on the ΔF/F0 image plot. The group(s) of ROIs responding to the habituating stimulus sequence is constantly changing from stimulus to stimulus although some ROIs appear to be responding more consistently than others. The response to the “salient” stimulus appears to engage smaller numbers of ROIs which exhibit more prolonged responses (Figure 4.1 A and B). 
On Figure 1 C, the sum of active ROIs on the raster plot is shown as an activity histogram. The peaks of the aligned activity histogram correspond to neuropil responses to DFs and show marked adaptation between responses to the “habituating stimulus sequence”. Here, adaptation is defined as the drop in the peak number of ROIs responding during this sequence from early to late stimuli. In all three subplots, post-CS group responses lack any periodicity and can be attributed to the OT‘s rich spontaneous dynamics159.
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Figure 4.1 Steps of analysis of an imaging recording experiment from single fish. (A) The ΔF/F0 values of all ROIs in a single experiment during the first spaced session are plotted in this colored image plot. In the first few seconds of the recording, responses are elevated due to the laser and light stimulation being turned on but quickly adapt and return to low levels. The first dark flash is pointed by the arrow and lasts for 1 second. The next 58 dark flashes are repeated every 15 seconds and evoke complex patterns of ROIs being activated in groups that appear similar but their composition constantly changes. In this depiction of a dataset from a single experiment, there is no apparent pattern of adaptation. (B) Through the Bayesian odds ratio function embedded in the algorithm I used for analysis of optical experiments, values of ΔF/F0 are converted to values of 0 or 1, dependent on whether they were considered to belong to baseline noise or actual neuronal activity. The resulting matrix of binary values corresponding to the ΔF/F0 values is shown here as a raster plot. Comparison between A and B shows that the conversion reports faithfully groups of ROIs responding to DFs. The ON period, which includes the “habituating stimulus sequence (ON-OFF-ON stimuli), and the OFF period (“salient stimulus” plus spacing) are pinpointed above the raster plot. Both in A and B, the evoked patterns of activity corresponding to the “salient stimulus” appear different in their composition of ROIs compared to the previous “habituating stimulus sequence”. (C) This activity histogram simply represents the sum of all active ROIs in B at any given time point. It is useful in describing the spatial extent of activation in the neuropil during the stimulus sequence as the peaks of this histogram represent the total number of ROIs being active during the presentation of each dark flash. Here, a pattern of adaptation appears as during the “habituating stimulus sequence” the number of ROIs responding to the initial DFs compared to the late DFs decreases prominently. Lastly, during the OFF period clusters of ROIs appear to be activated transiently in synchrony and this reflects spontaneous activity which is rich the OT, both in somata and neuropil, and appears to lack any periodicity compared to the ON period.
	The adaptation pattern observed in Figure 4.1 C prompted me to compare activity histograms across all 4 sessions of the stimulation protocol. In Figure 4.2, 4 aligned activity histograms from 4 consecutive recording sessions from a single fish are shown. Visual comparison shows that the observed adaptation seen on the 1st session (Figure 4.2 C) is not preserved on the next ones. Already by the 2nd session (Figure 4.2 B), adaptation appears less prominent and in the 3rd and 4th (Figure 4.2 C and D) it appears absent. These observations prompted me to quantify differential adaptation effects from experiments collected from more individuals.
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Figure 4.2 Comparison of activity histograms comparison across spaced sessions (A) The activity histogram of the 1st session during the spaced conditioning protocol. It is already described in Figure 4.1 and shows drastic adapting changes with regard to the percent of neuropil ROIs being active during consecutive dark flashes. With an arrow, the end of the ON period of visual stimulation is marked. (B) In the 2nd session, group activity adaptation is not as evident. At the first few seconds of the recording the observed activity can be attributed to an artifact by the microscope excitation laser and presentation of light. The early dark flashes evoke reduced summed activity to the tectal neuropil compared to the first session. On the contrary, the peaks of summed activity appear to be elevating instead of adapting over time. (C) In the 3rd session, a similar pattern to B is observed and summed activity appears to be slightly elevating or being kept stable throughout the “habituating stimulus sequence”. (D) In the 4th session, summed activity patterns appear similar to B and C. Note that although sequential imaging and visual conditioning sessions come from a single fish, they were analyzed separately. As a result the total number of detected ROIs by the algorithm is slightly changing. 

As a next step I focused on examining the net ΔF/F0 signal from a single animal. After pre-sorting of non-responsive ROIs, I averaged the ΔF/F0 signal of responding ROIs for all sessions. In Figure 4.3 the pulled average signals from the first and second session is displayed. 
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Figure 4.3 Pulled average signals from the first and second session of a single experiment show a difference in adaptation pattern. (A) The first session is marked by robust adaptation for the ΔF/F0 signal. Statistical analysis of pairs of vectors corresponding to early and late stimuli shows significant differences. The P values for pairs 4-57, 5-58 and 6-59 are 1.710e-06, 0.0067 and 0.0100 respectively (Wilkoxon Rank Sum Test). The number of pulled ROIs was equal to 90 (Β) The second session is marked by loss of adaptation for the ΔF/F0 signal. The P values for pairs 4-57, 5-58 and 6-59 are 0.0859, 0.6392 and 0.0842 respectively (Wilkoxon Rank Sum Test). The number of pulled ROIs was equal to 104. s.e.m (gray) is superimposed on the average (black) traces as shade. 
	The approach in order to acquire a statistical description of adaptation was to isolate vectors corresponding to peaks of activity for early (4th, 5th and 6th) and late (57th, 58th and 59th) stimuli. Responses to earlier stimuli were omitted in order to avoid sudden variations of the baseline fluorescence due to activation of the excitation laser of the microscope. 
For the first session, comparison of the 4th stimulus response (average: 0.3601+-0.0046 s.e.m) and the 57th (average: 0.1999+-0.0031 s.e.m) wielded a strong statistical significance (Pvalue = 1.710e-06, Wilkoxon Rank Sum Test). Comparison of the 5th stimulus response (average: 0.3553+-0.0049 s.e.m) and the 58th (average: 0.2334+-0.0036 s.e.m) wielded a strong statistical significance (Pvalue = 0.0067, Wilkoxon Rank Sum Test). Comparison of the 6th stimulus response (average: 0.3543+-0.0040 s.e.m) and the 59th (average: 0.2683+-0.0033 s.e.m) wielded a strong statistical significance as well (Pvalue = 0.01, Wilkoxon Rank Sum Test).
The adaptation pattern appears to diminish in the second session when this approach is taken. Comparison of the 4th stimulus response (average: 0.212+-0.0036 s.e.m) and the 57th (average: 0.1632+-0.0031 s.e.m) showed no statistical significance (Pvalue =0.0859, Wilkoxon Rank Sum Test). Comparison of the 5th stimulus response (average: 0.2127+-0.0033 s.e.m) and the 58th (average: 0.2176+-0.0024 s.e.m) showed no statistical significance (Pvalue =0.6392, Wilkoxon Rank Sum Test). Lastly, comparison of the 6th stimulus response (average: 0.1824+-0.0030 s.e.m) and the 59th (average: 0.2247+-0.0034 s.e.m) showed no statistical significance (Pvalue =0.0842, Wilkoxon Rank Sum Test). 
Analysis was continued on the 3rd and 4th sessions of the same experiment. In Figure 4.4 A and B the average traces of the 3rd and 4th session are shown respectively. Here, the adaptation pattern on some instances appeared to become reversed as late pulled responses appeared larger than early ones. 
For the 3rd session, comparison of the 4th stimulus response (average: 0.2335+-0.0039 s.e.m) and the 57th (average: 0.2563+-0.0033 s.e.m) showed no statistical significance (Pvalue =0.0859, Wilkoxon Rank Sum Test). Comparison of the 5th stimulus response (average: 0.2297+-0.0036 s.e.m) and the 58th (average: 0.3631+-0.0037 s.e.m) showed marked statistical significance (Pvalue =1.2279e-05, Wilkoxon Rank Sum Test). Comparison of the 6th stimulus response (average: 0.2213+-0.0031 s.e.m) and the 59th (average: 0.2535+-0.0039 s.e.m) showed no statistical significance (Pvalue =0.3617, Wilkoxon Rank Sum Test). 
Lastly, for the 4th session, comparison of the 4th stimulus response (average: 0.2468+-0.0034 s.e.m) and the 57th (average: 0.3668+-0.0041 s.e.m) showed marked statistical significance (Pvalue =0.0019, Wilkoxon Rank Sum Test). Comparison of the 5th stimulus response (average: 0.2448+-0.0033 s.e.m) and the 58th (average: 0.3708+-0.0036 s.e.m) showed marked statistical significance (Pvalue =4.9096e-05, Wilkoxon Rank Sum Test). Comparison of the 6th stimulus response (average: 0.2277+-0.0037 s.e.m) and the 59th (average: 0.3151+-0.0035 s.e.m) showed marked statistical significance (Pvalue =0.0042, Wilkoxon Rank Sum Test). 
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Figure 4.4 Pulled average signals from the 3rd and 4th session of the same single experiment show absence or reversal of the adaptation pattern. (A) The 3rd session is marked by absence of adaptation for the ΔF/F0 signal. Statistical analysis of pairs of vectors corresponding to early and late stimuli shows only one significant difference. The P values for pairs 4-57, 5-58 and 6-59 are 0.0859, 1.2279e-05 and 0.3617 respectively (Wilkoxon Rank Sum Test). The number of pulled ROIs was equal to 92. (Β) The 4th session is marked by reversal of adaptation for the ΔF/F0 signal. The P values for pairs 4-57, 5-58 and 6-59 are 0.0019, 4.9096e-05 and 0.0042 respectively (Wilkoxon Rank Sum Test). The number of pulled ROIs was equal to 81. s.e.m (gray) is superimposed on the average (black) traces as shade. 

In order to have a better view of the robustness of differential adaptation, in subsequent steps, I repeated the experiments and acquired datasets from more animals.  


4.2.2 Quantification and statistical analysis of adapting ΔF/F0 signals across spaced sessions. 

	In this section, I quantify adaptation of the net ΔF/F0 signal and provide corresponding statistical analysis. I merged vectors corresponding to the averaged peak responses to the 4th, 5th and 6th (early) stimuli in order to avoid putative artifact effects to earlier stimuli due to laser stimulation and compared them to the merged vectors corresponding to the averaged peak responses to the 57th, 58th and 59th stimuli (Figure 4.5). For the 1st session, statistical analysis of early vs late responses showed marked significance (Pvalue = 3.4773e-05, ****, Wilkoxon Rank Sum test) with averaged early responses having a quite higher value (Average value: 0.1755 +/- 0.0035 S.E.M, nROI = 1946, N = 6 individuals) compared to late stimuli (Average value: 0.1197 +/- 0.0029 S.E.M, nROI = 1896, N = 6 individuals) (Figure 4.5 A).  This shows that previous observed adaptation on single fish on the 1st session is large and statistically significant. For the 2nd session, statistical analysis of early (Average value: 0.1677 +/- 0.0030 S.E.M, nROI = 2023, N = 7 individuals) vs late (Average value: 0.1514 +/- 0.0027 S.E.M, nROI = 2016, N = 7 individuals) responses showed marked significance (Pvalue =  3.4773e-05 , *** , Wilkoxon Rank Sum test), thus suggesting that adaptation persists, contrary to previous observations and analysis on single fish (Figure 4.5 B). For the 3rd session, statistical analysis of early (Average value: 0.1670 +/- 0.0030 S.E.M, nROI = 1921, N = 7 individuals) vs late (Average value: 0.1680 +/- 0.0033 S.E.M, nROI = 1935, N = 7 individuals) responses showed no statistical significance (Pvalue = 0.2070,  n.s , Wilkoxon Rank Sum test) which is consistent with adaptation not being observed on previous single fish analysis (Figure 4.5 C). Lastly, for the 4th session late responses appeared slightly larger (Average value: 0.1762 +/- 0.0036 S.E.M, nROI = 1921, N = 7 individuals) than early responses (Average value: 0.1659 +/- 0.0035 S.E.M, nROI = 1930, N = 7 individuals) and statistical analysis showed mild significance (Pvalue = 0.029, * , Wilkoxon Rank Sum test)(Figure 4.5 D). This quantification and statistical analysis provides confirmation for the previous observed net ΔF/F0 adaptation patterns. 
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Figure 4.5 Detailed quantification and statistical analysis of net ΔF/F0 signals provides support for the previously observed differential net adaptation across spaced sessions. (A) Quantification by merging the vectors of ΔF/F0 responses for the 4th, 5th and 6th (early) stimuli and the vectors of responses for the 57th, 58th and 59th (late) stimuli respectively and subsequent calculation of the average and S.E.M values. Further processing was performed on the vectors in order to discard negative artifactual values before quantification. On the first starting session, responses for early stimuli are elevated (Average value: 0.1755 +/- 0.0035 S.E.M, nROI = 1946, N = 6 individuals) compared to late stimuli (Average value: 0.1197 +/- 0.0029 S.E.M, nROI = 1896, N = 6 individuals) and show strong statistical significance (Pvalue = 3.4773e-05, **** , Wilkoxon Rank Sum test). Thus, previous observations on strong net ΔF/F0 adaptation are confirmed statistically. (B) Same procedure was followed for the 2nd session and revealed that net adaptation is still prominent.  Responses for early stimuli have slightly declined compared to the first session but are elevated (Average value: 0.1677 +/- 0.0030 S.E.M, nROI = 2023, N = 7 individuals) compared to late stimuli (Average value: 0.1514 +/- 0.0027 S.E.M, nROI = 2016, N = 7 individuals) although the latter mark an increase compared to the 1st session and show strong statistical significance (Pvalue =  3.4773e-05 , *** , Wilkoxon Rank Sum test). (C) Same procedure was followed for the 3rd session and revealed that net adaptation is absent.  Responses to early stimuli show a slight decline compared to B (Average value: 0.1670 +/- 0.0030 S.E.M, nROI = 1921, N = 7 individuals) and compared to responses to late stimuli (Average value: 0.1680 +/- 0.0033 S.E.M, nROI = 1935, N = 7 individuals), the latter showing an increase compared to the previous session. No statistical significance is observed between early and late average values (Pvalue = 0.2070,  n.s , Wilkoxon Rank Sum test). (D) Reverse net adaptation of the ΔF/F0 signal is observed in the 4th session. The net response to early stimuli exhibits a slight decrease compared to the previous session (Average value: 0.1659 +/- 0.0035 S.E.M, nROI = 1930, N = 7 individuals) while net response to late stimuli exhibits an increase compared to the previous session (Average value: 0.1762 +/- 0.0036 S.E.M, nROI = 1921, N = 7 individuals). Statistical analysis shows slight statistical significance (Pvalue = 0.029,  * , Wilkoxon Rank Sum test). These results confirm observations of the previous section on net adaptation in the neuropil. 

	4.2.3 Quantification and statistical analysis of adapting active area signals across spaced sessions. Pair-analysis for early and late responses.

	The observed adaptation pattern is also observed when the normalized active area is averaged across the same number of animals for each session. This is done by normalizing the activity histogram for each recording/experiment with the total number of detected ROIs (see Methods section 2.1.8). 
During the 1st session there is apparent adaptation and a drop of peak active area of about 30-40% in response from early to late stimuli. This means that there is a drastic reduction of the total number of ROIs being activated by the same stimulus over time. This suggests that a drastic reduction in the maximum number of ROIs responding to repeated DFs (Figure 4.4 A). I wanted to verify this observed adaptation by performing statistical comparison between selected early and late responses. I started by isolating the 4th, 5th and 6th (early net responses) and 57th, 58th and 59th (late net responses) peaks of the summed activity. As was performed on earlier analysis, I omitted the 1st, 2nd and 3rd net responses because I reasoned that the excitation laser from the 1-photon confocal microscope that I used might create “false positive” higher values by causing fluctuations on the baseline fluorescence. For all the statistical comparisons that follow below, the Wilkoxon Rank Sum test was used to compare differences in the same population of ROIs over time. Despite the apparent observed difference between the 4th (average: 0.1711 +-1.8045e-04, N=6) and the 57th (average: 0.992 +-3.070e-04 s.e.m, N=6) peak active area values, statistical comparison showed no difference (Pvalue = 0.1775). Comparison between the 5th (average:0.1891+-1.422e-04 s.e.m, N=6) and 58th (average: 0.1284 +-0.9684e-05, N=6) net responses also showed no statistical difference (Pvalue = 0.2208). Lastly, comparison between the 6th (average: 0.1558 +-1.0932e-04 s.e.m, N=6) and 59th (average: 0.1189+-1.0932e-04, N=6) net responses also showed no statistical difference (Pvalue = 0.8398).  
During the 2nd session (Figure 4. B), the adaptation pattern appears to be preserved by mere observation but to a lesser extent compared to the 1st session. Continuing along the same way of comparison, for the 4th (average: 0.1659 +-0.0019, N=7) and the 57th (average: 0.1717 +-7.4947e-05 s.e.m, N=7) peak active area values, statistical comparison showed marked difference (Pvalue =0.00058275). Comparison between the 5th (average: 0.2103 +-0.0015, N=7) and 58th (average: 0.1611 +-1.9486e-04, N=7) showed marked statistical difference (Pvalue =0.0041). Comparison between the 6th (average: 0.1870 +-0.0016, N=7) and 59th (average: 0.1403 +-5.0065e-04, N=7) showed marked statistical difference (Pvalue =0.0064). Thus, although less apparent by mere observation, active area responses in the 2nd session show a pattern of adaptation which is statistically consistent. 
When the 3rd session (Figure 4. C) is tested, the adaptation pattern appears not to be as preserved by mere observation. By the same way of comparison, for the 4th (average: 0.1652+-0.0016 s.e.m, N=7) and the 57th (average: 0.1236 +-1.1204e-04 s.e.m, N=7) peak active area values, statistical comparison showed marked difference (Pvalue =0.0012). Comparison between the 5th (average: 0.1459 +-0.0012, N=7) and 58th (average: 0.1590 +-9.4719e-04, N=7) responses did not show marked statistical difference (Pvalue =0.2593). Comparison between the 6th (average: 0.1699+-0.0019 s.e.m, N=7) and 59th (average:0.1346 +-0.0012, N=7) did not show statistical difference (Pvalue = 0.2593). This statistical analysis and approach shows that the adaptation pattern appears less prominent compared to one on the 2nd session. 
In the 4th session (Figure 4. D), the adaptation pattern is not apparent at all by mere observation. For the 4th (average: 0.1423+-0.0045 s.e.m, N=7) and the 57th (average:0.1499 +- 1.3143e-04 s.e.m, N=7) peak active area values, statistical comparison showed marked difference (Pvalue =5.8275e-04). For the 5th (average: 0.1663+-0.0049 s.e.m, N=7) and the 58th (average:0.1946 +- 1.9877e-04 s.e.m, N=7) peak active area values, statistical comparison showed marked difference (Pvalue =5.8275e-04). For the 6th (average: 0.1801+- 0.0030 s.e.m, N=7) and the 59th (average: 0.1443 +-2.4484e-04  s.e.m, N=7) peak active area values, statistical comparison showed marked difference (Pvalue =0.015).
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Figure 4.6 Scatterplot shows a putative trend of differential adaptation of the sum of active ROIs across spaced sessions in the tectal neuropil. The average peak active area values are plotted against the stimulus number. (A) The first session shows apparent adaptation of the percent of active ROIs between early and late stimuli during the “habituating stimulus sequence”. However, primary analysis chosen for this section showed that this apparent adaptation is not statistically significant for every pair of vectors tested (N=6, see main text). (B) Plotting the second session shows a similar apparent trend but not as robust as in the first session when the two are compared by visual inspection. The statistical analysis chosen for this section showed nevertheless that adaptation is significant. Moreover, there is apparent variation as comparison between the 4th and 57th stimuli showed that the latter is significantly larger (N=7, see main text for statistical details) (C). Adaptation in the third session is not apparent by visual inspection. Furthermore, statistical comparison between early and late responses shows that adaptation is significant only when the vectors corresponding to the 4th and 57th stimuli are compared (N =7, see main text for statistical details). (D) Adaptation in the 4th session is not apparent by visual inspection. However, there are statistical differences when peak active area responses to early and late stimuli are compared. In two of the vector pairs being compared, the responses to late stimuli are significantly higher (N=7, see main text for statistical details). The horizontal midline of all circles corresponds to the average value while bars correspond to the s.e.m.   

		

4.2.4 Inclusive quantification and statistical analysis of adapting active area signals across spaced sessions.

	In this section, I present quantification and statistical analysis of adaptation of peak active area signals in the neuropil for early versus late stimuli. The methodology was identical to the previous section with the difference that sampling space was much smaller, equal to the number of individuals. For the 1st session, statistical analysis of early (Average value: 0.1720 +/- 0.0284 S.E.M, n = 6, N = 6 individuals) vs late (Average value: 0.1155 +/- 0.0174 S.E.M, n = 6, N = 6 individuals) responses showed marked significance (Pvalue = 0.0032, ** , t-test on two paired samples) (Figure 4.7 A). The robust active area adaptation that was observed in Figure 4.6 A is thus supported statistically.  For the 2nd session, statistical analysis of early (Average value: 0.1877 +/- 0.0223 S.E.M, n = 7, N = 7 individuals) vs late (Average value: 0.1577 +/- 0.0226 S.E.M, n = 7, N = 7 individuals) responses showed no significance (Pvalue = 0.1477, n.s , t-test on two paired samples) (Figure 4.7 B). For the 3rd session, quantification and statistical analysis shows similar results to the 2nd session between early (Average value: 0.1604 +/- 0.0213 S.E.M, n = 7, N = 7 individuals) and late (Average value: 0.1390 +/- 0.0187 S.E.M, n = 7, N = 7 individuals) stimuli responses with statistical comparison showing no significance (Pvalue = 0.3061, n.s , t-test on two paired samples) (Figure 4.7 C). During the 4th session, average values between responses to early (Average value: 0.1629 +/- 0.0192 S.E.M, n = 7, N = 7 individuals) and late (Average value: 0.1629 +/- 0.0212 S.E.M, n = 7, N = 7 individuals) stimuli have similar levels and show no statistical significance (Pvalue = 1, n.s , Wilkoxon Rank Sum Test)( Figure 4.7 D). Thus, summary quantification and statistical analysis shows that the observed active area adaptation pattern is unique to the 1st session and that it is abolished thereafter. Until this point, the focus of analysis was in responses induced by “habituating” stimuli (1 to 59). In the next section, I will provide quantification of the previous observed changes in “salient” stimuli (60th stimulus). 
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Figure 4.7 Quantification and statistical analysis of the net active area of the tectal neuropil and comparison between early and late stimulus-evoked activity. (A) Quantification by merging the vectors of active area responses for the 4th, 5th and 6th (early) stimuli and the vectors of responses for the 57th, 58th and 59th (late) stimuli respectively and subsequent calculation of the average and S.E.M values. On the 1st starting session, responses for early stimuli are elevated (Average value: 0.1720 +/- 0.0284 S.E.M, n = 6, N = 6 individuals) compared to late stimuli (Average value: 0.1155 +/- 0.0174 S.E.M, n = 6, N = 6 individuals) and show prominent statistical significance (Pvalue = 0.0032, ** , t-test on two paired samples). Thus, the observation previously made on robust net spatial adaptation is proven significant. (B) Same procedure was followed for the 2nd session and revealed that the motif of spatial net adaptation seen in the 1st session is lost. Early stimuli responses appear elevated compared to the 1st session (Average value: 0.1877 +/- 0.0223 S.E.M, n = 7, N = 7 individuals) but are followed by late stimuli responses which are also elevated compared to the 1st session (Average value: 0.1577 +/- 0.0226 S.E.M, n = 7, N = 7 individuals). Statistical comparison between early and late stimuli in this session show no statistical difference (Pvalue = 0.1477, n.s , t-test on two paired samples)(C) Same procedure was followed for the 3rd session and revealed that the motif of spatial net adaptation seen in the 1st session remains absent. Early stimuli responses appear lowered compared to the 2nd session (Average value: 0.1604 +/- 0.0213 S.E.M, n = 7, N = 7 individuals) while late responses appear also lowered compared to the 2nd session (Average value: 0.1390 +/- 0.0187 S.E.M, n = 7, N = 7 individuals). Statistical comparison between early and late evoked active areas show no statistical difference (Pvalue = 0.3061, n.s , t-test on two paired samples). (D) On the 4th session, active area responses appear slightly elevated compared to the previous session both for early (Average value: 0.1629 +/- 0.0192 S.E.M, n = 7, N = 7 individuals) and late (Average value: 0.1629 +/- 0.0212 S.E.M, n = 7, N = 7 individuals) stimuli. (Pvalue = 1, n.s , Wilkoxon Rank Sum Test). These results demonstrate the existence of differential net adaptation of active area across spaced conditioning sessions.  

4.2.5 Quantification and statistical analysis of “salient” signals across sessions.
	
	The last stimulus of each session can be viewed as a “salient” stimulus because it is repeated only once in the stimuli sequence per session. During the previous sections, inspection of the plots indicated that both for the ΔF/F0 and the active area signal, there was evidence for elevation of the signal. In this section, I set out to provide a more detailed picture of the changes in both aspects of tectal neuropil activation. “Salient” net ΔF/F0 responses change significantly between different sessions. Comparison of the 1st session (Average value: 0.1029 +/- 0.0043 s.e.m, N=6 individuals) with the 2nd session (Average value: 0.1285 +/-0.0042 s.e.m, N=7 individuals) showed prominent statistical significance (Pvalue = 8.9568e-09,****, Wilkoxon Rank Sum test).  Comparison of the 1st session with the 3rd session (Average value: 0.1405 +/- 0.0050 s.e.m, N=7 individuals) also showed prominent statistical significance (Pvalue = 6.1742e-10, ****, Wilkoxon Rank Sum test).  Comparison of the 1st session with the 4th session (Average value: 0.1292 +/-0.0049 s.e.m, N=7 individuals) also showed prominent statistical significance (Pvalue = 3.4196e-05,****, Wilkoxon Rank Sum test). Thus, net ΔF/F0 responses to the “salient” (ON-OFF transient) stimuli appear to elevate significantly after the 1st session (Figure 4.8 A). Net active area responses to the “salient” stimuli also show evidence of expansion, although not as prominent possibly due to small sampling space.  Comparison of the 1st session (Average value: 0.0563 +/- 0.0178 s.e.m, N=6 individuals) with the 2nd session (Average value: 0.1304 +/-0.0429 s.e.m, N=6 individuals) showed no statistical significance (Pvalue = 0.1318, n.s, t-test on paired samples).   Comparison of the 1st session with the 3rd session (Average value: 0.1167 +/- 0.246 s.e.m, N=6 individuals) showed small statistical significance (Pvalue = 0.0122, *, t-test on paired samples). Comparison of the 1st session with the 4th session (Average value: 0.1033 +/-0.0353 s.e.m, N=6 individuals) showed no statistical significance (Pvalue = 0.1318, n.s, t-test on paired samples) (Figure 4.7 B). Thus, net active area shows signs of significant expansion in response to the “salient” stimulus, although not as prominent as the ΔF/F0 signals likely due to small sampling size. This analysis provides support to previous observations.  
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Figure 4.8 The net ΔF/F0 and active area OT neuropil response to the salient stimulus shows clear evidence of elevation after the first session. (A) Averages of net ΔF/F0 signal response during the last stimulus show that there is evidence of elevation across sessions. The 1st session average has a value of 0.1029 +/- 0.0043 s.e.m (N=6 individuals). The 2nd session has an average value of 0.1285 +/-0.0042 s.e.m (N=7 individuals). Statistical comparison between 1st and 2nd session shows significant difference (Pvalue = 8.9568e-09,****, Wilkoxon Rank Sum test). The 3rd session has an average value of 0.1405 +/- 0.0050 s.e.m (N=7 individuals) and shows statistical difference when compared to the 1st session (Pvalue = 6.1742e-10, ****, Wilkoxon Rank Sum test). The 4th session has an average value of 0.1292 +/-0.0049 s.e.m (N=7 individuals) . Statistical comparison between 1st and 4th session shows significant difference (Pvalue = 3.4196e-05,****, Wilkoxon Rank Sum test). (B) Averages of net active area during the last stimulus show that there is a evidence of expansion across sessions. The 1st session average has a value of 0.0563 +/- 0.0178 s.e.m (N=6 individuals). The 2nd session has an average value of 0.1304 +/-0.0429 s.e.m (N=6 individuals). Statistical comparison between 1st and 2nd session shows no significant difference (Pvalue = 0.1318, t-test on paired samples). The 3rd session has an average value of 0.1167 +/- 0.246 s.e.m (N=6 individuals) and shows statistical difference when compared to the 1st session (Pvalue = 0.0122, t-test on paired samples). The 4th session has an average value of 0.1033 +/-0.0353 s.e.m (N=6 individuals) . Statistical comparison between 1st and 4th session shows no significant difference (Pvalue = 0.1318, t-test on paired samples).
	

Lastly, I present why I did not include a recording in the analysis of the first session. In some of the recordings, including the one shown in Figure 4.8, the activity histogram for the 1st or other sessions showed no responses for the period approximately after 800 seconds to the end of the stimulus sequence. This was not considered normal due to the fact that recordings that were eventually included in quantification and statistical analysis did not exhibit this pattern. Thus, the 1st session of the demonstrated experiment was not included for further analysis and the rest of the sessions were not included in analysis shown in Figure 4.7 B.  
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Figure 4.9 Activity histograms of consecutive spaced sessions from a single individual demonstrating the reason of exclusion of the first trial for subsequent analysis. On previous figures showing pulled ΔF/F0 and summed activity, the number of individuals (N) was declared as 6 for the first session. The activity histograms corresponding to the first (upper part), second (middle part) and third (lower part) consecutive spaced sessions demonstrate the reason for this decision. Due to factors that could not be specified, sensory-evoked activity appears to diminish earlier in the first session compared to the others, something that was not observed for other individuals. As a result, this session was excluded from further analysis and quantification.   



4.2.6 Conclusions

Results presented in the previous sections demonstrate that spaced conditioning sessions composed of series of dark flashes which are identical to each other result in different adaptation patterns in the case of habituating stimuli and across consecutive sessions. The most robust differences manifest between the 1st and the rest of the sessions. Regarding the net ΔF/F0 signal, adaptation appears to be slightly declinining between sessions 1 and 2, is totally abolished by session 3 whereas in session 4 there is a reverse net adaptation with ΔF/F0 signals being significantly higher (even with a small statistical score) for late stimuli than early stimuli. This means that the underlying dark flash responsive neuronal processes being recorded which are comprised putatively from various sources (intermingled somata of SINs, dendrites of SINs, SPV excitatory neurons and inhibitory interneurons, local tectal axons of PVNI interneurons and quite propably afferent projections from other areas) show a collective differential net adaptation across spaced sessions (Figure 4.5).
Regarding the active area signal, differential adaptation is apparent already from session 1 to 2. Whereas in session 1 active area (or spatial) adaptation is robust and statistically significant (Figures 4.4 A and 4.6A), in session 2 the macroscopically observed adaptation pattern (Figure 4.4 B) is proven notsignificant. Sessions 3 and 4 did not show significant adaptation to habituating stimuli. These results show that there is differential reduction of active ROIs during stimulus presentation and could reflect recruitment of different synaptic plasticity mechanisms as will be discussed further on.
The responses to the last “salient” stimulus appear to be elevating after session 1, in the case of the net ΔF/F0 signal. Interestingly, while in session 2 adaptation to habituating stimuli is still present and robust (Figure 4.5 B), the average response to the “salient” stimulus is significantly elevated compared to session 1 (Figure 4.7 A). In sessions 3 and 4, although adaptation to habituating stimuli is absent (Figure 4.5 C) or reversed (Figure 4.5 D) responses to “salient” stimuli continue to be elevated (Figure 4.7 A). As will be discussed further on, this could be a sign of habituation to these stimuli.
Lastly, responses to the last “salient” stimulus (appear to be elevating but only the comparison between sessions 1 and 3 is statistically significant, in the case of active area response (Figure 4.7 B). The reduced statistical difference could be due to small sampling space. Notably, increase of the response is manifesting after adaptation to habituating stimuli is abolished. In the Discussion section I will attempt to provide an interpretation of this pattern. 

4.3 Discussion

4.3.1 A proposed model for the effect of spaced conditioning to OT responses during presentation of habituating stimuli. Future directions

	This study provides evidence that spaced conditioning with dark flashes has differential effects on adaptation patterns in the tectal neuropil. To the knowledge of the author, these results are presented for the 1st time in the field of zebrafish neuroscience concerning the effects of spaced conditioning on net adaptation patterns of the tectal neuropil. Spaced conditioning has been used in different contexts in the zebrafish larva in order to induce auditory87,88,150 and visual88,114 short- and long-term habituation measured on the behavioural level. 
	Here, I provide evidence that spaced conditioning sessions with DFs have differential effects on network adaptation in the tectal neuropil thus outlining physiological adaptations which could support behavioural learning. Measurements were developed on two parallel levels. One was the measurement of the net ΔF/F0 signal of responding ROIs. After appropriate filtering, responding ROIs to DFs showed different adaptation patterns on each session. The most prominent difference was observed On the first and 2nd sessions. By the 3rd, adaptation of the net ΔF/F0 was largely diminished and on some instances adaptation appeared to be reversed as in session 4. Given that adaptation of neuropil responses have been known to exhibit adaptation on short temporal scales161, this is the 1st time that adaptation patterns are reported to change across spaced conditioning sessions. Interestingly, responses to early dark flashes appear to not change drastically across sessions. What changes is the amplitude of net ΔF/F0 responses to late ON-OFF-ON stimuli differentially across sessions.
 A plausible explanation for the prominent adaptation to habituating stimuli observed during the 1st and 2nd sessions could be short-term depression of retino-tectal connections on the synaptic level. In an analogous example, repeated stimulation of single whiskers in the rat results in adaptation of firing rate which is caused by short-term depression of thalamocortical synapses, as revealed through intracellular recordings205,206. In the OT of the larval zebrafish, adaptation has been shown to be tectum specific for direction-selective cells129.This specificity could be also considered for DF stimulation as the transgenic line that was utilized in previous adaptation studies restricted expression of the Ca2+ reporter mainly to the OT and telencephalon161. In this study, by utilizing a transgenic line that labels mainly post-synaptic processes in the retino-tectal system13, I find that adaptation to regularly repeated dark flashes lasts for at least 2 spaced sessions in a declining manner. It must be noted that imaging at this acquisition rate and without cellular resolution cannot report adaptation of firing patterns of single cells. It rather reports net adaptation of the underlying cellular processes which could be of many cellular sources as has already been mentioned. Thus, it could be suggested that short-term depression persists for 2 spaced sessions in my paradigm in a declining manner from session 1 to session 2. 
	Interestingly, net ΔF/F0 signal adaptation is abolished in session 3 and is significantly reversed in session 4. This result could be recapitulating principles of the Negative Image Model of habituation6,90. The lack of adaptation could be an indicator that reduction in the activity of local tectal excitatory neurons is accompanied by an increase in the activity of local inhibitory neurons which could include SIMs and PVNI inhibitory interneurons207. A Ca2+ imaging based study in the auditory cortex of mammals has found auditory habituation to be tightly associated with reduced Ca2+ transients in layer 2/3 pyramidal excitatory neurons in response to habituating tones. This reduction was followed by a drastic increase in the activity of Somatostatin-positive inteneurons (SOMs) in the local cortical circuit thus supporting the view of a negative image formation for the responses to habituating stimuli208. In the present study, it was not feasible to differentiate neuronal cells on the basis of neurotransmitter phenotype but future studies could utilize GCaMP expressing transgenic lines with promoter elements that have already been used to sort neurons based on neurotransmitter phenotype139,140.
	The study presented here utilized statistical tools that have been developed in order to mark significant Ca2+ transients of recorded neurons in imaging studies158,159. Utilization of this method was done in order to examine the active area of the tectal neuropil during stimulation with dark flashes, a method not performed in previous studies of neuropil adaptation161. The major finding in this study was that there is significant spatial (active area) adaptation to habituating dark flashes only for the 1st spaced session. Spatial adaptation for the other consecutive sessions was not significant. This result could support interpretation with the Negative Image Model as spatial adaptation during the 1st session could be attributed to short-term depression of retinotectal synapses to post-synaptic excitatory processes whereas the lack of adaptation in subsequent sessions could be attributed to combined long-lasting depression of the activity of excitatory neuronal populations and parallel long-lasting potentiation of the activity of local inhibitory neuronal populations. By comparing the net ΔF/F0 and net active area signal, it is apparent that during the 2nd session, there is a drastic decrease of the ΔF/F0 signal but not significant decrease of the active area signal. Thus, a putative explanation could be that while net relative fluorescence is decreasing due to persisting depression of the activity of excitatory post-synaptic neurons, there is parallel potentiation in the activity of local inhibitory interneurons which maintains active area adaptation low or absent in accordance to previous findings on habituation208. 
A very recent study has shown with targeted Ca2+ imaging and in vivo patch clamp in a Gal4:s1156t enhancer trap line that SINs in the tectal neuropil respond preferentially to OFF illumination steps (Barker AJ et al, 2018 Bioarxiv). These findings, along with other studies that have reported responses of this class of cells to whole-field flashes128,209, provide evidence that SINs are highly likely responding to whole-field luminance decrements, as the ones used in this study. Therefore, I propose a simplified conceptual toy model in which the activation and gradual recruitment of local interneurons and the suggested shift in excitatory/inhibitory balance is illustrated in Figure 4.9.  In the 1st session, early dark flashes activate groups of excitatory neurons (red) and inhibitory interneurons (blue) which will display strong activation (bright color), moderate activation (shaded color) or no activation (no fill) (pre-arrow) (Figure 4.9 A). Repeated stimulation with dark flashes will modify activation patterns in such a way that activation of excitatory neurons will be adaptively reduced by the presentation of late stimuli with little or no adaptation of inhibitory interneurons (post-arrow) (Figure 4.9 A). In the 2nd session, early dark flashes will activate excitatory neurons less robustly than the 1st session and inhibitory neurons more robustly respectively (pre-arrow) (Figure 4.9 B). Adaptation of excitatory neurons will persist in late stimuli whereas inhibitory neurons display no adaptation (post-arrow) (Figure 4.9 B). This mode of spatio-temporal adaptation could provide an explanation for the adapting ΔF/F0 signal and the non-adapting active area signal. In the 3rd session, activation and recruitment of excitatory neurons is reduced and for inhibitory interneurons it is elevated (pre-arrow) (Figure 4.9 C). For late dark flashes, adaptation in excitatory neurons is counter-balanced by a partial rise in the activity of inhibitory interneurons so that both the net ΔF/F0 and active area signal remain stable (post-arrow) (Figure 4.9 C). In the 4th session, early dark flashes activate/recruit few excitatory neurons and more inhibitory neurons (pre-arrow) (Figure 4.9 D). During presentation of late stimuli, mild adaptation of excitatory neurons is accompanied by elevation of activity of inhibitory interneurons so that the net ΔF/F0 signal “sensitizes” whereas the total active area signal remains approximately stable (post-arrow) (Figure 4.9 D). 
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Figure 4.10 Proposed simplified conceptual model which recapitulates experimental observations made in this study. For simplicity, neurons and their dendritic and axonal processes that occupy the tectal neuropil are illustrated as 4 excitatory neurons (red)(E) and 4 inhibitory interneurons (blue)(I). Active neurons are illustrated with bright colour, moderately active neurons with shaded color and inactive neurons with only the coloured outline of a circle. (A) In the 1st session, activation and recruitment of excitatory neurons is strong whereas activation and recruitment of inhibitory neurons is limited during early dark flash stimulation (pre-arrow). For late dark flash stimuli, adaptation possibly through mechanisms of short-term depression results in reduced or even diminished activation of excitatory neurons but adaptation remains low or absent in inhibitory neurons (post-arrow). This scheme recapitulates partially experimental observations of robust net ΔF/F0 and active area adaptation during the first session. (B) In the 2nd session, activation of excitatory neurons is strong during early stimuli (pre-arrow) and moderate for inhibitory neurons. Adaptation affects mainly excitatory neurons causing a drop in the net ΔF/F0 signal but the overall number of neurons exhibiting activity remains stable. (C) In the 3rd session, the total number of activated excitatory neurons is reduced and the total number of active inhibitory interneurons is enhanced due to longer-lasting depression and potentiation of excitatory synapses respectively during early stimuli (pre-arrow). Mild adaptation of the activity of excitatory neurons is counter-balanced by mild enhancement of the activity of inhibitory interneurons thus the net change in the ΔF/F0 and active area signal is insignificant. (D) In the 4th session, early stimuli activate fewer numbers of excitatory neurons and more robustly inhibitory interneurons through the afore-mentioned longer-lasting synaptic mechanisms (pre-arrow). During presentation of late stimuli, excitatory activity will be reduced and inhibitory activity will be enhanced in such a way that the net ΔF/F0 signal appears to “sensitize” or elevate while the net active area signal remains unchanged (post-arrow).
	Although the proposed conceptual model captures central aspects of the experimentally observed results, it makes certain assumptions that cannot be tested directly with the tools used to perform this study. The presence of both excitatory and inhibitory processes in the tectal neuropil is already established from earlier studies207,210 but imaging recordings here are made from innumerable intermingled cellular neuronal processes thus cellular resolution in not possible. Segmenting ROIs through the hexagonal grid facilitates sorting of responsive from non-responsive areas, as well as calculating the normalized active area but the NBT::GCaMP3 cannot be used to resolve somata of SINs in the neuropil. As a further step, it could be very useful to use the already established Gal4:s1156t enhancer trap line and cross it to a UAS:GCaMP line thus obtaining fish which express the calcium indicator specifically in a large fraction of SIMs of the tectal neuropil165. The prediction according to this study and the proposed model would be that across spaced sessions, there would be a gradual rise in activity as well as recruitment of more inhibitory SINs which have already been shown to respond to light decrements (Barker AJ et al, 2018 Bioarxiv). 
	An alternative route could be taken through utilizing transgenic lines expressing the glutamate sensor iGluSNFR211 in the CNS of larval zebrafish. A transgenic line which expresses the sensor in glial cells under the glial-specific promoter gfap has already been generated and its efficiency described in the larval zebrafish retina212. This line could putatively be used in a similar spaced visual stimulation protocol and provide information on extracellular glutamate dynamics of the tectal neuropil, provided that powerful enough imaging approaches are followed.  Fusion of 1 vesicle to the synaptic membrane produces transients which show peaks within approximately 10 ms and decay with a constant of about 50 ms211. Thus imaging, preferably 2-photon, should be performed at least at 10 Hz in order to capture the slow dynamics of the collective fusion process as has been already demonstrated at the ribbon synapses of the zebrafish retina212 and the axonal output synapses of hair cells in the lateral line system. The prediction according to the results and the proposed model of this study is that during the during the 1st and 2nd sessions, prominent adaptation of the extracellular glutamate signal would be observed, followed by re-installment and even enhancement by the 3rd and 4th session in regions of the neuropil where inhibitory neuronal processes are arborized. 
	Additionally, an effort to develop an indirect method to probe excitatory synapse strength dynamics will be presented in a later chapter. Through utilization of a panneuronal promoter and through focalization to particular cellular processes and arborization patterns in different strata of the neuropil it should be possible to observe excitatory synaptic strength dynamics. Results presented here predict that excitatory synapses onto excitatory neurons would weaken in the 1st and 2nd sessions and propably maintain this depression in following sessions whereas excitatory synapses onto inhibitory neurons would strengthen, especially after the 2nd spaced session. An alternative approach could be to try to identify molecular components of signaling cascades involved in spaced conditioning156, especially on local inhibitory neurons of the OT in the course of a similar spaced conditioning paradigm as the one presented in this study.  
A more direct approach could be taken by injecting bicuculline (inhibitor of GABA A receptors) and/or an NMDA receptor inhibitor directly to the OT neuropil and repeat the spaced conditioning protocol. By local application of bicuculline, it should be feasible to dissect the contribution of inhibitory signaling in the context of differential adaptation to spaced conditioning as this method has been utilized to dissect the contribution of SINs to spatial visual filtering in the OT128. NMDA receptors are highly suggested to be involved in retaining long-lasting memories through consolidation. Spontaneous re-activation213 which in this case could occur during the spacing between sessions or after, could contribute to memory consolidation. 
 
4.3.2 Responses to salient stimuli as indicators of increased habituation across spaced sessions. Future directions.
	Lastly, in this study stimuli were presented in such a way that habituating stimuli were preceding a last “salient” stimulus. Interestingly, both for the ΔF/F0 and the active area signal there is a rise after the 1st spaced session which is statistically significant. Due to the “surprising” nature or saliency of the last stimulus it would be expected to see enhanced responses corresponding to it but observable responses were opposite to that. In the 1st session average responses were very low for the ΔF/F0 signal and subsequent spaced sessions induced significantly enhanced responses to the salient stimulus. The same observation was made for the active area signal although statistical significancy was much less, probably due to small sampling space. The fact that responses to “salient”stimuli appear smaller to habituating DFs could be explained due to different mode of stimulation. However, based on the “non-expectancy” of the last stimulus, the observed differential response adaptation to spaced sessions of habituating stimuli and the proposed model for this adaptation, it could be plausible to suggest that elevated responses after the 1st session are a product of habituation. The shift in the excitatory-inhibitory balance towards the latter could be manifesting here as enhanced inhibitory activation in response to the last stimulus. This in turn could be an indicator of increased habituation. Further experiments with the afore-mentioned enhancer trap lines labeling inhibitory SINs as well as using other lines such as the Huc::H2B-GCaMP line175 or lines labeling inhibitory interneurons128,165 should confirm or reject this conjecture. Furthermore, Ca2+ imaging of the tectal neuropil with the Huc::H2B-GCaMP line with modern imaging methods in combination with post-hoc immunohistochemical labeling of excitatory and inhibitory populations214 and through registration to reference maps215 should provide validation or rejection of this suggestion.


4.3.3 Summary

	In summary, this study provides novel evidence suggesting that the tectal neuropil of larval zebrafish exhibits activation dynamics with differential adaptation during a spaced visual conditioning paradigm. These dynamics, taking into account what is known about underlying neural cell types of the OT, can be interpreted through a variant of the negative image model for habituation. Habituation is a form of learning and is not identified with neuronal adaptation68 although the two processes can be closely linked216. Learning can be measured and assessed only through meticulous measurement and analysis of behavior. Thus future studies aiming to link the reported tectal neuropil dynamics to learning ought to utilize modern methods combining functional imaging with behavioral measurements simultaneously217 in search of  the link between physiological adaptations in the OT and visual memory formation.              



















Chapter 5


Longitudinal spaced visual conditioning induces long-lasting physiological changes on the activation levels of the OT neuropil 


                                   







5.1 Introduction. 

	In chapter 4, I presented evidence of differential physiological adaptation in the responses of the OT neuropil that can be interpreted by a shift in the excitatory/inhibitory balance in the local circuitry. Conditioning was performed with a spaced protocol that has been used to induce long-term habituation to dark flashes in the zebrafish larva88,114. In this chapter, I will describe an effort to identify long-term alterations in the responses of the OT 24 hours after fish have been pre-conditioned with a visual stimulation protocol identical to the one used in the afore-mentioned studies.
	Different synaptic plasticity events and alterations have been related to long–term habituation involving different sensory modality contexts and model organisms5,76. Notable examples include: i) Depression of the sensory neuron to motorneuron synapse in the Aplysia siphon-gill withdrawal response73,218 and of the sensory to interneuron synapse in the habituation paradigm of the tap-induced escape response in Caenorapbditis elegans219 and ii) Elevated GABAergic inhibition in the antennal lobe of Drosophila in an olfactory habituation paradigm220. The latter plasticity mechanism has majorly influenced the theoretical framework for this study. The proposal of a negative image model of habituation expands circuit mechanisms of habituation on already established paradigms in model organisms such as Aplysia197. Additionally, indirect evidence point towards the generalization of such a neural circuit implementation as in the crab Chasmagnathus convexus visual habituation paradigm. In this example, long-term habituation to a stimulus which could resemble a predator is accompanied by reduced excitation in a downstream layer of neurons in an early sensory area (3rd order lobula plate neurons) but not in more upstream layers (2nd order lobula plate neurons)221. The exact cause of this reduction in excitation, whether it is depression of excitatory synapses onto downstream layer neurons or increase of intra- or interlayer feed-forward or feed-back inhibition is not known. 
	 In the OT, the only partially known underlying circuitry of the neuropil indicates that the feedforward inhibition provided by inhibitory SIN interneurons plays a very important role in shaping tectal responses to various stimuli including directional, looming or classified according to size104,128,165,209. Spaced visual conditioning and analysis of OT neuropil responses showed that there is differential adaptation across sessions. This differential adaptation cannot be explained by homosynaptic depression of retino-tectal synapses alone, as could be assumed for short-term adaptation to repeating dark flashes161. The study presented here proved that this effect persists for 1 to 2 sessions in a declining manner, regarding the net ΔF/F0 signal, and only 1 session for the net active area signal after which net adaptation ceases. 
	Whether OT neuropil responses are affected as a result of longitudinal visual spaced conditioning is not currently known although long-term visual habituation on the behavioural level has been established as an experimental paradigm to study long-term memorization in the larval zebrafish88,114. Here, I adopt the spaced visual conditioning protocol used in the afore-mentioned studies in order to investigate putative long-term effects in OT neuropil responses, in other terms a “physiological signature” of habituation or pre-conditioning. Combining cues from previous studies and the results presented in Chapter 4 I hypothesized that when pre-conditioned fish in a freely-sweeming context are challenged with a test stimulus 24 hours later while immobilized in a Ca2+ imaging setup, net responses in the OT neuropil should show marks of significant reduction. The reason could be a combinatorial effect of selective potentiation of inhibitory signalling and selective depression of excitatory signalling. The model that was proposed for the observed differential adaptation in Chapter 4 stated that by the 4th session, non-adapting net inhibitory activity could account for lack of net adaptation in the OT neuropil. In the context of imaging 24 hours after longitudinal spaced visual conditioning, plasticity mechanisms that led to potentiation of inhibitory signalling would persist, thus net activation during the test stimulus would fluctuate on lower levels. 
The methodology to detect such a difference will be to pre-condition fish to 2 different contexts, alone and in groups. The reasoning behind this choice is that social context and hierarchical relations between individuals have been shown to modulate habituation rates as well as decision making related to escape responses in adult zebrafish144,222. In the larval zebrafish, hierarchical relations have not been proven to exist although social context can have some effects on locomotor activity such as synchronization of movement which manifests as early as the 2nd week post-fertilization143. Whether social context modulates habituation in the zebrafish larva is not known and by a simple “enrichment” of the environment in the conditioning chamber, I would be able to examine putative differences of long-term physiological effects in these 2 conditions.     
     Lastly, normal functioning of NMDA receptors has been assessed and associated to nearly all identified forms of memory in the larval zebrafish by direct bath application to the medium during the conditioning and consolidation phase88,110,150. This receptor has also an established central role in various synaptic plasticity mechanisms studied mostly in mammalian systems4,15. Here, I first identified the conditioning context whose physiological readout best fits features of habituation (reduced net activation during the test stimulus) which in this case results from pre-conditioning in groups as will be shown and discussed further on in the chapter. Then, I repeated the conditioning procedure in the presence of a non-competitive NMDA receptor inhibitor, MK-801. In this way, I was able to assess putative differences between conditioned and naive groups as well as potential long-term effects of the inhibitor on the OT neuropil activation levels.     

5.2 Results

5.2.1 Steps of analysis of tectal neuropil responses to the test stimulus. First indications of an effect of longitudinal spaced conditioning 

	Imaging recordings with the test stimulus were acquired from agarose immobilised fish. Pre-conditioning was performed on the previous day with a longitudinal spaced conditioning protocol involving dark flashes presented at regular intervals (15 seconds) for each session (120 repetitions). The sessions were interrupted by 10 minute intervals during which illumination was in the ON mode (see Methods section 2.1.3). This protocol has been used previously in order to induce robust visual long-term habituation to dark flashes in freely moving zebrafish larvae88,114. On the next day, fish were immobilized and imaged during presentation of a test stimulus composed of 9 dark flashes (“habituating stimulus sequence”) and a last dark flash of a different sequence (“salient stimulus”). A post-CS period of about 450 seconds was also recorded. Initially, recordings were performed on 2 different groups with different sensory conditioning history, a group that received no pre-conditioning (naive) and a group that did in groups of 6 fish (sp group) (Figure 5.2). 
	The efficiency of the computational toolbox used in this study158 was assessed by plotting an example ΔF/F0 trace obtained during an imaging recording from a naïve animal (Figure 5.1 A). Visual inspection shows that the resulting trace displays significant transients (marked in red) which are mostly locked to visual stimulation. Significant transients can also be observed occurring in-between dark flashes as well as during the post-CS period (Figure 5.1 A). 
	A next step in order to assess putative effects of spaced conditioning was to compare by visual inspection averages of responding ROIs in 2 different animals, a naïve and a pre-conditioned. Responding ROIs were sorted according to the procedure described in Methods. Comparison between average traces of a naïve and a pre-conditioned animal shows that spaced conditioning could be affecting the amplitude of ΔF/F0 responses as these fluctuate on a lower level in the pre-conditioned animal (Figure 5.1 B)
	Additionally, by the approach already shown in Chapter 4 and Methods section, I was able to inspect the peaks corresponding to the active area in response to dark flashes. Comparison by visual inspection, as in Figure 5.1 B shows that the peaks of active area during dark flashes are tightly correlated to average ΔF/F0 transients of responding ROIs and exhibit the same relative difference. Responses to dark flashes appear to be elevated compared to responses of pre-conditioned animals (Figure 5.1 C)
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Figure 5.1 Steps of analysis of OT neuropil responses to the test stimulus for control and pre-conditioned fish. (A) Example of a responsive ROI from a naive fish exhibiting significant calcium transient elevations in response to the test stimulus (marked above). Dark flashes are separated by 60 second inter-stimulus intervals. This ROI exhibits significant transients, marked with red colour, in response to dark flashes but also occasional significant transients in-between stimuli (ON period) as well as in the post-CS period (OFF period). A mild adaptation can also be observed for stimuli 1 to 9 for this particular ROI. (B) After sorting responding ROIs, an initial step in order to identify putative effects of spaced conditioning could be by comparing pulled average traces of responding ROIs. On the left, pulled average trace of the net ΔF/F0 signal computed from all responding ROIs corresponding to a naïve animal. Peak values corresponding to stimuli fluctuate between approximately 0.2 and 0.45. On the right, pulled average trace of the net ΔF/F0 signal computed from all responding ROIs corresponding to a pre-conditioned animal. Peak values fluctuate between approximately 0.9 to 1.3. A differential effect on amplitude modulation of tectal neuropil responses could be feasible. Traces are shown as averages with shaded errorbar corresponding to s.e.m. (C) Activity histograms corresponding to the same naïve animal as in B (left) and to a pre-conditioned animal as in B (right). The amplitude of peak active area responses, seen here as counts, appears to be tightly correlated to the peaks of average responses seen in B. As a result the same motif of amplitude modulation for the pre-conditioned animal can be observed. Thus, initial observations point towards amplitude modulation of the peak ΔF/F0 and active area signals to dark flashes. 

5.2.2 Long-term effects of spaced conditioning in groups manifest with reduced responses to habituating and salient stimuli in the OT.  The effects are not replicated with spaced conditioning in single fish.

	Although conditioning was performed with a protocol that has been proven to be robust, habituation could not be assessed on the behavioural level. This would require particular resources allowing simultaneous monitoring of Ca2+ transients and behaviour223,224 which were not available. However, this simple form of visual memory has been proven robust in the larval zebrafish and I reasoned that physiological traces could be revealed on a statistical level by sampling as many animals as possible and then perform appropriate statistical analysis.   
	The resulting datasets corresponding to Ca2+ transients in response to the test stimulus were sorted according to whether the individuals had been subjected to the spaced conditioning protocol (control vs pre-conditioned). Responding ROIs were sorted according to the procedure described in the Methods section. Vectors corresponding to the average peak responses of the “habituating stimuli” (1 to 9) of both the ΔF/F0 and the active area signal were isolated and merged. Vectors of responses corresponding to the salient (10th) stimulus were quantified and compared separately. 
	For the habituating stimulus sequence, quantification of responses showed that the pulled average net ΔF/F0 signal of naïve fish (average: 0.1655 +-7.0850e-04 s.e.m, nROI = 24163, N = 25, blue bar) is higher than that of fish conditioned in groups with the spaced visual stimulation protocol (average: 0.1504 +-9.1556e-04 s.e.m, nROI = 14196, N = 15, red bar). Statistical comparison between the 2 groups revealed significant difference (P_two_tail = 0, **** , Mann-Whitney U test)(Figure 5.2 A). Interestingly, the difference was maintained for the salient stimulus as pulled responses of naïve animals (average: 0.1425 +-0.0019 s.e.m, nROI = 2585, Ν = 25) were still significantly higher than those of animals conditioned in groups (average: 0.1356 +-0.0027, nROI = 1515, N = 15) (P_two_tail = 0.0031, ** , Mann-Whitney U test) (Figure 5.2 B). Thus, spaced visual conditioning in groups appears to result a statistically significant decrease of net ΔF/F0 responses in the tectal neuropil upon presentation of the test stimulus. 
	Active area responses to the habituating stimulus sequence are displaying difference, with responses of naïve animals (average: 0.1920 +-0.0076 s.e.m, n = 225, Ν = 25) being significantly higher than those of conditioned animals (average: 0.1647 +- 0.0086 s.e.m, n = 135, Ν = 15) (P_two_tail = 0.0330, * , Mann-Whitney U test) (Figure 5.2 C). Thus, reduced net ΔF/F0 responses are accompanied by significantly reduced normalized active area responses in pre-conditioned animals. Regarding the net active area responses to the salient stimulus, although responses of naïve animals show higher average values (average: 0.1381 +-0.0195 s.e.m, n = 25, Ν = 25) than pre-conditioned animals (average: 0.1281 +-0.0226 s.e.m, n = 15, N = 15), statistical comparison does not show significant difference (P_two_tail = 0.7839, n.s, Mann-Whitney U test) (Figure 5.2 D). Taken together, these results show that the principal differences between the two groups are found in the net ΔF/F0 and not active area responses with the latter displaying mild difference for habituating stimuli.
	Comparison between the naïve group and the group composed of fish pre-conditioned alone does not replicate the differences observed previously. Pulled average net ΔF/F0 responses appear slightly higher for fish pre-conditioned (single) (average: 0.1663 +-0.0012 s.e.m, nROI = 8116, N = 9, red bar) than for the naïve/control group (average: 0.1655 +-7.0850e-04 s.e.m, nROI = 24163, N = 25, blue bar) but statistical comparison shows no significance (P_two_tail = 0.5377, n.s, Mann Whitney U test) (Figure 5.3 A). 
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Figure 5.2 Spaced conditioning in groups has observable and significant long-term effects on net ΔF/F0 and active area response levels of the tectal neuropil. Calcium imaging on individuals experiencing the test stimulus and subsequent analysis 24 hours after longitudinal spaced conditioning reveals that there is a persistent effect on net ΔF/F0 and active area signals. (A) Quantification and statistical analysis shows there is a persistent reduction in the amplitude of ΔF/F0 signal displayed by fish which have undergone a longitudinal spaced conditioning protocol 24 hours earlier. Averages of ΔF/F0 for habituating stimuli (1 to 9) of naïve/control animals (average: 0.1655 +-7.0850e-04 s.e.m, nROI = 24163, N = 25, blue bar) are higher than pulled values from animals that have undergone spaced conditioning in groups (average: 0.1504 +-9.1556e-04 s.e.m, nROI = 14196, N = 15, red bar) and display prominent statistical significance (P_two_tail = 0, ****, Mann-Whitney U test). (B) The two groups also display a difference in response to the “salient” (10th) stimulus. Pulled average values from naive individuals (average: 0.1425 +-0.0019 s.e.m, nROI = 2585, Ν = 25) have higher values than individuals that have undergone spaced conditioning in groups (average: 0.1356 +-0.0027, nROI = 1515, N = 15) and display strong statistical significance (P_two_tail = 0.0031, **, Mann-Whitney U test). (C) Pulled values of active neuropil area during the “habituating” stimuli show that there is difference in responsive active area between naive and spaced conditioned individuals in groups. Naive animals display higher average values (average: 0.1920 +-0.0076 s.e.m, n = 225, Ν = 25) than spaced conditioned animals in groups (average: 0.1647 +- 0.0086 s.e.m, n = 135, Ν = 15) that show statistical significance (P_two_tail = 0.0330, *, Mann-Whitney U test). (D) Pulled values of active neuropil area during the “salient” stimulus (10th) do not display significant difference. Naive animals exhibit slightly higher average values (average: 0.1381 +-0.0195 s.e.m, n = 25, Ν = 25) than spaced conditioned animals (average: 0.1281 +-0.0226 s.e.m, n = 15, N = 15) but statistical comparison shows no significance (P_two_tail = 0.7839, n.s, Mann-Whitney U test).
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Figure 5.3 Longitudinal spaced pre-conditioning on single fish has different long-term effects on net ΔF/F0 and active area response levels of the tectal neuropil than group conditioning. Quantification and statistical analysis of net ΔF/F0 and active area signals in response to the test stimulus. (A) Naïve and fish that have received the spaced conditioning protocol alone in the chamber have similar net ΔF/F0 pulled responses to the series of habituating stimuli (1 to 9). Naïve fish pulled values (average: 0.1655 +-7.0850e-04 s.e.m, nROI = 24163, N = 25, blue bar) are very similar to spaced conditioned alone (sp cond alone) (average: 0.1663 +-0.0012 s.e.m, nROI = 8116, N = 9, red bar) and show no statistical significance (P_two_tail = 0.5377, n.s, Mann Whitney U test). (B) Net ΔF/F0 responses to the “salient” (10th) stimulus between the two groups show marked difference. Responses of naïve fish (average: 0.1425 +-0.0019 s.e.m, nROI = 2585, Ν = 25) are markedly smaller than spaced conditioned alone fish (average: 0.1539 +-0.0036, s.e.m, nROI = 875, Ν = 9). Statistical analysis shows that the difference observed is significant (P_two_tail = 0.0248, *, Mann Whitney U test). (C) Net active area response signals to the “habituating” stimuli show marked difference between the 2 categories. Naïve responses appear quite larger (average: 0.1920 +-0.0076 s.e.m, n= 225, Ν = 25) compared to spaced conditioned alone (average: 0.1395 +-0.0072 s.e.m, n= 81, Ν =9). The statistical difference is robust (P_two_tail = 4.586155454604501e-04, ***, Mann Whitney U test) (D) Active area responses for the “salient” stimulus between the 2 categories. Naive fish exhibit higher average values (average: 0.1395 +-0.0188 s.e.m, n= 25, Ν = 25) compared to spaced conditioned alone (average: 0.1071 +-0.0188 s.e.m, n= 9, Ν = 9). This observed difference however is not statistically significant (P_two_tail = 0.4583, n.s , Mann Whitney U test). 


Comparison between the 2 groups for the salient stimulus shows that average responses of pre-conditioned fish appear slightly higher (average: 0.1539 +-0.0036, s.e.m, nROI = 875, Ν = 9) than in naïve fish (average: 0.1425 +-0.0019 s.e.m, nROI = 2585, Ν = 25) and mild statistical difference is observed (P_two_tail = 0.0248, *, Mann Whitney U test) (Figure 5.3 B). Thus, differences between the 2 groups appear to be reversed compared to the previously compared groups.
	Average active area responses for the habituating stimulus sequence appear significantly higher for the naïve group (average: 0.1920 +-0.0076 s.e.m, n= 225, Ν = 25) compared to the pre-conditioned (alone) group (average: 0.1395 +-0.0072 s.e.m, n= 81, Ν =9) and this difference is statistically significant (P_two_tail = 4.586155454604501e-04, *** , Mann Whitney U test)(Figure 5.3 C). Despite the relatively small sampling space (n peak naive = 225, n peak sp cond alone =81) this difference is notably larger than in the naïve versus conditioned in groups. For the salient stimulus, active area responses are higher for naïve animals (average: 0.1395 +-0.0188 s.e.m, n= 25, Ν = 25) than for pre-conditioned (single) (average: 0.1071 +-0.0188 s.e.m, n= 9, Ν = 9) but when statistical comparison is performed this difference is proven insignificant (P_two_tail = 0.4583, n.s , Mann Whitney U test) (Figure 5.3 D). Thus, responses for fish pre-conditioned alone in the chamber appear to recruit significantly less area of the imaged plane in the tectal neuropil while at the same time net ΔF/F0 responses are similar for habituating stimuli. In the case of the salient stimulus, ΔF/F0 responses are significantly higher for the sp cond alone group (Figure 5.3 B) while average active area responses for this group appear lower than for the naïve animal group. These cues could be interpreted through an increased saliency/sensitization effect of the spaced conditioning in single animals as will be further developed in the Discussion section. 



5.2.3 Long-term effects of spaced conditioning in groups of fish treated with the non-competitive NMDA receptor inhibitor MK-801. 

	NMDA receptors are instrumental for the processes of synaptic plasticity and memory formation225. Application of NMDA receptor antagonists has been administered by direct application to E3 medium in various studies focusing on memory formation in the larval zebrafish and its dependence on these receptors has been show in many studies88,110,150. Additionally, blocking NMDA receptors is known to inhibit both short- and long-term memory formation and expression in this model organism87,88. From the previous sub-section 5.2.2, it was judged that spaced conditioning in groups had effects that could be attributed to habituation. Those effects were reduced net ΔF/F0 responses to the habituating stimuli, a feature that has been associated to behavioural habituation161, as well as reduced responses to the salient stimulus. Furthermore, a significant decrease of the net active area in response to habituating stimuli was present and statistically significant. As a next step and in order to assess the effects of spaced conditioning in groups, I decided to repeat the conditioning procedure in the presence of the non-competitive NMDA receptor antagonist Dizocilpine or MK-801. In this way, my objective was to abolish all types of memorization and synaptic plasticity, both short- and/or long-term, that could be dependent on this receptor. The drug was applied during the spaced conditioning phase and then removed carefully with repeated washes of the E3 medium. 24 hours later, OT neuropil activity was recorded during presentation of the test visual stimulus sequence.
	The two groups that were formed in order to assess application of the drug were a control group with drug application but without spaced conditioning in groups (naïve plus MK-801, Figure 5.) and another with application of the drug plus spaced conditioning in groups. Comparison was performed as already described in section 5.2.2. 
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Figure 5.4 Application of the non-competitive NMDA inhibitor MK-801 during the conditioning phase shares similarities but also displays differences compared to the non-treatment condition. (A) Net ΔF/F0 levels in response to the “habituating” stimulus sequence are higher in fish that have received the inhibitor during the conditioning phase (average: 0.2793 +-0.0031 s.e.m, nROI = 8473, N = 10, green bar) than fish that have received the inhibitor and the longitudinal spaced conditioning in groups (sp cond group + MK-801) (average: 0.2244 +-0.0024 s.e.m, nROI = 7895, N = 10, orange bar) and statistical comparison displays statistical significance (P_two_tail = 1.656669937299959e-05, ****, Mann-Whitney U test). (B)The two groups also display a difference in response to the “salient” (10th) stimulus. Pulled average values from naive individuals with the drug treatment (average: 0.2083+-0.0076 s.e.m, nROI = 869, Ν = 10) have higher values than individuals that have undergone spaced conditioning in groups (average: 0.1584+-0.0059 s.e.m, nROI =794, N = 10) and display strong statistical significance (P_two_tail = 0.0012, **, Mann-Whitney U test). (C) Pulled values of active neuropil area during the “habituating” stimuli show that there is not significant difference in responsive active area between naive fish exposed to the drug and spaced conditioned fish in groups exposed to the drug during the conditioning phase. Naive animals display lower average values (average: 0.2825 +-0.0152 s.e.m, n = 90, Ν = 10) than spaced conditioned animals in groups (average: 0.3037 +- 0.0160 s.e.m, n = 90, Ν = 10) that show statistical significance (P_two_tail = 0.2694, n.s, Mann-Whitney U test). (D) Pulled values of active neuropil area during the “salient” stimulus (10th) do not display significant difference. Naive animals exposed to the drug exhibit higher average values (average: 0.1903 +-0.0558 s.e.m, n = 10, Ν = 10) than spaced conditioned animals in the presence of the drug (average: 0.1647 +-0.0382 s.e.m, n = 10, N = 10) but statistical comparison shows no significance (P_two_tail = 1.0302, n.s, Mann-Whitney U test). 

 	Average net ΔF/F0 responses for habituating stimuli of the naïve plus MK-801 group (average: 0.2793 +-0.0031 s.e.m, nROI = 8473, N = 10, green bar) were significantly higher than those of pre-conditioned fish with the drug (average: 0.2244 +-0.0024 s.e.m, nROI = 7895, N = 10, orange bar) (Figure 5.4 A). Statistical comparison between the 2 groups revealed prominent difference (P_two_tail = 1.656669937299959e-05, ****, Mann-Whitney U test). Regarding the salient stimulus, responses of the naïve plus drug group (average: 0.2083+-0.0076 s.e.m, nROI = 869, Ν = 10) were also significantly higher the drug plus conditioning group (average: 0.1584+-0.0059 s.e.m, nROI =794, N = 10) and statistical comparison showed strong significance (P_two_tail = 0.0012, **, Mann-Whitney U test) (Figure 5.4 B). Thus, these results show that application of the drug does not diminish the relative difference in the average amplitude of the responses, also seen in the non-treatment condition. However, one notable difference is that the amplitude in both groups appears to have risen almost 2-fold in the case of habituating stimuli, compared to the untreated condition. In a later section, I will show that this is the case and that there is strong statistical difference when comparing drug treated and un-treated animals.
	Average net active area responses to habituating stimuli of the MK-801 plus conditioning group (average: 0.3037 +- 0.0160 s.e.m, n = 90, Ν = 10) appear higher than those of the naïve plus drug group (average: 0.2825 +-0.0152 s.e.m, n = 90, Ν = 10) but statistical comparison shows that there is no significance in this difference (P_two_tail = 0.2694, n.s, Mann-Whitney U test) (Figure 5.4 C). Responses to the salient stimulus appear higher for the naïve plus drug group (average: 0.1903 +-0.0558 s.e.m, n = 10, Ν = 10) compared to preconditioned fish with the drug (average: 0.1647 +-0.0382 s.e.m, n = 10, N = 10) but again statistical comparison between the 2 groups shows no significance (P_two_tail = 1.0302, n.s, Mann-Whitney U test) (Figure 5.4 D). 
	These results show that the relative difference between naïve and pre-conditioned animals is only partially abolished by application of the drug. The relative difference in the net ΔF/F0 responses appears enhanced both for the habituating stimulus sequence and the salient stimulus. On the contrary, the relative difference in active area responses is abolished in the case of habituating stimuli and remains unchanged in the case of responses to the salient stimulus. Thus, relative physiological differences are only partially abolished by NMDA receptor manipulation during the conditioning phase.

5.2.4 DMSO application partially re-installs previously identified activation levels in the non-treatment condition.

DMSO is the polar re-agent used in this study to dissolve the MK-801 drug. It been previously used for drug administration in studies investigating learning and memory in freely moving larval zebrafish87,88,150 Whether application of this lipophilic chemical agent alone induces short- or long-term physiological changes in neuronal activity has not been investigated to the knowledge of the author of this thesis. For this reason, I repeated the long spaced visual conditioning protocol in groups of fish as described earlier. The results could be used in order to assess effects of this lipophilic agent alone as well as interpret the previously acquired results with application of MK-801.
DMSO treatment without the drug, re-installed previously observed results regarding the net ΔF/F0 signal. Responses to habituating stimuli were significantly higher in the naive plus DMSO group (average: 0.1769 +-0.0015 s.e.m, nROI = 9334, N = 12, purple bar) compared to fish that received the agent plus spaced conditioning (average: 0.1691 +-0.0015 s.e.m, nROI = 11111, N = 10, light blue bar) (Figure 5.5 A). Statistical comparison between the two groups revealed prominent significance (P_two_tail =4.884981308350689e-14, ****, Mann-Whitney U test). For the salient stimulus, responses of naïve plus DMSO fish (average: 0.1576 +-0.0041 s.e.m, nROI = 1001, N = 12) were also significantly higher than in fish that received the agent plus conditioning (average: 0.1440 +-0.0037 s.e.m, nROI = 1215,  N = 10) (Figure 5.5 B). Statistical comparison between the 2 groups revealed strong significance (P_two_tail =8.034590857641799e-04, ***, Mann-Whitney U test). Thus, previous observations of relative difference are reproduced as well as the level of statistical significance. Additionally, overall levels of activity appear to be very similar to the non-treatment condition.  
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Figure 5.5 DMSO administration partially re-installs previously observed levels of net activity in the tectal neuropil. (A) “Habituating” stimuli evoke responses with higher average levels in non-conditioned animals with DMSO administrated to them (DMSO NO COND)(average: 0.1769 +-0.0015 s.e.m, nROI = 9334, N = 12, purple bar) than fish that received DMSO and spaced conditioning 24 hours earlier (DMSO PLUS COND)(average: 0.1691 +-0.0015 s.e.m, nROI = 11111, N = 10, light blue bar). Their difference is statistically significant (P_two_tail =4.884981308350689e-14, ****, Mann-Whitney U test). (B) Significant difference is also observed in the responses to the last “salient” stimulus (tenth) with responses of fish conditioned in groups in the presence of DMSO being smaller (average: 0.1440 +-0.0037 s.e.m, nROI = 1215,  N = 10, light blue bar) than naïve fish with DMSO administration (average: 0.1576 +-0.0041 s.e.m, nROI = 1001, N = 12, purple bar). Their difference is statistically significant (P_two_tail =8.034590857641799e-04, ***, Mann-Whitney U test). (C) Active area responses to “habituating” stimuli do not differ between the 2 groups. DMSO PLUS COND animals show higher responses (average: 0.2228 +-0.0136 s.e.m, n = 90, N = 10, light blue bar) than the DMSO NO COND group  (average: 0.2053 +-0.0099 s.e.m, n = 108, N = 12, purple bar). Their difference is not statistically significant (P_two_tail = 0.7152, n.s , Mann-Whitney U test) (D)  Active area responses to the “salient” stimulus do not differ between the 2 groups.  DMSO NO COND animals show higher responses (average: 0.1714 +-0.0228 s.e.m, n = 12, N = 12, light blue bar) than DMSO PLUS COND animals (average: 0.1578 +-0.0230 s.e.m, nROI =10,  N = 10, light blue bar). Statistical comparison between the 2 groups shows no significance (P_two_tail = 0.4887, n.s , Mann-Whitney U test). These results partially reproduce the results obtained without application of the DMSO agent. Regarding the net ΔF/F0, differences show a high degree of similarity with responses of naïve animals being significantly higher than those of animals spaced conditioned in groups. The only parameter measurement that is not reproduced is the active area response to “habituating” stimuli which in animals that were not treated with any pharmacological or agent was still different with responses of naïve animals being significantly higher.   
	Regarding the active area signal, responses to habituating stimuli appear larger for fish that received the agent plus spaced conditioning (average: 0.2228 +-0.0136 s.e.m, n = 90, N = 10) compared to the naïve plus agent group (average: 0.2053 +-0.0099 s.e.m, n = 108, N = 12). However, statistical comparison reveals that this difference is not significant (P_two_tail = 0.7152, n.s , Mann-Whitney U test) (Figure 5.5 C). For the salient stimulus, responses of the naïve plus agent group appear slightly higher (average: 0.1714 +-0.0228 s.e.m, n = 12, N = 12) than in the DMSO plus conditioning group (average: 0.1578 +-0.0230 s.e.m, nROI =10, N = 10) but statistical comparison reveals no significance (P_two_tail = 0.4887, n.s , Mann-Whitney U test). Thus, the previously observed relative difference concerning the active area signal to habituating stimuli is not observed in the DMSO application condition. 

5.2.5 MK-801 application induces long-term effects on physiological responses without the involvement of pre-conditioning.

	An apparent observation in section 5.2.3 was that both the net ΔF/F0 and active area signal were detected on higher levels compared to the non-treatment condition (section 5.2.2). This prompted me to perform a statistical comparison between the naïve group in section 5.2.2 and the naïve plus MK-801 group in section 5.2.3 in order to assess the degree of effect of drug application.
	Indeed, comparing the two groups regarding the average net ΔF/F0 signal of untreated/naïve fish to the naïve plus MK-801 group reveals a huge, almost 2-fold difference (Figure 5.6 A). As expected, this difference is statistically significant (P_two_tail = 0, ****, Mann-Whitney U test). The difference is also prominent for the salient stimulus with the naive plus MK-801 group displaying almost 30% increased levels compared to the naïve untreated group (Figure 5.6 B). Thus, MK-801 application alone for 3 only hours and 24 hours prior to the imaging session with the test stimulus appears to exert long-term effects on physiological responses.
	The relative difference is also distinctive in the active area signal where the naïve plus MK-801 group displays elevated signal levels of approximately 35% compared to the naïve untreated group (Figure 5.6 C). Statistical comparison shows that the observed difference is robustly significant (P_two_tail = 3.453924501961581e-08 , ****, Mann-Whitney U test). Regarding the active area signal to the salient stimulus, although the responses of naive plus MK-801 group appear elevated, statistical comparison between the 2 groups shows no significance  (P_two_tail =0.6638, n.s, Mann-Whitney U test) (Figure 5.6 D). 
	Concluding, MK-801 application alone, for a period of 3 hours, has long-term effects on Ca2+ signaling assessed in vivo 24 hours after treatment. This observation could have implications for studies combining sustained NMDA receptor pharmacology and manipulation with physiological experiments.  
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Figure 5.6 Prolonged exposure the non-competitive NMDA inhibitor MK-801 has long-term effects on activation levels in the OT neuropil. (A) The magnitude of net ΔF/F0 responses to the “habituating” stimulus sequence is significantly elevated in fish that received the drug (average: 0.2793 +-0.0031 s.e.m, nROI = 8473, N = 10, green bar) compared to naïve fish (average: 0.1655 +-7.0850e-04 s.e.m, nROI = 24163, N = 25, blue bar). Their difference displays strong statistical significance (P_two_tail = 0, ****, Mann-Whitney U test). (B) The difference is also observed in net ΔF/F0 responses to the “salient” stimulus. Average values of fish that received the drug were elevated values (average: 0.2083+-0.0076 s.e.m, nROI = 869, Ν = 10) compared to naive fish (average: 0.1425 +-0.0019 s.e.m, nROI = 2585, Ν = 25) and display strong statistical significance (P_two_tail =3.008133264332802e-04 , ***, Mann-Whitney U test). (C) Similar difference is observed for active area responses to the habituating stimulus sequence. Fish that have received the drug have higher average values (average: 0.2825 +-0.0152 s.e.m, n = 90, Ν = 10) compared to naive fish without drug administration (average: 0.1920 +-0.0076 s.e.m, n = 225, Ν = 25) and there is strong statistical significance of this difference (P_two_tail = 3.453924501961581e-08 , ****, Mann-Whitney U test). (D) The 2 groups have different average values but this difference is not statistically significant. Average values are higher for fish that received the drug (average: 0.1903 +-0.0558 s.e.m, n = 10, Ν = 10) than for fish that did not (average: 0.1381 +-0.0195 s.e.m, n = 25, Ν = 25). Statistical comparison reveals no significance (P_two_tail =0.6638, n.s, Mann-Whitney U test)





5.2.6 Conclusions
	Spaced conditioning in groups exerts differential modulation (lowering) of the OT neuropil activation signal especially during the habituating dark flash sequence. According to the hypothesis, longitudinal pre-conditioning with the visual habituation protocol adopted from 88,114 should result in a drop in the net ΔF/F0 and the active area signal due to i) Long-term depression of retino-tectal synapses to post-synaptic targets in the OT, ii) A shift in the excitatory-inhibitory balance and iii) A combination of the 2. Indeed, averaging from naive and animals that were pre-conditioned in groups in the context of this study, revealed that there is a significant difference in the amplitude of net ΔF/F0 and active area responses to the habituating stimulus sequence, with responses of naïve fish being more elevated. Τhis significant difference was also observed for the ΔF/F0 responses to the salient stimulus whereas active area response difference was not significant. Thus, it is plausible to suggest that spaced conditioning in groups has differential effects on OT neuropil responses that can be attributed to long-term visual habituation.
	The same cannot be suggested for fish pre-conditioned alone in the behavioral chamber (sp cond alone). Averaging of signals to habituating stimuli shows no significant difference for the ΔF/F0 signal whereas the active area signal is significantly affected and is lower with significance being much higher than that of the group of fish pre-conditioned in groups. This result could suggest that the pre-conditioning of single fish leads to sensitizing rather than habituating effects. The finding that a significantly smaller active area contributes to net ΔF/F0 signals of similar amplitude to the ones from naïve animals could mean that more dedicated neuronal pathways are activated in order to produce appropriate escape movements137. An supporting cue to this suggestion is that responses for the salient stimulus are significantly higher for the sp cond alone than for the naïve group. Active area responsesfor the “salient” stimulus proved not to be significantly different between the 2 groups. 
	Blocking of open NMDA receptors through application of the non-competitive inhibitor MK-801 during the conditioning phase does not abolish the relative amplitude difference observed in section 5.2.2. The relative difference in the ΔF/F0 signal remains significant between the naïve plus MK-801 and the spaced conditioned plus MK-801 groups. The relative difference of active area is abolished for habituating stimuli whereas for the salient stimulus it remains unchanged. However, the amplitude of responses is significantly enhanced by application of the drug alone without the contribution of pre-conditioning. Concluding, it appears that MK-801 application does not prevent physiological long-term adaptations in the OT neuropil caused by spaced conditioning. 
	Further control experiments with application of the lipophilic agent DMSO show that activation levels are partially re-installed, at least regarding the ΔF/F0 signal. However the relative difference of the responsive active area to habituating stimuli is not reproduced and responses for naïve plus DMSO and pre-conditioned plus DMSO appear elevated compared to the non-treatment condition. Thus, it could be plausible to suggest that DMSO application alone has mild long-term effects on activity levels.

5.3 Discussion

5.3.1 Proposed model for the observed long-term effects of spaced conditioning and future directions.

	Results presented in this chapter provide for the 1st time evidence for visual sensory induced long-term physiological alterations in a central neuronal hub for visuomotor transformations, the OT137,170 and more specifically its neuropil.  
As in chapter 4, this study shows that post-synaptic processes in the retino-tectal system respond robustly to absolute light decrements (dark flashes) by utilizing the transgenic line NBT:GCaMP313 that labels mainly post-synaptic processes in the OT. Retinal ganglion cells selective to dimming visual stimulation have been previously shown to provide output on OT layers, particularly on the deepest layers of the SFGS stratum203. This finding, in combination to the known dependency of dark flash induced O-bends on intact retino-tectal synapses226, support the suggestion that the OT has an important role in the processing of dimming visual stimuli. The involvement of the OT in providing instructive signals for the generation of O-bend maneuvers has not been proven. Neurons in the reticular formation that project to the spinal cord and participate in the generation of spontaneous movements have been found to be required for O-bend maneuvers120,227.  M-cells, the principal command neurons for fast escape responses with multi-modal sensitivity118 are involved in looming-evoked escape104,228 and, at least in goldfish, receive direct OT inputs in one of its principal dendrites229. However, dark-flash induced O-bend behavioral responses do not require M-cell contribution26.  Future studies aiming to uncover OT contributions to the firing of other cell types in the hindbrain that do contribute to O-bend maneuvers such as RoV3, MiV1 and MiV2, potentially with simultaneous optogenetic stimulation and functional imaging178,230 should shed light on this highly suggested interaction.
Here, longitudinal visual conditioning 24 hours prior to imaging sessions with the test stimulus, results in a significant decrement of OT neuropil activity to habituating stimuli when conditioning is performed in the presence of other individuals. Concerning the habituating stimulus sequence, this difference is significant for both the net ΔF/F0 and active area signal compared to naive fish. Furthermore, the observed difference was also significant for the net ΔF/F0 signal of pulled responses for the salient (10th) stimulus although the observed difference was not reproduced for the active area signal. These combined cues point towards a long-term effect of visual conditioning which could be attributed to habituation. Reduced net activation for habituating stimuli (net ΔF/F0 and active area) and the salient stimulus (net ΔF/F0) could be an indicator of habituation as reduced activity extends from “expected” to “unexpected” stimuli (Figure 5.2 B). The opposite is observed for fish pre-conditioned alone in the behavioural chamber, regarding the ΔF/F0 signal, where the difference of responses to habituating stimuli is insignificant and responses to the salient stimulus are significantly elevated. Taking into consideration the conserved role of the OT, SC in mammals, on visual attention207,231,232 it is plausible to suggest that increased responses to the salient stimulus, on this occasion, could be resulting from enhanced underlying attentional processes. Thus, social context appears to instruct significant differences on long-term physiological effects of fish that have experienced the same conditioning protocol. The contribution of the grouping performed in this study is that it suggests, with supporting statistical analysis, the effectiveness of group conditioning when habituation learning is the primary focus. Future studies should try to address this observation on the behavioural level with meticulous analysis of behaviour and utilization of tools that have been developed for this purpose26,88,114. Interestingly, the active area responses to habituating stimuli are markedly lowered for this group displaying a higher degree of significance compared to fish conditioned in groups. This indicates that more dedicated areas, ROIs corresponding to undefined post synaptic processes in this case, are recruited during the habituating stimulus sequence for this group of fish. In Figure 5.7 I will attempt to summarize observations made in this section of the chapter as well as propose putative underlying cellular and circuit mechanisms that may give rise to them.  

[image: ]
[image: ]
Figure 5.7 Proposed model of shifted excitatory (E)-inhibitory(I) balance accounting for observed differences in net OT neuropil activity. For simplicity, the total population of excitatory neuronal processes in the OT neuropil is represented by a few red circles. The total population of inhibitory neuronal processes in the OT neuropil is represented by few blue circles. The inner colour of each circle represents the magnitude of activity. Empty circles represent no activity, shaded circles represent moderate activity and bright colour circles represent robust activity. (A) Illustration and qualitative model of the putative shift in E-I balance underlying the observed difference between naive and fish that have been pre-conditioned in groups for habituating stimuli. After spaced conditioning, the total number of active excitatory processes is reduced while the magnitude of a subset of active inhibitory processes is increased. This could account for the reduced net active area signal and the significantly reduced net ΔF/F0 signal displayed by pre-conditioned fish in groups. (B) For single pre-conditioned fish and on the same basis, the active network of neuronal processes is re-configured in such a way that although the net ΔF/F0 signal remains stable by selective enhancement of a subset of excitatory processes, there is a parallel reduction in the total number of active areas which results in a reduced active area signal during stimulation with the habituating stimulus sequence. (C) For the comparison of naïve and pre-conditioned in groups fish regarding the salient stimulus, the observed reduced net ΔF/F0 signal is modeled by a reduction of the active excitatory processes with parallel increase in the number of active inhibitory processes, eventually keeping the active area signal stable. (D) Concerning the salient stimulus responses for the naïve versus single pre-conditioned groups, the observed net ΔF/F0 difference is modeled by an increase in the number of active excitatory processes with a parallel decrease in the number of active inhibitory processes. This rebalancing results in a stable net active area signal. 

	As in Chapter 4, the proposed qualitative model is not based on recordings with cellular resolution113,159,200 but by segmenting the tectal neuropil in equal square surface hexagons, 7 μm in diameter. Thus, recorded signals per ROI may originate from multiple sources within the tectum141,164,207. In addition to that, a very recent study proved that dimming selective populations of thalamic neurons project to the OT relaying sensory information on light decrements, masked in dark looming rectangles. This information was shown to have a strong impact on the decision-making process to escape as unilateral laser ablations of the thalamo-tectal tract significantly reduced escapes when stimuli were presented on the same side with the optical lesion136. In the context of the study presented here, it is almost certain that dark flashes also activate thalamic neurons which will relay information through their axonal tracts and this activity is likely captured by my measurements. However, for a matter of simplicity I base my interpretational model on retino-tectal and intra-tectal interactions alone. The abundance of local inhibitory interneurons in the tectum139,140, the predominantly suggested feed-forward functional circuitry and connectivity104,128,165,209 and its conserved role in sensory-motor trnasfomations137 are adequate cues to draw parallels with other model sensory systems, such as the insect antennal lobe and the mammalian cortex where functional and structural plasticity involving variants of the negative image model for habituation is highly suggested upon recent discoveries208,233,234. 
	Further developments for the paradigm described in this study could include utilization of an s1156t::GCaMP128,165 enhancer trap line expressing the Ca2+ sensor in a large part of SINs, as was earlier suggested in Chapter 4. The hypothesis-prediction would be that the sub-population of SINs responding to dark flashes in the group of pre-conditioned fish (in groups) would show marked increase in activity compared to the naïve fish group. An alternative approach, also suggested in Chapter 4, could be followed by utilizing the glutamate sensor iGluSNFR211 through available transgenic lines in zebrafish212,235. This could be a way of delineating the possibilities long-term depression of retino-tectal synapses onto excitatory neurons or potentiation of excitatory synapses onto inhibitory neurons which is consistent with the negative image model for habituation90,208.
Neuronal adaptation although closely related216, should not be identified with habituation unless behavior is  measured simultaneously217. In the zebrafish larva, very few studies have addressed habituation with simultaneous calcium imaging and measurement of behavior115,236. In the context of visual conditioning with dark flashes and during imaging with the test stimulus 1 day after, it would be of great importance to perform optical recordings with a HuC:H2B-GCaMP3 line which greatly facilitates cellular/somatic resolution imaging175 concurrently with modern computational algorithms158,179. If this approach is combined with simultaneous measurement and correlation to behaviour223, it could help delineate the relation of the activity of certain groups of tectal neurons to habituation. In light of results in the study presented in this chapter, enhanced activity of OT neuropil inhibitory interneurons could be predictive of habituation.
	Another approach which could help resolve the contribution of SINs to the reduced net activation upon group conditioning shown in this study could be taken by crossing the pan-tectal driver line Gal4:s1013t237 and crossing it to a UAS:KillerRed/GCaMP line. KillerRed is a genetically encoded photosensitizer which produces reactive oxygen species upon illumination with intense green light238. Induced apoptosis of SINs through focal targeting with an intense green laser, a method that has been used before128, could reinstate previously observed levels of activity according to the proposed model. Focalised laser ablation120,227 could also be used directly on an HuC:H2B-GCaMP3 line but in this way it would not be certain if excitatory populations of SINs are ablated as well(Barker AJ et al., 2018, Bioarxiv).  
	Lastly, injection of bicuculline locally in the OT neuropil128, although less precise than the afore-mentioned genetic and optical ablation methods, should provide evidence of inhibitory activity contribution to the observed reduced activation in the OT neuropil.  



5.3.2 Long-term effects of pharmacological manipulations. Putative causes for the observed differences and future directions.

	The results of imaging experiments with the test stimulus after systemic pharmacological manipulation of the NMDA receptor are difficult to interpret due to the fact that there no analogous experiments with extended periods of drug application and subsequent imaging in the zebrafish. The only study that has combined pharmacology with imaging did so for much shorter periods of drug application115. However, one clear result of the use of MK-801 in this study is the significant reduction of the net ΔF/F0 signal in fish that received MK-801 plus pre-conditioning. Thus, it appears that this reduction is NMDA-independent and could be attributed to other differential long-term structural/physiological alterations239,240 due to application of the drug or the action and regulation of other glutamate receptors/channels such as Ca2+ permeable AMPA receptors241,242.  
The previous suggestion appears even more probable when the activation levels of untreated naive fish are compared to naïve fish treated with the drug. For most of the compared categories of responses (net ΔF/F0 signal for habituating stimuli, net ΔF/F0 signal for the salient stimulus, net active area for habituating stimuli) values are 30 to 40% significantly higher. Hence, longitudinal application of MK-801 (3 hours) has stand-alone long-term effects on measured OT neuropil activity with Ca2+ imaging. In the future, it would be of good interest to identify whether these are observed differences in the Ca2+ signal alone or reflect also rises in excitability and firing output of OT cells. A straight-forward way to test this could be through electrophysiological recordings through established protocols243,244(Barker AJ et al., 2018, Bioarxiv). Verification of altered physiological long-term effects could have an impact on the interpretability of studies utilizing longitudinal NMDA receptor inhibition to study learning processes in the zebrafish larva110,150 as well as in studies aiming to combine behavioral conditioning with Ca2+ imaging. 
DMSO treatment alone and comparing pulled traces from naïve and pre-conditioned fish partially reinstated observed differences compared to the untreated condition. A putative reason on why I did not observe significantly lowered active area signal for the habituating stimulus sequence could be larger deviations on the imaged plane between imaging experiments, although care was taken in order to minimize such deviations. Future registration of imaging recordings to a reference map215 should provide better clarification on this matter. 







Chapter 6

Development of transgenesis methods
for in vivo monitoring the trafficking of GluA2/gria2-containing AMPA receptors in the larval zebrafish








6.1 Introduction

6.1.1 pHluorin fusion as a tool for the study of AMPA receptor trafficking

	The bi-directional trafficking of AMPA receptors from intracellular endosome reservoir pools to the synaptic membrane is one of the principle modulating mechanisms of synaptic strength or efficacy in the CNS51,245. Along with this central feature, genetic alterations in AMPARs or proteins involved in their trafficking to synapses correlate to distinctive pathological conditions such as Alzheimer’s, Autism Spectrum Disorders (ASDs), schizophrenia and others246. Thus, gaining better understanding of these processes in normal and pathological conditions is of fundamental importance to biomedical science. 
	Early approaches to visualize differences in AMPA receptor distribution under basal and stimulated conditions involved immunohistochemistry methods in fixed mammalian hippocampus slices and dissociated cultures247,248. In order to visualize the trafficking of AMPA receptors to individual synapses, a genetic engineering method that involved tagging of GluA1 subunits with a GFP molecule was developed and resulted in functional tagged receptors. The study that first achieved this also showed that following tetanic stimulation in vitro in cortical slices, GluA1 containing AMPA receptors were more enriched in dendritic spines also exhibiting distinct clustering in stimulated spines after LTP induction249.
	A drawback of the latter mentioned approach is that the fused GFP molecule cannot provide a distinction between membrane inserted and intra-cellularly located receptors in the vicinity of the synaptic plasma membrane. In order to circumvent this difficulty, the pH-sensitive variant of GFP, Phluorin250 was used as a replacement for GFP on AMPA receptor subunits (Figure 6.1 A).  In an acidic environment (pH~5.6) such as in reservoir pools of neurotransmitters or receptors in recycling endosomes below the synaptic membrane, pHluorin is quenched by free protons (H+) and thus fluorescent at low baseline levels. When pH becomes neutral (pH~7,4), pHluorin increases its green fluorescence by many fold 22,250 (Figure 6.1 B). Due to the fact that AMPA trafficking is taking place through the mechanisms of endo- and exo-cytosis51,251-253, the vast majority of the signal should be originating from membrane-inserted recombinant receptors and a much smaller part by partly quenched intracellular receptors.    
[image: ]
Figure 6.1 pHluorin fusion to the extracellular 5’ N-terminus can be used to study the dynamics of membrane insertion of AMPA receptors.  (A) Schematic depiction of a plasma membrane-inserted AMPA subunit (blue) with an SEP molecule (green) fused to its N-terminus. (B) Mode of operation of fused SEP during AMPA trafficking. The ionic microenvironment inside recycling endosomes is acidic due to the presence of free protons (H+) thus SEP is in a quenched state with minimal emitted fluorescence. Membrane insertion of the AMPA subunit and exposure of the tagged N-terminus to the more neutral extra-synaptic microenvironment results in an open SEP state and increase of emitted fluorescence by many fold. Insertion of receptors occurs through exocytosis and movement to and from the synaptic cleft can occur through lateral diffusion. Image taken and adapted from14 

	The technique of SEP fusion to AMPA receptor subunits has been utilized extensively in in vitro studies of cultured mammalian cortical neurons or slice preparations. In these preparations, Fluorescence Recovery After Photobleaching (FRAP) and Total Internal Reflection Fluorescence (TIRF) experiments with GluA1 and GluA2 tagged receptors have been used to delineate the role of lateral diffusion (Figure 6.1 B) on AMPA synaptic membrane insertion254,255.
	Recent advancements in 2-photon laser scanning optical microscopy technologies have enabled imaging in vivo AMPA synaptic membrane insertion in the somatosensory cortex of mice in response to repeated whisker stimulation (Figure 6.2). This breakthrough enables in vivo measurement of indirect indicators of synaptic strength as insertion of more AMPA receptors in synapses is tightly correlated to LTP whereas removal of AMPARs from synapses is correlated to LTD256. 
	Earlier work combined in utero electroporation257 (Figure 6.2 A) for sparse labelling of neural tissue with SEP-GluR1/2 plus dsRed (a red fluorescent protein used to resolve underlying neuronal anatomy), patterned sensory whisker stimulation  or deprivation (whisker trimming) and ex vivo imaging with 2-photon microscopy in order to study the trafficking of AMPA receptors of specific sub-unit composition on each occasion145. This study showed that the recruitment of GluA1-containing receptors in cortical layers 4 and 2/3 after chronic sensory stimulation through a process that resembles LTP258,259 , occurs on highly clustered locations on neuronal dendrites of this region of the cortex. The only in vivo study in mammals to date used a very similar genetic expression approach and combined it with intrinsic optical imaging to 
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Figure 6.2 In vivo imaging of plastic synaptic modifications through monitoring the trafficking of GluR1 AMPA subunits. (A) Illustration of in utero electroporation into the cortex of unborn mice. Embryos are placed back in their mother‘s womb after electroporation and experiments are performed on 10-week old mice. (B) Illustration of the 2-photon imaging setup from head-restrained mice. (C) After identification of responsive columns with intrinsic optical imaging, researchers focused in these regions and on neurons co-expressing dsRed (magenta) and SEP-GluR1 (green) (left). On the right, a 3D reconstruction of sparsely labelled cells co-labelled with the constructs. (D) On the left, a schematic depiction of simultaneous 2-photon imaging from mouse cortex through a cranial window and chronic sensory stimulation by moving repeatedly a single whisker. On the right, imaging from apical tuft dendrites reveals major differences between control (naive) and stimulated mice for 1,2 and 3 hours. Arrowheads mark spines whereas arrows mark dendritic shafts. Note the differences in brightness for different duration of stimulation both in spines and dendritic shafts. Image taken and adapted from14,15    
 identify responsive barrel columns of the cortex during sensory stimulation and focus subsequently there for synaptic imaging (Figure 6.2 B). By focusing on layer 2/3 of somatosensory (barrel) cortex (Figure 6.2 C) researchers were able to study plasticity events occurring only during and after prolonged sensory stimulation such as increased trafficking and localization of GluR1 AMPA subunits in spines and dendritic shafts (Figure 6.2D) which although positively correlated, showed differential dynamics after sensory conditioning and were dependent on NMDA receptor activity15. The principal contribution of this study was that it showed in vivo that plasticity events on single spines can involve changes, for example glutamate receptor trafficking, even in the absence of spine morphology alterations which has been the more straight-forward way of studying structural synaptic plasticity in living animals260. 
    
  6.1.2 AMPA receptors in zebrafish

	AMPA receptors are present in the fish Danio rerio in a unique way such that the genes coding for the 4 subunits gria1-4 are duplicated during an evolutionary event specific to teleosts261,262.The orthologue genes in zebrafish are named as gria1a, gria1b, gria2a, gria2b, gria3a, gria2b, gria4a, gria4b. Protein-protein interactions through the C-terminal domain account for the differential trafficking of AMPA receptors and their motifs are largely conserved in zebrafish263. This finding suggests that the underlying protein complex machinery mediating the trafficking of these receptors could display many similarities between mammals and teleosts. 
	The role of AMPA receptors in synaptic plasticity and memory formation or adaptation to patterned stimulation in the zebrafish has not been investigated yet. There are few studies which have addressed AMPA function and trafficking in the larval zebrafish indirectly via a combination of in vivo electrophysiology with the patch clamp technique and targeted pharmacology on the Purkinge cells of the cerebellum and the M-cells respectively25,264. In the study focusing on the M-cell, it was shown that activation of Protein Kinase C γ (PKCγ) which is robustly expressed in M-cells leads to increased trafficking of GluR2-containing AMPA receptors to the synapses. 
	In Chapter 4, I showed how spaced and patterned visual stimulation led to differential adaptation effects across spaced sessions and proposed how this might be achieved by the underlying partly known circuitry. In the proposed model, the increase in the activity of inhibitory interneurons in the last sessions could result from strengthening of excitatory synapses onto these neurons. Here, I aimed to develop transgenic zebrafish lines in order to be able to image in vivo synaptic strength alterations through the monitoring of mammalian GluA2/ zebrafish gria2a-containing AMPA receptors during and after repetitive conditioning. Aside project-specific putative applications in this study, such transgenic lines could potentially be used to study glutamatergic synapse state in zebrafish models of neuro-pathological conditions246,265. 
	In principle, the zebrafish larva could provide an excellent model in which to use AMPA tagging methodologies and perform imaging in vivo. Transparency during larval stages circumvents the need for surgical operation prior to imaging93,224, as in mammals. Furthermore, the existence of setups which allow simultaneous optical imaging and quantitative measurement of behaviour217,223 could potentially provide information on the evolution of spatio-temporal distribution of synaptic strength changes at identified neurons during and after simple forms of learning114,115,266.      
	In the following section, I will present results of the outlined strategies and methods presented in Materials and Methods 2.3. 
6.2 Results   
6.2.1 Expression of endogenous pHluorin-tagged gria2a subunits in HeLa cells.
	Vectors carrying the pHluorin-tagged gria2a cDNA sequences (generated by Dr. Jason King) on 2 different sites (see Materials and Methods Figures 2.17 and 2.19), driven under the ubiquitous CMV promoter were used to transfect HeLa cells (Figure 6.3). Imaging of transfected cultures revealed that the fusion immediately after the gria2a membrane targeting signal sequence appeared more promising as the labelled cells showed expression and increased fluorescence on sites close to surrounding plasma membrane (Figure 6.3 B). This could mean that translated recombinant receptors are more effectively targeted to the plasma membrane in this variant.   
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Figure 6.3 Transfection of HeLa cells with the pHluorin-tagged endogenous gria2a sequences. (A) Transfected HeLa cells with the contstruct where fusion of Phluorin is located 9 nucleotides before the 3’ end of the gria2a signal sequence. Expression of the recombinant receptor is sparse and no clear indications of membrane insertion are present. (B) Transfected HeLa cells with the contstruct where fusion of Phluorin is immediately after the 3’ end of the gria2a signal sequence. With this variant, expression was more robust and there were indications of membrane targeting as in some cells the signal originating from regions adjacent to the plasma membrane (arrowheads) was particularly strong. 

	Additionally, double transfections (performed by Alan Carleton) with the CMV:pHluorin/gria2a (both variants) and CMV:mRFP (generated by Doug Golenbock, Addgene plasmid # 13032) vectors showed that both variants express well in HeLa cells and largely co-localize with mRFP (Figure 6.4). 
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Figure 6.4 Co-transfection of HeLa cells with the CMV:mRFP and the 2 variants of pHluorin/gria2a constructs (A-B). On the left, expression of mRFP. On the right, expression of the pHluorin/gria2a with the pHluorin sequence inserted 9 nt before the 3’ end of the gria2a signal sequence. (C-D) On the left, expression of mRFP. On the right, expression of the pHluorin/gria2a with the pHluorin sequence inserted right after the gria2a signal sequence. Images were taken in a Bio-Rad Zoe fluorescence imager by Adam Carleton.
 
6.2.2 Rare and not efficient expression of the mammalian and no observable expression of the endogenous zebrafish recombinant receptors under the promoter HuC. 

	The efficiency of injections at the 1-cell stage was assessed with injections of 0.5% Dextran-Red (10000 MW, Invitrogen). 60 to 70% of injected animals, imaged at 2 dpf, showed robust labeling with the red lipophilic dye (Figure 6.5 A-C). Furthermore, the mortality rate of injected animals was relatively low (around 40%). These observations were convincing as to whether injections were performed efficiently and the percentage of viable injected eggs was judged sufficient for future attempts to generate transgenic lines. 
	Positive control injections were performed with the Mini –Tol2 Huc:H2B-GCaMP6 vector which expresses the genetically encoded Ca2+ sensor GCaMP6 panneuronally restricted in the nucleus169. 25 pg of DNA were co-injected with 25 pg of RNA along with 0.1% phenol red. GCaMP6 positive fish could be identified although the observed percentage was much lower than in the case of Dextran-Red injections (Figure 6.5 D). 
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Figure 6.5 Control injections in 1-cell stage zebrafish eggs. (A-C) Zebrafish larvae injected with 
Dextran Red at the 1-cell stage and imaged under an epifluorescence stereoscope at 2dpf. They all exhibit whole body red fluorescence (mostly evident in image B) which means that the lipophilic dye has been well integrated into cellular membranes. (D) GCaMP6 positive fish injected at the 1-cell stage with 25 pg of DNA, 25 pg of RNA and 0.1 % phenol  red. The GFP signal of the genetically encoded Ca2+ sensor is widespread in the CNS. 

	Injections with either the Huc-pHluorin/Mammalian GluA2 (Flip or Flop)-polyA cassette in the final destination vector or the Huc-pHluorin/gria2a (2 variants) cassettes in the mini-Tol2 backbone vector did not produce animals that should exhibit panneuronal green fluorescent signal, on most occasions.  
In the case of the recombinant endogenous receptor sub-unit, injections did not produce animals with any trace of fluorescence on all occasions. 
Injections with the vectors carrying the mammalian sub-unit construct (Flip and Flop variants) were unsuccessful in producing fish with a clear expression pattern in the CNS except in some very rare occasions. A common observation was that a few hours following injections on the 1-cell stage, certain groups of developing embryos would display green fluorescent signal (Figures 6.6A i and 6.6 B i) that was most prominent in the GFP excitation wavelength. This signal could be slightly observed in the RFP wavelength thus it could indicate autofluorescence due to necrotic tissue as a result of injections. By day 1, most of these embryos would perish. On exceptionally rare occasions, injections with the Flop variant did produce fish displaying green fluorescent signal in the CNS. Confocal imaging (see Materials and Methods 2.1.5) performed on 2 different fish is shown in Figure 6.6 C and D. The construct labelled sparse populations of neurons showing bright fluorescence both in somata and principal dendrites in the SPV layer of the OT (Figure 6.6 C). Furthermore, neuropil areas were labelled in these samples (Figure 6.6 C and D). Labelling was also observed in the spinal cord with in local neuronal populations (Figures 6.6 E and F). 
These expression patterns were observed in just 2 animals injected on the same day among hundreds of others. Although injection trials were repeated in tens of trials with identical conditions (injection mixture, injection setup conditions) these rare positive samples were observed only once.
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Figure 6.6 Rare expression of the mammalian recombinant GluA2 subunit (Flop variant).  (A-B) Injected developing embryos at 6 hours post fertilization (hpf). Certain embryos injected with Flip (shown here, i) and Flop variants displayed green fluorescent signal which could be also captured to a much lesser extent with the red excitation wavelength thus indicating autofluorescence due to necrotic effects of the injections. At 1 dpf most of these embryos would perish. (C) Confocal image of the dorsal view covering the mesencephalon and part of the rostral hindbrain of a positive fish at 3dpf. Neurons exhibit sparse labeling of neuronal somata (arrow) and principal dendrites (arrowhead) projecting to the optic tectum neuropil (OT np). (D) Dorsal view of another GFP positive fish at 3 dpf covering a wider area of the medial and rostral hindbrain and a small portion of the OT. The hindbrain (Hind np) and OT (OT np) neuropils appear to be robustly expressing the construct. (E) Confocal image of the dorsal spinal cord from the same GFP-positive fish as in C. Local neurons are robustly labeled at somata and neurites. (F) Same region imaged with a higher magnification showing a labeled neuron on the soma (arrow) and its neuritis.

6.3 Discussion

6.3.1 Putative reasons for not observing the desired expression pattern

	The transgenesis approach presented in this chapter aimed at over-expressing the pHluorin-tagged mammalian GluA2 (Rattus norvegicus) and the endogenous gria2a (Danio rerio) subunits in a straight-forward manner by using the well-established GATEWAY system148 and not a more complex genetic expression system267. This was judged unnecessary as the goal was to quickly assess expression patterns and move to in vivo imaging of tagged AMPARs if possible. If expression was evident on a mesoscopic level, the next step would be to focus on specific synapses of the tectum and describe the membrane trafficking dynamics of GluA2/gria2a-containing receptors. It should be noted that on the best possible outcome, the pHluorin signal alone would not provide a thorough view of the underlying anatomy since     an anatomical marker such as dsRed or mCherry would not be co-expressed as in earlier studies in mammals15,145. However, as was shown in Figure 6.2 C, the mammalian SEP-GluA1 construct labels a large part of the underlying anatomical features of dendrites and spines where synapses are located. Thus, expression of the tagged receptors could be adequate to differentiate between different labeled cells in the OT. In the exceptionally rare occasions where one of the mammalian variants was expressed in the CNS it labeled neuronal somata, dendritic structures and neuropil areas (Figure 6.6) and possibly axons (Figure 6.6 F). Unfortunately, the pattern was not observed again other than a single trial. For this variant as well as the rest, this observation could be due to 3 main causes: i) A lethal neurodevelopmental defect caused by over-expression of the recombinant receptors under the Huc promoter, ii) Expression of the construct on levels undetected by the fluorescence stereoscope used to sort pHluorin-positive fish, iii) A problem with the handling of vectors used to express the recombinant receptors.
	    The gria2a transcripts are present very early in the development of zebrafish embryos. By in situ hybridization, it has been shown that these transcripts can be detected in clusters throughout the central brain (dorsal and ventral clusters), rhombencephalic and spinal cord regions by day 1 pf (Figure 6.7A)44. By RT-PCR, it has also been shown that mRNA transcripts of this variant are present already by the 1-cell stage and gradually increase with a most significant increase happening after 30 hpf when neurulation has finished and axonogenesis is still developing263.     	
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Figure 6.7 Detection of gria2a transcripts at 24, 48 and 72 hours post-fertilization with in situ hybridization. (A-A’) Lateral (A) and frontal (A’) view of a 24 hpf gria2a labelled embryo. (B-C) Lateral (B) and dorsal (C) view of a 48 hpf embryo. (D-E)  Lateral (D) and dorsal (E) view of a 72 hpf embryo. vcc: ventral caudal cluster, vrc: ventral rostral cluster, drc: dorsal rostral cluster, vrc: ventral caudal cluster, Th: thalamus, t: telencephalon, T: tegmentum, OB: olfactory bulb, Hy: hypothalamus, mo : medulla oblongata, TeO: optic tectum, CeP: cerebellar plate, r:retina. Image adapted from 44

	Taking into consideration findings suggesting that the presence of AMPARs and their transcripts has neurotrophic and developmental effects that are both dependent and independent of the ion channel function of AMPA receptors268-270, it could be plausible to suggest that overexpression of tagged GluA2/gria2a transcripts could interfere with normal development in a yet undefined way. Note that regarding the 2 variants of pHlurin-tagged gria2a subunits, it was the short CTD (carboxy-terminal domain) R form aimed to be overexpressed throughout the CNS. The Q (glutamine)/R (arginine) editing of GluR2/gria2 subunits occurs at the pre-mRNA stage by Adar, a double-stranded RNA specific de-aminase which is conserved in mammals and fish271. Unedited (Q) subunits tetramerize and are transferred to the cell membrane whereas edited (R) subunits are majorly retained in the ER3,272. In addition to that, Q subunits have higher conductance, are Ca2+ permeable and do not exhibit the linear current-voltage relationship of R forms241.  The HuC/elav3 promoter starts driving expression by 11 hpf273 when the Q/R editing in zebrafish embryos is in its lowest detectable level and is completed by at least 24 hpf263. Thus one suggestion could be that excess R forms with short CTDs that continuously travel to synapses51 could be interruptive of normal Q form functioning during less than 1 dpf embryo stages and this could be deleterious for zebrafish embryos. 
	Undetected levels of GFP fluorescence when inspection was performed under a fluorescence stereoscope could be another explanation for the lack of GFP-positive fish. This issue could be circumvented with successful GATEWAY LR reactions with the pDestTol2CG2 vector which carries the clmc2:EGFP expression cassette148. This cassette is a transgenesis marker, it is included in the final destination vector after the LR reaction and labels the zebrafish heart with EGFP under the clmc2 promoter. It facilitates sorting embryos in which the final destination vector is integrated in the genome but the desired construct does not emit a detectable amount of fluorescence when inspected under a conventional fluorescence dissecting scope.  In the experiments described here, successful LR recombination reactions that produced colonies were performed with the pDestTol2PA2 vector which does not include a heart expression cassette. In the future, it would be helpful to perform additional LR reactions  with the pDestTol2CG2 vector and rule out the possibility that the GluA4 signal sequence-pHluorin-GluA2 constructs are expressed at very low levels, undetected from the imaging system used for fast sorting. Additionally, the clmc2:EGFP expression cassette could be sub-cloned to the mini-Tol2 with the pHluorin-tagged gria2a sequence (provided by Dr. Jason King). In this way, the possibility of undetectable levels of GFP fluorescence could be ruled out for these 2 variants as well. 
	  The handling of plasmid vectors could be another factor for not observing the desired expression patterns although sequencing was performed on every single step on the way to create the final constructs to be injected. In the Index_Sequencing section, all the available sequences which were produced at the Biological Services facility (University of Sheffield) are provided along with their respective primers and the result of significant alignments in the BLASTn application (Hit). Regarding the final constructs with the mammalian insert and rather unexplainably, sequencing with the M13 forward and reverse primers failed repeatedly. Due to the presence of forward and reverse M13 sequences in the pDestTol2PA2 vector, it should be expected that sequencing with these primers should be occurring normally but it did not. In order to resolve this issue, I designed primers targeting the HuC promoter sequence (from the p3e 5’ entry clone with the Huc promoter provided by Dr. Stone Elwotny). The promoter sequence was present in both mammalian variants. Additional sequencing reactions were performed with primers designed for targeting the pHluorin and GluA2 sequences. Sequencing reactions with these primers for the Flop variant were not successful. Sequencing reactions for the Flip variant were successful as both the pHluorin and the GluA2 sequences were recognized. The 1st alignment hit for the sequencing with the GluA2 primer (Hit: Expression vector TaCPtCaMKIIGFP, complete sequence) was identical to the 1st alignment hit for the sequencing of the pHluorin-endogenous gria2a construct with the M13 (Reverse) primer (see Index). Thus, the GluA2 flip sequence was considered present in the final construct. Given the fact that the test restrictions with the HindIII enzyme were identical for the GluA2 Flip and Flop variants (see Chapter 2 Figure 2.14), it appeared that injected constructs carried the proper sequences on all occasions. Sequencing of the endogenous gria2a constructs was successful on all occasions and the HuC, SEP and gria2a sequences were identified with various primers (see Index). Furthermore, test injections with Dextran Red showed that the quality of injections was sufficient to observe fluorophore absorption in developing zebrafish embryos. In conclusion, sequencing results re-enforce the idea that a yet unidentified developmental effect of GluA2/gria2a overexpression is accountable for the lack of observed expression. They also necessitate whole plasmid sequencing in order to rule out the possibility of faulty open reading frames in the available constructs.	
The mammalian GluA2 and endogenous zebrafish gria2a sequences share many homologies 261,263,274,275.  Nevertheless, the aspiration of this study would be for the expressed recombinant subunits to be integrated into functional receptors that show trafficking in and out of the plasma membrane, synaptic or para-synaptic. A quite recent study, managed to express specifically in horizontal cells (HCs) of the retina the mammalian GluR2 tagged with a pHluorin protein followed by a protease recognition site and a 15-residue linker between the predicted signal peptide and the coding sequence276. Expression was driven by the connexin Cx55.5 promoter which normaly drives expression of gap junction protein complexes in HC cells277. However, this study did not focus on trafficking and dynamic strength changes in synapses and thus did not determine whether expressed tagged mammalian subunits can form receptors. It is plausible to suggest that an endogenous tagged receptor subunit has much higher probability of being integrated into a functional tetrameric receptor. 



6.3.2 Proposed course of action

Immediate next steps could involve either straightforward in vivo electroporation with existing constructs or extra rounds of genetic engineering. 
In vivo electroporation in the OT of 4 dpf zebrafish with minimal concentrations of the CMV::gria2a signal sequence-pHluorin-gria2a and CMV::mRFP should be sufficient to label neuronal populations in the OT which could be distinguishable from radial glia based on morphological criteria141,207. In this way, a very basic condition for monitoring relatively accurately synaptic plasticity would be preserved: the non- or minimal increase in the pool of extra-synaptic receptors due to over-expression. This alteration could influence certain types of synaptic plasticity as has been suggested in mammalian studies278-280. The method of in vivo electroporation is an established approach in zebrafish neuroscientific research and has been adopted successfully in a number of previous studies24,140,281 so given that the necessary equipment is provided, it should be straight-forward to apply for the needs of such a research project. Constructs with the endogenous gria2a sequences are expressed in HeLa cells normally so it would be safe to assume that local electroporation would label local populations of neurons. A similarly oriented approach was adopted in a mammalian study where pHluorin-tagged AMPA subunits were driven by ubiquitous promoter CAG promoter145. The microscopy equipment should be also a matter of concern. Imaging in vivo would require cutting edge microscopy, very much preferably 2-photon microscopy and a large degree of autonomy as these experiments would require longitudinal recordings (for a very recent example of synaptic imaging and longitudinal experiments in the larval zebrafish see282).  
	A genetic engineering approach to express pHluorin fused to functional AMPA receptors and ensure endogenous expression levels could involve inserting the pHluorin coding sequence directly in the genomic sequence of gria genes by modern editing methods such as the CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/ Cas enzyme with nuclease activity) system283-285. An effort to establish this genome editing technique for the purpose of inserting the pHluorin molecule at the end of the 2nd exon of the gria2a genomic sequence was made by Alan Carleton in the lab.  The online resource CHOPCHOP (http://chopchop.cbu.uib.no/) was used to select a genomic site, which was chosen to reside at the end of the second exon, so that pHluorin would reside on the N-terminus, but not interfere with membrane insertion of the subunit. The components included: An oligo DNA with an SP6 RNA Polymerase recognition site, the short sequence recognizing the site at the end of the gria2a exon and a 20 bp overhang sequence. Another oligo DNA with a complementary 20 bp overhang sequence to the first oligo and the Caspase mRNA scaffold sequence. The goal of this design was to use PCR fusion with designed primers and through the complementary overhangs obtain a PCR product with the SP6-genome recognition sequence-Overhang- Caspase mRNA scaffold sequence. The PCR product would then be purified and in vitro transcription would be made with SP6 mMessage mMachine Kit (Ambion) with subsequent purification with the MEGAclear kit (Ambion). Once the process would be optimized and capped mRNA carrying the afore-mentioned sequence was obtained, the next step would be to co-inject it with a restricted plasmid carrying the pHluorin sequence flanked by two 40 bp overhangs with added nucleotides so that the reading frame of the exon is maintained. In Figure 6.8 the components of the system are outlined. 
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	Concluding, my proposition for future studies into AMPA trafficking in the larval zebrafish would be to prioritize in vivo electroporation with the CMV:gria2a signal sequence-pHluorin-gria2a variants and the CMV:mRFP vector as this approach would allow monitoring endogenous levels of the receptors if the technique is calibrated appropriately. Subsequently and in order to create transgenic fish lines, the CRISPR/Cas 9 approach would appear more attractive once it is optimized because it would offer the possibility of monitoring endogenous levels of pHluorin-tagged receptors. Alternatively, conditional expression with the Cre/loxP system286,287 under the HuC promoter could be attempted in order to ensure that over-expressing the constructs too early in development does not produce deleterious effects.   
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GluR4(signal)-pHluorin-GluA2(flop) insert in PCDNA 3.1 backbone vector
Primer target: BGH_PA
NNNNNNNNNNNNNNNNNNNCNNNNNNNGTTNNANNTTACGGATTTCCTTGAAGAGAGTGAGTTTTTGGTTCTTGCCGGGTCCCAGGAAAGGATCTAAATTTTAACACTCTCGATGCCATATACGTTGTAACCTTCCTTATAAGTTGCAAAATTCTGGGAATTCTGCGAGGAAGATGGGTTAATATTCTGTGGATTCTTTGCCACCTTCATTCGTTTCGCCTCGGCCCTTGACTTGTAACAGAACTCAATCAAAGCCACCAGCATTGCCAAACCAAGGCCCCCGACAAGGATGTAGAATACTCCAGCAACGTTGCTCAGACTGAGGGCACTGGTCTTTTCCTTGGAATCACCTCCCCCGCTGCCGCACTCTCCTTTGTCGTACCACCATTTGTTTTTCAATTTGTCCAACAGGCCTTGTTCATTCAGTTTTAGTACTGCGAGGTTAACCGCATTTCCTAATGAGGATCCTTTAGGTGTGGCGATGCCGTAGCCTTTGGAATCCAAGTTTCCTCCCACTTTCATGGTGTCACAAGGCTTCCTCTGCTCGATGTACTCGTTCATTGTGGACTCCAGCAAGTAGGCATACTTTCCTTTGGATTTCCGGACTCTGGCTACTCCTTCTGCGGTAGTCCTCACAAACACAGANGGCTCTGCACTCCTCATATAAGTCCACATTTTATCAAACACTGCGATTTTAGATCTCCTGAAAAACTCTTTAGTGNAGCCAGANTCTAATGTTCCNTAAGCAATTTCTGTTTGCTTAGACAGATCCTCAGCACTTTCNATGGGAGANNCCATCCTCTCTACAGTCNNNNANNNNGCTNANTTAGCCGNGNNGNNNNNANTATGANCNGGGTAAAGAACCNCCNCACACCTCCNNCAATGCGCCCAGANAGGGNNCTTGGCNAAATNTCNCATCCCTGCNNCNTAANGNNNCCNNNGNAAANCNNANACNNNTAAAANNCCNAANTCNNNNNTNNANNNNCTANNTTGNNNTNNNCNNNNTNTNNANNNNNNNNGNNCNNNNNNAGGNNNNNNNNNCNNNNNNNNNNNANNNNNNNNACNNNNNNNNNANNNNNNGNNNNNNNNNNNNNNNNNNTANNNNNANANNNANNNNNNNNNTNNNNNTNNNNNGNTNNGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

Hit: Cloning vector pGFP-GluR2-Sin








GluR4(signal)-pHluorin-GluA2(flop) insert in PCDNA 3.1 backbone vector
Primer target: T7
NNNNNNNANNNNTANTTGNNNGCNGANTGNCNNNNNGTTTTCTGGANTTTGGGGANTCGCCATGGGAAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCTTGGCCAACACTTGTCACTACTTTAACTTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACGATCACCAGGTGTACATCATGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGAGGCGTTCAACTAGCANACCATTATCAACAAAATACTCCAATTGGCGATGGGCCCGTCCTTTTACCANACAACCATTACCTGTTNACAACTTCTACTCTTTCNAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGNAACAGCTGCTGGGANTACACATGGCNTGNATNAANTATACNAATCCNNNGGNCGGNCGCATGNNNTGGGTGTCTCTTCTAACNNCATANNNATAGGGGGGCTANTTCCANGGGGCGCTGANCNNNAANACAGTGCATTNNGGGNANGNNNNGNTCANTTTCCNNNTNNNANTNCNNANTGNNNNCNCNNATCGANNNNTNNANGNNGNNANNNTTNCNNANTCNCNNNGNNTNCTGNNNCNNNTTTCNNNNNNNTCNANNNNNTTNNNNTTNNNNANANNANNNNNNNANNNNNNNNNNNNNNNNNNGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNNNNNNNNGNTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNNGGGNNN
Hit: Super Ecliptic pHluorin (SEP)









GluR4(signal)-pHluorin-GluA2(flip) insert in PCDNA 3.1 backbone vector
Primer target: T7
NNNNNNNNNNNNNNNNNNGAGGNNNANTTGCNGGCAGATTGTCTTGTTGTTTTCTGGATTTTGGGGACTCGCCATGGGAAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCTTGGCCAACACTTGTCACTACTTTAACTTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACGATCACCAGGTGTACATCATGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCNAAATTAGACACAACATTGAAGATGGAGGCGTTCAACTAGCANACCATTATCAACAAAATACTCCAATTGGCGATGGGCCCGTCCTTTTACCNGACAACCATTACCTGTTTACAACTTCTACTCTTTCGAAAGATCCCNACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGANTACACATGGNATGNNTNAANTATACAAATCCNGANGGCGGCCGCATGNNNNGGGNGTCTCTTCTAACAGCATACNNATAGGGGGGCTANTTNCNANAGNNNCTGANCNANAANACNGTGNATTTCGGGNNGGNNGGNNCANTTTTCCNCTTNNNANNNNNNANTGNNNCCNNTANCGANNNNTTNNAGGNANCNNNNNNTNNNNNNNNNNNNNGCTTNCTGNNNCCNNTTNNANNGNNNNNANNNNNTTTNNNATTNNNGANNNANNNNGNNNNNCNNNNNNNCNTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCNNCNNANNNNNNNNNNNNNNNNTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNNNGNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNN

Hit: Super Ecliptic pHluorin (SEP)








GluR4-pHluorin-GluA2(flip) insert in PCDNA 3.1 backbone vector
Primer target: BGH_PA
NNNNNNNNNCTNNTCGNGTCGGGTTNNNNNTTACGGATTTCCTTGNNNNNAGTGAGTTTTTGGTTCTTGCCGGGTCCCAGGAAAGGATCTAAATTTTAACACTCTCGATGCCATATACGTTGTAACCTTCCTTATAAGTTGCAAAATTCTGGGAATTCTGCGAGGAAGATGGGTTAATATTCTGTGGATTCTTTGCCACCTTCATTCGTTTCGCCTCGGCCCTTGACTTGTAACAGAACTCAATCAAAGCCACCAGCATTGCCAAACCAAGGCCCCCGACAAGGATGTAGAATACTCCAGCAACGTTGCTCAGACTGAGGGCACTGGTCTTTTCCTTACTTCCCGAGTCCTTGGCTCCACATTCACCTTTATCGTACCACCATTTGTTTTTCAGCTTGTCTAAGACGCCTTGCTCACTGAGTTTCAATACTGCAAGATTTACTGGGGTTCCTAATGAGGATCCTTTAGGTGTGGCGATGCCGTAGCCTTTGGAATCCAAGTTTCCTCCCACTTTCATGGTGTCACAAGGCTTCCTCTGCTCGATGTACTCGTTCATTGTGGACTCCAGCAAGTANGCATACTTTCCTTTGGATTTCCGGACTCTGGCTACTCCTTCTGCGGTAGTCCTCACAAACACAGANGGCTCTGCACTCCTCATATAAGTCCACATTTNATCAAACACTGCGATTTTAGATCTCCTGAAAAACTCTTTAGTGNANCCAGANTCTAATGNTCCATAAGCAATTTCTGNTTGCTTANACAGNTCCTCANCACTTTCNATGGGAGANACCATCCTCTCTACNGTCANGANNNCAGCTAANTTAGCCGNGNNGNAGNANANTANGANCNGGNTAAANAANNACCNCNCNCCTNCNNNNNTGNNNCCANANAGGNNNCNTNGNNAAATATNNNATCCNNGCCNCANNNNNNNNCNNNGNAAANNNNANANNNNTAAAATNCNNNNNNNNNNNNNNNNNNANNTNNNGNTNNNNNNNNNTNNANNNNNNNNNNNNNNNNNNGNNNNANNNGCTGANNNNNNANNNNNNNNNNNNNNNNNNNNNNNNNNNNNTNNNNNNNNNNNNNNNNNANNNNANNNNCNNNNNNNTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNN

Hit: GluR2-flip (Rattus norvegicus)








GluR4-pHluorin-GluA2(flop) insert in GATEWAY PME-MSC backbone vector
Primer target: M13 Forward
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGNCCNNNNNNNNNNNTACN
NATNNNNNANNNNTGCTTNNTTATTNNNNNGNTTTGTNNNNANNNNNGGN
NTGNNNNANGANNANNANNGGANANGANNTTTTCNNTGNANTTGTCCNNN
NTCTNGNTNANTTNNANGGNNANGNTANNGGNNNCAANTTTNCTGNCAGN
GNANAGGGNGNNNGNGATNCNNNATNNNGANNACTTACCCTNANATTTAT
TTGCNCTACTGNANAACTACCTGTTCCNTGGCCNACACTTGTCNCTACTN
TAACTTATGGTGTTCAATGCTTTTCAAGATACCCANATCNTATNAANCGG
CATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAAC
TATATTTTTCANNGATGACGGGAACTACNAGACNCGTGCTGAANTCAAGT
TNGAAGGTGATACCNTTGNNNATAGAATCGAGTTANNANGTATTGATTNT
ANANAAGATGGAAANATTCNTGGACNCAAANTGNANTACNACTATAANNA
NCANCANGTGTACNNCATGGNANACANACNAAANANNNNANNNNNNGCNA
ACTTCNAANNNNNACACAACATTGAANANNGANGCGNTCNNNTANCANAN
CATTATCANCNAAATACTCCAATTGGCGANGGGNCCGNCCTTTTACCANA
NNNCCATNACCTGTTTACAACNTCNACTCTTTCNAANNANCNCNNNNAAA
ANANANANCNNATGGNCCTTCTTGANTNTGTANCNNCTGNNGGNANTACA
CNTNNNNTGGNNGAANNNNNNNNNTNCNNNNNNNNNNNNNNGNCNNGGGN
GNCNNNTNNACNNNNNANNNNNNNGGGNNCTNNNNNNANGGGNGCTNNTC
ANNANNANNNNNNNNTNNNNGNNNNGNNNNNTNANNNNNNNCNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNTNGNNNNNNNNNNNNNNNNNNNANN
NNNNNNNNNTNNNGNNNNNNNNNNNNNNNNNNNNNNNNNNNTTNNNNNNN
NNNNNNANNNNNNNNNNNNTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGNNNCNNNCNNNNN
NNNNNNNNNNNNNNNNNNNNNNNCNNNGNNNNNNTNNNNNNNNNN
Hit: Super Ecliptic pHluorin (SEP)


GluR4-pHluorin-GluA2(flop) insert in GATEWAY PME-MSC backbone vector
Primer target: M13 Reverse
NNNNNNNNNGGNNNNNGCTGGNNGGNNNNAATGATTTTATTTTGACTGAT
AGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTCTTATAATGC
CAACTTTGTACAAGAAAGCTGGGTGCTATGACCATGATTACGCCAAGCGC
GCAATTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCCACCGCGGTGG
CGGCCGCTCTAGAACTAGTGGATCCCCCGGGCTGCAGGAATTCGATATCA
AGCTTCATCGTGTCGGGTTTAACATTACGGATTTCCTTGAAGAGAGTGAG
TTTTTGGTTCTTGCCGGGTCCCAGGAAAGGATCTAAATTTTAACACTCTC
GATGCCATATACGTTGTAACCTTCCTTATAAGTTGCAAAATTCTGGGAAT
TCTGCGAGGAAGATGGGTTAATATTCTGTGGATTCTTTGCCACCTTCATT
CGTTTCGCCTCGGCCCTTGACTTGTAACAGAACTCAATCAAAGCCACCAG
CATTGCCAAACCAAGGCCCCCGACAAGGATGTAGAATACTCCAGCAACGT
TGCTCANACTGANGGCACTGGTCTTTTCCTTGGAATCACCTCCCCCGCTG
CCGCACTCTCCTTTGTCGTACCACCATTTGTTTTTCAATTTGTCCAACAN
GNCTTGNTCATTCNGTTTTAGTACTGCNAGGNTAACCGCATTTCCTAATG
NGNANCCTTTNNNGTGGCGATGCCGTANCCTTNNGNATCCNAGTTTCCTC
CCACTTTCATGGNGTCNCAAGGCTTNCTCTGCTCNATGTACTCNNTCATT
GNNGNNTNCNNCNNGTNGGCNTACTTTNCTTTNGNNTTNCGNANTCTNGN
TANTNNNNCTGNNGNANTCCTCNNNAANNNNNNANGGNTCNNNNNNNCNN
NTANANTCNNCNTTTNNCNAANNNTNNNNTTTNNNTNNNCNNNAAANNCN
TNNNNGNNNNNNANNCNANNNNNNNNANNNNTNCTNNNNNTNNNNNNNCN
CNNNNNTNNNNNNNNNNNNNNCNNNNTNNNNNCNGNNNNNCNANNNNCNN
NNNNNNNNANNNGATNNNNNNNNNNNNNNNNCNNNNNNNNNNCCNNNNNN
NNNNNNNNNANNNNNNNCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
CNNNNNNNNNNNNNNNNNNNNGNNNN
Hit: Cloning vector pGFP-GluR2-Sin and GluR2-flop (Rattus norvegicus)
GluR4-pHluorin-GluA2(flip) insert in GATEWAY PME-MSC backbone vector
Primer target: M13 Forward
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGNCCNNNNNNNNNNNNA
NANATNNNNNNNNNNTGCTTNNTTATNNTGNNGNTTTNNNCAGNANWKYR
GGNNNGNNMMAYGRSNRSYANNGGANANGAACTTTTCNNTGNANTTNNCN
NNNTTNTNGNTNANTTNNATGGNNANGNTANNGGNNWNAANTTTNCTGNC
AGNGNANANGGTGNNNGNGATNCWRSATWYNGANNACTTACCCTNRNATT
TATTTGCACTACTGNAAAACTACCTGTTCCNTGNCCNNCACTTGTCACTA
CTNTAACTTATGGTGTTCAATGCTTTTCAAGATACCCANATCATATNAAN
CGGCATGACTTTTTCAAGAGTGCCATGCCCGAANGTTATGTACAGGAAAG
AACTATATNTTTCANNGATGACGGGAACTACNAGACACGTGCTGAAGTCA
AGTTNGAAGGTGATACCCTTGTTAATAGAATCNAGTTANNANGTATTGAT
TNTANANAAGATGGAANCNTTCTTGGACNCAAANTGNAATACNACTATAA
NGANCACCANNTGTACATCATGGNANACAAACAAAANAANGGAATCAAAG
CTNNCTTCNNNNNTANACACAACATTGANNANGGAGGCGTTCNNNTANNA
NACCATTATCAANNAAATACTCCNATTGGCGATGGGCCCGTCCTTTTANC
ANACANCCNTNACCTGTTTACAACNTCNACTCTTTCNAAAGATCCCNNCG
AAAAGAGAGACCACATGGNCCNTCTTGAGTNTGNAACANCTGCTGGGANT
ACACATGNNNTGGNNGANNTATNNNAATNCNGNNGGCGGNCGCNTGCCNN
NNNGNCTCNTCNACANCNTACANANANGGGGCTATNNNCANANNNCTGAT
NANAANACNGNGNNNTTCGNGNNNGGNNNNNNCNNNTNNCNNNNNNNNTNNNNACNGNNNNNCNNNNANNNNNNNNNNGNNGNNNNCNNNNNTNNNNNNNNNNNGCTTNNTGNTCCAGTTNNANNNNNTCNNNNNTTTNNNNNNNNANNNNNNANNCNNNNNNNNNNNNNNNNNNNGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGNNNNNNNCNNNNNNNNNNNNNNNNCNGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
Hit: Super Ecliptic pHluorin (SEP)

GluR4-pHluorin-GluA2(flip) insert in GATEWAY PME-MSC backbone vector
Primer target: M13 Reverse
NNNNNNNNNNNNNNGGNNNNNNNCTGGNNGGNNNNNATGATTTTATTTTG
ACTGATAGTGACCTGTTCGTTGCAACANATTGATAAGCAATGCTTTCTTA
TAATGCCAACTTTGTACAAGAAAGCTGGGTGCTATGACCATGATTACGCC
AAGCGCGCAATTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCCACCG
CGGTGGCGGCCGCTCTAGAACTAGTGGATCCCCCGGGCTGCAGGAATTCG
ATATCAAGCTTCATCGTGTCGGGTTTAACATTACGGATTTCCTTGAAGAG
AGTGAGTTTTTGGTTCTTGCCGGGTCCCAGGAAAGGATCTAAATTTTAAC
ACTCTCGATGCCATATACGTTGTAACCTTCCTTATAAGTTGCAAAATTCT
GGGAATTCTGCGAGGAAGATGGGTTAATATTCTGTGGATTCTTTGCCACC
TTCATTCGTTTCGCCTCGGCCCTTGACTTGTAACAGAACTCAATCAAAGC
CACCAGCATTGCCAAACCAAGGCCCCCGACNAGGATGTAGAATACTCCAG
CAACGTTGCTCANACTGANGGCACTGGTCTTTTCCTTACTTCCCGAGTCC
TTGGCTCCNCATTCACCTTTATCGTACCACCATTTGNTTTTCNNCTTGTC
TAANACGCCTTGCTCACTGANTTTCAATACTGCAANANTTACTGGGGTTC
CNANNGNNNATNCTTTANNNGTGGCNNNGCCNTNNCCTTNNGAATCCNAN
NTTCCTCCNCTTTCATGGNGNCNCANGGCTTCCNCNGNTCGATGTACTCN
NTCNTTNNGNNNCNNNCNNNNAGNNTACNTTCNTTTGNATTNCNNNNNNN
GGCTACTNCTTNTNNNGNANNCNTNNNNNANNNNNNGNNNNNNNNNNCNC
NNNNNNNTCNNNTTTNNNNNANNNNNNANTTNNNNNTNNTNNAAANNNNN
NNGNNNCNNNNNNANNNNNNNNNNNATNNNNNNNNNNNNNNNNCNNNNNT
NNNANGNNNNNNNNCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGNNNNNNNNNNNNNN
NNNNNNNNNNNNNNCNNNNNNNCNNNNNNNN
Hit: GluR2-flip (Rattus norvegicus)

GluR4-pHluorin-GluA2(flop) insert post LR reaction 
Primer target: Huc (designed to target the Huc sequence in p5e entry vector, provided by Stone Elwotny)
Primer: 5’ – TGA GCC GAA TAA AGG CAG CA-3’
NNNNNNNNNNNNGNNTGTNNGCTGCCNNCAGTTCCGCACGCACCCCGTTCACACTTAACATGAATAAACTTAATTGCAGAGGCTCATTAGGGGGTCTCCGCTGGTAGCGGGGCAGCTGAATCCAGCCCGTGGGTAAGAGGGCATCTGAAGCACCTATTCACCGCCCCGACGCAGAGGATCAAGCATGCCAGTTGCTTGAAGCTCTTTCGGTAATTTCGCTGATAATTTTTAATGTTCAGGAGCCCCTCCAGAAGAGCCCATTAAGAGACTGTCACTTTTGTCCCCAGTGGCATTACAGCGTAAGAGTCTCTCTTGTGCTCTTTCAATGATCATTGATTTTAGACACTTTTTATGGCCTTCCAAACGCTGTGGGGATGACTGGTGGATGAAACTAAGCAATATACTCTTGTTTTTTTATCCAATATCTCAAAAGTGTCTGTTTTACATGTGCAAATTGTAAATTTACATTTATGAGTGGAAAGCATGTTATGATCACGCTGAATCTGCTTAGCACCGGCGCAGGAGATATGATTGTGTGAAACAGATGTGTTCCATTGCTACAGCTAGTGTTATCCCTTCTTATTATGGTCTGAGGTAACGGATTANGATGGCTCAAATGACTGCGCTAAAGACGATTTTTTCCAGGATTTGTATTTTCAATTGGCAGTGTTTTAAAATGGCTTANTTTGNNTAAAGCTTGTAATGNTATTTCATACATCAAAATGTGCTCAGTANGATGTATACNACTAAATATGTTTACTCGTAAACATCACTCTATACATCATCACTTGCAGTCAGTATATGGTTTTAGAGTTCATAACATAAATGAGTACNCCAGCTTTTTAAAAATTGANATTTTTATAAATTTCACTATACATATGGNNCNTTGAAACNAAAAAGTTTTNATAAACNNTTTNNNTNNNTNAANNNNNNTTTNNGNCNCNNNAGNNNNTTNNNANTNNAAANANNNNGCNTTNNANNNNNANNNNNNNNNNCNNTANNNNNTCNNNNNNCNNNNCNNNNNNNNNNCNNNNNNNNNNTNNTNNNNNNNNNNANNNNNTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGGGGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTTNNNNNNNANNNNNNNNNNNNNNNNNNNNNNNNNTNNNNNNNNNNNNNNNNNNNNNNNNTTNNNNNNNNNNNN

Hit: HuC







GluR4-pHluorin-GluA2(flip) insert post LR reaction
Primer target: Huc (designed to target the Huc sequence in p5e entry vector, provided by Stone Elwotny)
Primer: 5’ – CTTTCTCCTTGCCCCTCGTT -3’
NNNNNNNNNNNNNNTTTNTCCTTTCTTGANTTCNCATTATTTGTCTTTGTAGATCATTTCTAAGAATGCAGTCCACGATTAAGTCCTCCATTTGTGTGGATGCAGAGCGGCTGTAACTGTGTGAAGGTCATCTCTGGACAAAACAACCTCGACATAACCGTTTCTATATTACCATGTGTTGAATGTGCGCATTACATAATCGACAAAGGCCAACGCTTTAAAATGACAACTATCTGCTCAGCTATTACACGAGGTGTGGTTATCAAGCCGGTTCGATGATACTTGACTGGTAAGATGTGAACATGAATGCACCCATCTCCTTATTGTTCCCGGTTGGTGCTGATATTAAACATCGACACAGTGATTGCAGCGGTTGTTATCTCAAGCTCCCTTCCCCCATTTCTAGTCTCAGGGAGTGGGTAGAGCTCACCGAGACAGGCTGTTTGGTCTCATCTATAATGCATCTCCTGCCCCAGGACTTGATGTGTGACAAATGACCTATTTCTGCACAGACCCCCACAGGGCCTTGACCTGAGGGAGCGCGCTCTGTATATCTTTGTTGTGCGGATGTTGGTAGGTGCGAGTCTCCATAAGTTGGAAGAGATGCATGTAGGCTTATGGAAATGCATGAGGCGTGAGGGGGTTGTTGTTCCCAGCGGANGATGTGTTTATTTCAGTCTGTTTATGGAGACCTCACCTACATCTGCACCGGCCTTGGGTGACCTTGTGGAAACGGTTGTGTGGCGCTCGTCTTCNACACAACTTCTCTTGATTATGCANATTGTAGACAGTCACCGCGCAGTATCNNGCATCNNNNTCAGCGAGGTACCGAGTGGGTGGTATTGTCGTTGGCGGGCAANGTGCTGTAATGCANNTCANAAAAACAGCATTTTNNCGTGTCTGTGCATNATACACACNNNTATATNNANTTTNNTNNNGNANNNNNNGGNNAANNATCNNANNNNGGNNANTGGGNNNANNNNTNCAANTCNNNNNNNNTNNGGNNNTNNNNNNNNCNNCNNTNGNNGNNNNTTNNTNGNNNNNNNNNNNNNNNGN
Hit: HuC










GluR4-pHluorin-GluA2(flip) insert post LR reaction
Primer target: Phluorin
Primer: 5’ – AACTTATGGTGTTCAATGCTTTTC -3’
NNNNNNNNNNANNGGCNTGNCTTTTTCAGAGTGCCNTGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACGATCACCAGGTGTACATCATGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGAGGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGGCCCGTCCTTTTACCAGACAACCATTACCTGTTTACAACTTCTACTCTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAATCCGGAGGGCGGCCGCATGCCATGGGTGTCTCTTCTAACAGCATACAGATAGGGGGGCTATTTCCAAGAGGCGCTGATCAAGAATACAGTGCATTTCGGGTAGGGATGGTTCAGTTTTCCACTTCGGAGTTCAGACTGACACCCCATATCGACAATTTGGAGGTAGCCAACAGTTTCGCAGTCACCAATGCTTTCTGCTCCCAGTTTTCAAGAGGAGTCTACGCAATTTTTGGANTTTATGACAAGAAGTCTGTAAATACCATCACATCATTCTGTGGGACACTCCATGTGTCCTTCATCACACCTAGCTTCCCAACAGATGGCACACATCCATTTGTCATCCANATGCGACCTGACCTCNAANGANCACTCCTTANCTNGATTGANTACTACCAATGGGANAAGTTCGCATACCTCTATGANAGTGACNNAGNNTNATCNACACTGCNNGCTGNNCTGGANNNTGCTGCNNANAANANNNGNNNNGACTGCTATCNNNNNNGGNANATNANNNGANNNAANNATNANNNCNANNNATCNNNNNTTCANNNCTGNNNNNNAAAAAANNNANGNNNNNNNNNNNNNNNNNNNNNNN

Hit: Super Ecliptic pHluorin









GluR4-pHluorin-GluA2(flip) insert post LR reaction
Primer target: GluA2
Primer: 5’ – GACCATGATTACGCCAAGCG -3’
NNNNNNNNGNNNNNNGCTGGANCTCCNCCGCGGTGGCGGCCGCTCTAGAACTAGTGGNNCNNCNGGGCTNGCNNANNNNNGGGGNNCNNATNGTGGTGGGNNNWACNTGANNNATTTCCNTTNANANANGNASTTWWKKNTTCTTGNNGGGNANNNKKANNNGANNTNARTWYWAWNANNCNNNANGNCWTNTACKTTKWMWYNNTNMYWWTWWKTTRSAAAAWWMWGKRMWTTNTNCNCNNNANANKNNTWWNTAYWSTNNGNATNNANNTATNNNTTSRNNNTNNNNTCNTNCNNNNTTGNCTTGNWANNAANNNMMMNNNTGANTTGCNCTGNNGCCNANNTTAATNNNNATANNATNNATTCNNCCTANNANNANCGTTTTTNNNTATANNGCANTGGTCTTNTCCTTNCNTTGNNACTTTGTAANTGANNNTTCGNCTTTTCCNTNACNACATTGNNTTTTCNCNNNNNNTGNAANCCTNGNAANNTATANTTNTNNACTGNNNGANNAANNNNNNTTNNTNTGNGANTNNTTNNNGTNNNNNNANNNNNNNNCCNNNNNNANCCANNNNNNCNNNANCNNNCNTGGNNNNATCNNNNNNCATNTGNTCNATNNNATCNTNNNNNGNNNNNNCNNNTTTGTANNNNTNNNNNNNNNNNNANNNNNNNANNNNNNCTNCTCNNNNNNNNGAANNNNNNAANNANNNNNANNGNTNTNNTNNNNTNATNTANNGNNNCNTNTNNTNNNANNNNGNNANNNNNNNTCNTCNTNAANNNCNCNNNNNNGNANNCNNANTCNNNNNNNNCNNNNTNNNNTTNNNNNNGNTTNNNCANNNNNTCNNNNNNNNNNNNNNNNNCNNNNNNNNTNNCNANNNNNNNNNNNNAGNNANNTNNNNNNNNNNNNAANNANNNTNNNANNNNNNNNNANNNNNCNCNCNNNNNNNNNNNNNNNNNGANNGNNNTNNTNGNNNNNANNNNNTNNNNNNNNNNNANNNNNNNNNNAANCNNNNNNNNNNAANNNNNNANTNNNNNTNNNNTNNNNNNNTNNNNTNNNNNNNNNNNNNNNNNN

 Hit: Expression vector TaCPtCaMKIIGFP, complete sequence









gria2a signal sequence-Phluorin-gria2a (see Figure 2.17) in Mini-Tol2 under HuC promoter (see Figure 2.20)
Primer target: M13 Reverse
NNNNNNNNNTNNCNTNNNNNAAGGNNNNNAAGCTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCTGCTGGGCTTGCTGAAGGTAGGGGGTCAAGAACCAGAGGTGTAAAGTACTTGAGTAATTTTACTTGATTACTGTACTTAAGTATTATTTTTGGGGATTTTTACTTTACTTGAGTACAATTAAAAATCAATACTTTTACTTTTACTTAATTACATTTTTTTAGAAAAAAAAGTACTTTTTACTCCTTACAATTTTATTTACAGTCAAAAAGTACTTATTTTTTGGAGATCACTTCATTCTATTTTCCCTTGCTATTACCAAACCAATTGAATTGCGCTGATGCCCAGTTTAATTTAAATGTTATTTATTCTGCCTATGAAAATCGTTTTCACATTATATGAAATTGGTCAGACATGTTCATTGGTCCTTTGGAAGTGACGTCATGTCACATCTATTACCACAATGCACAGCACCTTGACCTGNAAATTAGGGAAATTATAACAGTCAATCAGTGGAAGAAAATGNAGGAANTATGTGATTCATCAGCAGCTGCNAGCAGCACAGTCCAAAATCAGCCACAGGATCAANANCACCCGNGGCCGTATCTTCNCANANCTGATCTANANNATCATAATCAGCCNTACNNNATTNGTANAGGNTTACNNNCTTTAAAAANCNNCNNNNCCNNCCCCCTGNANNTGAAACATAAAANNANGNNNTNNNNNNNNNTNNCTNNNTNNNNNANNNNNNNNNNNNNNNNNNAANNANNNCNTNNNNNNTNNNNANNNNNCATTTTTTNNNNGNNTNNNNNNNNNNNNNCNNNNNNNNNNNGNNNNNNNNNNNNNNNNTNNNNNNNNNGNNNNNAANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGNNNNNNNNNNNNNNN
Hit: Expression vector TaCPtCaMKIIGFP, complete sequence











gria2a signal sequence-Phluorin-gria2a (see Figure 2.16) in Mini-Tol2 under HuC promoter (see Figure 2.20)
Primer target: M13 Reverse
NNNNNNNNNTTNNCCTNNCNNAAGGNNNNNAAGCTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCTGCTGGGCTTGCTGAAGGTAGGGGGTCAAGAACCAGAGGTGTAAAGTACTTGAGTAATTTTACTTGATTACTGTACTTAAGTATTATTTTTGGGGATTTTTACTTTACTTGAGTACAATTAAAAATCAATACTTTTACTTTTACTTAATTACATTTTTTTAGAAAAAAAAGTACTTTTTACTCCTTACAATTTTATTTACAGTCAAAAAGTACTTATTTTTTGGAGATCACTTCATTCTATTTTCCCTTGCTATTACCAAACCAATTGAATTGCGCTGATGCCCAGTTTAATTTAAATGTTATTTATTCTGCCTATGAAAATCGTTTTCACATTATATGAAATTGGTCAGACATGTTCATTGGTCCTTTGGAANTGACGTCATGTCACATCTATTACCACAATGCACAGCACCTTGACCTGNAAATTAGGGAAATTATAACAGTCAATCAGTGGAAGAAAATGGAGGAAGTATGTGATTCATCAGCAGCTGCGAGCAGCACAGTCCAAAATCAGCCACANGATCAAGANCACCCGNGGCCGTATCTTCNCANATCNGATCTANAGNNNCATAATCAGCCATACCACATTTGTANAGGTTTTACTTGCTTTAAAAAACCTCCCANNNCTCCCCCNGNANNTGAANNATAAAATGNATGCNNNNNNNGNNGNNANCNNNNTNNNNGCNNCTNNNNANNGNNNNNANNNAANCNNNANCATCNNNAANTNNNNNNNAANNNNTTTTTNNNTGCNTNCTNNNNNNGNTNNNNNNANNTNNTNANNNNNNNTNNNCATNNNNNGNATNNNCATCNNNGGNNNNNNAAANNNNNNNNNNNNNNNNNNNANNNNNNANNNNNNNCNNNNNNAANNNNNNCNNNNNNANNANNANNNNNNNNNNNNNNNNNNNNNNGNNTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNNNNNNNNNCNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
Hit: Expression vector TaCPtCaMKIIGFP, complete sequence










gria2a signal sequence-Phluorin-gria2a (see Figure 2.17) in Mini-Tol2 under HuC promoter (see Figure 2.20)
Primer target: gria2a Reverse
Primer: 5’-GAGGGCGCTAGTCTTCTCCT-3’
NNNNNNNGNNNNNTTCTCCTTATCGTACNNCCNTTTGTTTTTCNGCTTGTCTAAGANGCCTTGCTCACTGAGTTTCAATACTGCAAGGTTTACTGGCGTTCTTAAAGCAGATCCCTTGGGTGTGGCGATGCCGTAGCCTTTAGAGTCAAGGTTCCCTCCGACCTTCATGGTGTCGCAGGGCTTGCGCTGCTCGATGTATTCATTCATGGTGGACTCCAGAAGATAAGCGTATTTGCCTTTGGATTTCCGGACACGCAAGACGCCTTCCACTGTGTTTTTAACAAACACCGAAGGCTCTGCGCTCTTCATGTACTGCCACATCTTGTCAAAGAGAGCAATCTTAGATCTCCTAAAGAACTCTTTGGTGGAACCAGCATCCAGTGTCCCATAGGCAATCTCCGTCTGTTTGGCCAGGTCTTCAGCACTTTCGATAGGGGACACCATTCTCTCCACAGTGAGGAAGGCAGCCAGGTTAGCCGTGTAGGAAGAAATGATGATGAGGGTGAAAAACCACCACACACCACCAACTATACGGCCAGACAAAGACCTTGGCGAAATATCGCATCCCTGCCGCATAAAAGCGCCCAGAGAAAACCACAGACTATTAAAGATGCCAAATTCGTTGGTAGATTCGCTTGNGCCCAGCTGCCCATCCTCAAACTCCTCAGTGTGCCACTCGTAANGNCTGAAGCGGCTAACGAGGAANANCACAACGCTAACTCCGATGTNNGCAAACACAATGCACATCCAGATCTCATAAGCCAGTGGATCCAGGAAAGANAANANGCCCGGCTNNNNTTCTGTGGTTTCNNGATCATANNGGNNATGCCCAGANTCNTGAATGGNTTNNANNANTCTATCACTTNCNNTCTGANNNNNNNANNGNGANAGNNNNGACTGCTATNNCNGCTTNNNNNACNCNNTNNNNANNNGNNNTNNNNNNNNNNGNCTCNNCATNNNNNGCNNNNANTTNNNCNNNNNNNNNNNNNNTNNNNNNNANCNNANNNTTNNANNNNANNNNNNNATNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNNNNNNTNNTTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGNNNNNNNNNNNNNNNNNNNNNNNNCNNNN
Hit: Danio rerio gria2a







gria2a signal sequence-Phluorin-gria2a (see Figure 2.17) in Mini-Tol2 under HuC promoter (see Figure 2.20)
Primer target: gria2a Forward
Primer: 5’-CTCTAAAGGCTACGGCATCG-3’
NNNNNNNNGCTTNNNANGCCNGNNNNNTTGCAGTATTGAAACTCNGTGAGCAAGGCATCTTAGACAAGCTGAAAANCAANTGGTGGTACGATAAGGGAGAATGTGGAGCCAAGGACTCTGGAAGTAAGGAGAAGACTAGCGCCCTCAGCCTGAGTAACGTTGCGGGTGTCTTCTACATCCTGGTTGGCGGCCTCGGGTTGGCCATGCTGGTCGCTCTGGTGGAGTTCTGCTACAAGTCGCGCGCGGAGGCCAAACGCATGAAGGTTGCCAAGACTCAGGCTCTAAATCCCTCCTCTTCCTCGCAGAATTCTCAGAATTTTGCTACTTATAAGGAAGGGTACAACGTTTATGGGCTGGAGAGTGTTAAGATCTAGACCGGTGGATCCTGGCCGTCGTTTTACTGTACCATCGATGATGATCCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCANGTTCANGGGGANGTGTGGGANGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGANTATGATCCTCTANNTCNNATCTGCGAANNNANNNCCNCGGGNGCTCTTGATCCTGTGGCTGANTTTNNACTGTGCTGCTCNCANCTGCTGATGAANCNCATACTTNCNNCATTTTCNTCCACTGANNGANTNNNNNNNNNTNNCCNNNN
Hit: Danio rerio gria2a













gria2a signal sequence-Phluorin-gria2a (see Figure 2.16) in Mini-Tol2 under HuC promoter (see Figure 2.20)
Primer target: gria2a Reverse
Primer: 5’-GAGGGCGCTAGTCTTCTCCT-3’
NNNNNNNNNGNNNNNNTTCTCCTTATCGTACCNCCATTTGTTTTTCNGCTTGTCTAAGATGCCTTGCTCACTGANTTTNNNNACTGCAAGGTTTACTGGCGTTCTTAAAGCAGATCCCTTGGGTGTGGCGATGCCGTAGCCTTTAGAGTCAAGGTTCCCTCCGACCTTCATGGTGTCGCAGGGCTTGCGCTGCTCGATGTATTCATTCATGGTGGACTCCAGAAGATAAGCGTATTTGCCTTTGGATTTCCGGACACGCAAGACGCCTTCCACTGTGTTTTTAACAAACACCGAAGGCTCTGCGCTCTTCATGTACTGCCACATCTTGTCAAAGAGAGCAATCTTAGATCTCCTAAAGAACTCTTTGGTGGAACCAGCATCCAGTGTCCCATAGGCAATCTCCGTCTGTTTGGCCAGGTCTTCAGCACTTTCGATAGGGGACACCATTCTCTCCACAGTGAGGAAGGCAGCCAGGTTAGCCGTGTAGGAAGAAATGATGATGAGGGTGAAAAACCACCACACACCACCAACTATACGGCCAGACAAAGACCTTGGCGAAATATCGCATCCCTGCCGCATAAAAGCGCCCAGAGAAAACCACAGACTATTAAAGATGCCAAATTCGTTGGTAGATTCGCTTGNGCCCAGCTGCCCATCCTCAAACTCCTCAGTGTGCCACTCGTAANGGCTGAANCGGCTAACGAGGAANANCACAACGCTAACTCCGATGTNNNCAAACACAATGCACATCCAGATCTCATAAGCCAGTGGNTCCAGGAAAGANAANANGCCCGGCTNNNNTTCTGTGGTTTCNTGATCATANNGGNNATGCCCAGACTCNTGAANNGNTTCNANAANTCTATCACTTCNNCTNNNANNNNNNNANNNNNANAGNANNGACNGCTATGTCNGCNTNNCNGNNNNCNNTNNNCNNNNNNNNNTNNNNNNNNNGNNNNNNCATCNNNNNCNNNNANTTNNTCNNNNNNNNNNNNNNTNNNNNNNNNNNNANNNNTNNNANNNCNNNANNNNNNNNNNNNNNNNNNNNNNANNNNNNNNCNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGNNNNNGNNNNNNNNNNTNNNNNNNNNNNNNNNNNNNNNNN
Hit: Danio rerio gria2a








gria2a signal sequence-Phluorin-gria2a (see Figure 2.16) in Mini-Tol2 under HuC promoter (see Figure 2.20)
Primer target: gria2a Forward
Primer: 5’-CTCTAAAGGCTACGGCATCG-3’
NNNNNNNNNNNNNNNNANNNCNNGTAANCCTTGCAGTATTGAAACTCAGTGAGCAAGGCATCTTAGACAAGCTGAAAANNNNNNGNGGTACGATAAGGGAGAATGTGGAGCCAAGGACTCTGGAAGTAAGGAGAAGACTAGCGCCCTCAGCCTGAGTAACGTTGCGGGTGTCTTCTACATCCTGGTTGGCGGCCTCGGGTTGGCCATGCTGGTCGCTCTGGTGGAGTTCTGCTACAAGTCGCGCGCGGAGGCCAAACGCATGAAGGTTGCCAAGACTCAGGCTCTAAATCCCTCCTCTTCCTCGCAGAATTCTCAGAATTTTGCTACTTATAAGGAAGGGTACAACGTTTATGGGCTGGAGAGTGTTAAGATCTAGACCGGTGGATCCTGGCCGTCGTTTTACTGTACCATCGATGATGATCCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGANGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGATTATGATCCTCTANATCANATCTGCNAANATACNGCCACNGGTGCTCTTGATCCTGTGGCTGANTTTGGACTGTGCTGCTCGCANCTGCTGATGAATCACATACTTCCTCCATTTNCTTCCACTGATTGACNGNTATAATTTCCNTAATTTCCAGGTCAAGGNGCTGTGCATTGNGNNNATANNNGTGANNTGACGNCANTTCCAAAGNANCNATGANNNTNNNNNANNNNNTTNNTNTNATGNGAAAANNNNTTTTCNNNNNNANNANNANNNANNTTNAANTNANNTGGGCATCNNNNCNNNNNNTNNGNNTNNGNANNNNCNNNGNNAAANNNNNATNNNNNNTNNNNNNANNNNNNNNTTTTNGANNNNNANNNANNNNNNNNNNNNNNANNNNNNTTTTTTTTNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNTNNNNNNNNNCNNNNNNNNNNNNNNNANNNNNNNNNNNNNANNNNNANNNNNNNNNNNNNNTN
Hit: Danio rerio gria2a and Expression vector TaCPtCaMKIIGFP, complete sequence








gria2a signal sequence-Phluorin-gria2a (see Figure 2.16) in Mini-Tol2 under HuC promoter (see Figure 2.20)
Primer target: HuC (Forward) (from vector in Figure 2.20)
Primer: 5’-TGA TCT GCA AAA GAC GTG AAT ATC-3’
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAGGTNANANGTTTGTCCAGGAGTTCTTGACAGAGGTGTAAAAAGTNCNNNNAAATTTTACTCAAGTGAAAGTACAAGTACTTAGGGAAAATTTTACTCAATTAAAAGTAAAAGTATCTGGCTAGAATCTTACTTGAGTAAAAGTAAAAAAGTACTCCATTAAAATTGTACTTGAGTATTAAGGAAGTNAAAGTAAAAGCAAGAAAGAAAACTAGAGATTNTTGTTTAAGCTTCCCGGGTGTCGACNAATTCTCGAGCTCTATTCCTAAAGACCTTGGGTGACCAAAATCTTATTTTAATAAATAAAACTGTTTATTAAAACTTTTTTGTTTCAAAGAACCATATGTATAGTGAAATTTATAAAAATATCAATTTTTAAAAAGCTGGTGTACTCATTTATGTTATGAACTCTAAAACCATATACTGACTGCAAGTGATGATGTATAGAGTGATGTTTACGAGTAAACATATTTAGTTGTATACATCCTACTGAGCACATTTTGATGTATGAAATAACATTACAAGCTTTATCCAAATTAAGCCATTTTAAAACACTGCCAATTGAAAATACAAATCCTGGAAAAAATCGTCTTTAGCGCAGTCATTTGAGCCATCCTAATCCGTTACCTCAGACCATAATAAGAANGNATAACACTANCTGTAGCAATGNAACANATCTGTTNCACACAATCATATCTCCTGCGCCNGNGCTAANCANATTCNNCGTGATCATAACATGCTTTNCACTCATAANTGTAAATTTACAATTTGCACATGTAAANNANACACTTTTGAGANNTNGNATAAAAAAACAAGANNANATTGNNTANTTNCNTCCACCNNTCATCCCNNCNNCGNTTGNAANNNCNTAANAAGNGNCTNAAATNATGATCNTTGAANANNNNANANANANTCNTACGCTGNAATGCNNNNGGGNNNAAAANNNNNNNNNNNNTNNNGGNNNNNTNNNGNNNGNNTNCTGAANNNTNAAANNNNCNNNNNANTNNNNNAANANNTNCNNNNNNCTNNNNNNNNNNNNCNNNNNNNNNNNGNNNNNNANNNGNNNNTNNNANNNNNNNTNNNNNNNGNNNNNNNNNNNCCNNNNNNNNNNNNNNNNNCCNNNNGNNNNNNNNNNNNNNNNNNTNNNTNNANNNNNNNNGNNNNNNGNNNNNNNNNNNNNNNNNNNNNNNNGNNNNNNNNNNNCNNNN
Hit: HuC








gria2a signal sequence-Phluorin-gria2a (see Figure 2.16) in Mini-Tol2 under HuC promoter (see Figure 2.20)
Primer target: HuC (Reverse) (from vector in Figure 2.20)
Primer: 5’-TTA ACC TCT CAG CGA GAA TGC-3’
NNNNNNNNNNNNNNNNNNNNGNNNNNNCCNNNCCTGTTATATTTTCNNCCTGCAGATAATTACCGGTATGATTTTGTCGGGTCTCCTTTTACCCGCGTTATGGGGACTGGCGCTCGGCGGATCTCCAAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCTTGGCCAACACTTGTCACTACTTTAACTTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACGATCACCAGGTGTACATCATGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGAGGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGGCCCGTCCTTTTACCAGACAACCATTACCTGTTTACAACTTCTACTCTTTCNAAAGATCCCAACGAAAAGANAGACCACATGGNCCTTCTTGAGTTTGTAACAGCTGCTGGGANTACACATGGNATGGNNGAANTATACAAAAGCGTCCAAATCGGNGGNNTGTTCNCTAGANGANNAGATCNAGANNACAGCGCGTTNCNGATANNAATGGNCCANTTCNNCACNGNANAATTCCNCNTCNCTNNNNACANTNNTNANCNNGNNNNNGNAAACNNCTTCNNNATNANNNNNNGCTTNNNNNCCNNTTTTNCANANNANNNNNNNNNNNNNNTNNNNTNNNNCNNNNNNNANNNNNNNANNNNNNNCNNNNNNNNNNNNNNNNCNNNNNNNNNNNTNNTCNNNNNNNNTTTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCNNNNNNNNNNNNNNNANNNNNNNNNGNNANNNNNNNNCNNNNNNNNN
Hit: Super Ecliptic pHluorin (SEP)
	









gria2a signal sequence-Phluorin-gria2a (see Figure 2.17) in Mini-Tol2 under HuC promoter (see Figure 2.20)
Primer target: HuC (Reverse) (from vector in Figure 2.20)
NNNNNNNNNNNNNNNNGGNNNNNNCCNNACCTGTTATATTTTCCNCCTGNAGATAATTACCGGTATGATTTTGTCGGGTCTCCTTTTACCCGCGTTATGGGGACTGGCGCTCGGCGGATCTCCAAGCGTCCAAAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCTTGGCCAACACTTGTCACTACTTTAACTTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACGATCACCAGGTGTACATCATGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGAGGCGTTCAACTAGCANACCATTATCAACAAAATACTCCAATTGGCGATGGGNCCGTCCTTTTACCAGACAACCATTACCTGTTTACAACTTCTACTCTTTCGAAAGATCCCAACGAAAAGAGAGACCACATNGTCCTTCTTGANTTTGTAACAGCTGCTGGGANTACACATGGNANGNNTGAACTATACAAAATCGGNGGCCTGTTCCCTANAGNANCANATCNNNANTACAGCNNNTTTNNNNNANNNANNGNNCNNTNNNGNACNGNNNNNTNCNNCNNNNNNNNNNNCNNTNNNANNNNGNNNNGGNAANNNCNTNNNNANANNNNNNNNNTNGCTNCNNTTNNNNNANNNNNNNCNCTATNNTNNNNTNNNNNNNNANNNNNNNNNANNNNANNNCNNCNNNNNNNNNNNNNNNNNNNNNNNNNTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCNNANTNNNNCTNNNNNNNNNNNNNNNNTNNNNNNNNNNNNN
Hit: Super Ecliptic pHluorin (SEP)
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