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Abstract
(199 of 200 Words)
__________________________________________________________________________________
This proposed study aims to uncover molecular mechanisms of memory focusing on habituation, a simple form of learning. Abnormal habituation is linked to numerous neuropsychiatric disorders. Despite its widespread and importance to normal cognitive function, data regarding the molecular mechanisms of habituation is sparse. 

Habituation can form long-term memory through protein synthesis, but the specifics are largely unknown. To better understand memory consolidation at the molecular level, we will reveal the intensity and identity of nascent proteins in vivo. 

We will use zebrafish larvae, vertebrates with a more accessible brain than mammalians. The brain’s immense complexity has so far interfered with our ability to study its protein dynamics in an unbiased manner, even in zebrafish larvae. Many cell types and long neuronal processes are tightly entangled within the tissue and cannot be surgically dissected. To address this challenge, we will employ a novel molecular approach, applying cell-type-specific labeling of nascent proteins during defined durations. Combining this technique with the zebrafish model, we will identify newly synthesized proteins in neurons and glia and analyze global and local protein synthesis during memory consolidation. This research will shed light on memory consolidation mechanisms, providing insights into normal cognitive function and memory-related disorders.

Keywords:

Abstract in Lay Language
(100 Words) 
Please provide an abstract appropriate for a intelligent, but non-scientist, readership.
__________________________________________________________________________________























1. Research Objectives
(Items 1, 2, 3,4 and 5 must not exceed 10 pages).
_______________________________________________________________________________

The main objective of this proposal is to reveal the proteins newly synthesized during processes of memory consolidstion. The data we collect with our state-of-the-art technologies and methods will result in the identification of molecular networks, protein dynamics, and specific proteins that play a role in long-term habituation. Additionally, we will identify vertebrate brain regions involved in memory consolidation in an unbiased manner by scanning protein synthesis activity across the entire brain during and following memory formation. In addition to addressing long-standing basic questions, our proposal will define protein candidates as targets for future development of diagnostics and therapies for memory-related conditions like amnesia. We will conduct our work in alignment with three specific aims:

Aim 1: To analyze the global proteome for neurons and glia
Aim 2: To examine the newly synthesized proteome dynamics during memory consolidation
Aim 3: To validate the translation of specific proteins and examine the effect of synaptic activity on their translation pattern

2. Clinical Relevance
(Please detail to which Brain Disorder/s does the current proposal pertain, and elaborate on the Clinical Implications and Potenial Clinical Impact).
_______________________________________________________________________________
Habituation is an essential adaptive property of the nervous system, and when abnormal, it is a hallmark of many brain disorders. Brain-related disorders where habituation is not intact include: Autism Spectrum Disorder (ASD)1–3 with over 96% of individuals with ASD reporting hypo- or hypersensitivity to stimuli across sensory modalities4–6, Fragile X Syndrome (FXS)7,8, Schizophrenia, where the reduced ability to filter out irrelevant stimuli remains a prominent research interest for over a century9–13, with evidence of effects for drugs for treating Schizophrenia (REFS: ), Attention-Deficit Hyperactivity Disorder (ADHD), which has been linked to impaired habituation in children14 and adults15, Tourette’s Syndrome (TS), for which habituation was suggested as therapy16–18, Parkinson’s Disease (PD) for which decreased habituation has been used as a diagnostic tool for several decades19,20, Huntington21,22 and Migraine23–25.
For schizophrenia, mutations in specific genes correlate with changes in habituation26, suggesting the existence of molecular networks that regulate habituation and affect cognition. 
This proposed study will reveal brain regions and specific molecular networks or specific proteins that play key roles in habituation and can be targeted for future drug development. Moreover, zebrafish larvae have proven to be an efficient model organism for drug screens for neurological disorders. This study will lead to improved habituation paradigms as well as molecular readouts to serve as assays for drug screens, for example, by examining molecular networks or specific proteins (and their coding genes) that we will find to be synthesized specifically during long term habituation. Therefore, not only does this proposed project address basic questions regarding the molecular mechanisms of habituation, it also has the potential to progress our understanding of and, in the future, therapies for neurological disorders in which habituation is abnormal.

3. Scientific and Technological Background
(Use continuation pages if needed)
(Not required for 2nd Year Application)
_____________________________________________________________________
Habituation, a simple form of learning

“Over 96% of individuals with ASD report hypo- or hypersensitivity to stimuli across sensory modalities (Crane et al., 2009; Leekam et al., 2007; Minshew et al., 2002; Sinclair et al., 2016). Indeed, hypersensitivity to sensory stimuli is so common in ASD that it has inspired the influential “altered salience” and “intense world” theories of ASD (Markram et al., 2007; Ramachandran and Oberman, 2006). These and other “hyperarousal” or similar “decreased inhibition” theories suggest 1) children with ASD are more easily aroused by sensory stimuli and/or 2) that they show reduced habituation to repeated stimuli compared to other children (Ramaswami, 2014; Rogers and Ozonoff, 2005)”
Zebrafish as a Model System
The relatively large and complex brain of mammals, including rodents, typically limits studies to a specific region of the brain. Furthermore, brain slices are made in order to allow light and chemical penetration for labeling and imaging, making it difficult to examine global changes in the entire brain in an unbiased manner, for example in response to a learning task. The brain of zebrafish, which contains between ~80,000 neurons in larvae and ~5 million in adults, is more accessible, and the large progenies provide an opportunity for large-scale studies with sufficient sample size per experiment (e.g., 100 µg total protein for proteome-scale mass spectrometry)27. Zebrafish also provide a large repertoire of reported learning paradigms for habituation28–33 including protein synthesis dependent long-term memory formation32,34. Learning paradigms can be divided into two types of learning, non-associative and associative learning35,36. Briefly, non-associative learning involves a change in response to a stimulus of fixed intensity upon its repeated exposure that is not due to sensory adaptation, fatigue, or injury. Habituation learning, has been succesfully used in zebrafish paradigms which are based on a rapid startle response that decreases over time upon repeated exposure to a sensory stimulus (auditory, visual, or tactile)37,38. A PubMed search indicates that learning has been studied significantly more in rodents than in zebrafish; however, due to the recognized advantages of studying learning and memory formation in zebrafish, the last decade has seen a significant increase is shown in the number of publications per year in this organism (REF: Reemst Shahar and Figure 1A, B). Ongoing analysis of more than 500 studies, out of the approximately 1,200 studies of learning and memory consolidation in zebrafish, reveals that most of the long-term memory formation experiments have been done with adult zebrafish in which the brain is less accessible and high-throughput paradigms are more challenging (Figure 1C). 	Comment by OrS: Maybe change or mention that is is from our review
Zebrafish larva is the only vertebrate with a tractable genome and a translucent brain that can be imaged entirely at a cellular and subcellular resolution while the animal is alive. Recently, we have examined protein dynamics in zebrafish larvae adaptation to water currents, identifying 
more than 5,000 total proteins in the brain tissue of zebrafish larva and 57 regulated proteins from brain tissue39.
However, although simpler and more accessible, the complexity of the zebrafish brain has thus far still impeded the analysis of newly synthesized proteins during memory consolidation. This is due to two main reasons as described above: (1) the technical limitation of selectively labelling the pool of newly synthesized proteins (for example, low 
abundance nascent proteins are masked by existing proteins of high abundance), and (2) the inability to distinguish between different cell types to assure a given cell type or cellular compartment as the source of protein synthesis. The innovative technology that we developed overcomes these limitations.

Protein Synthesis is Required for Long-term Memory Formation
Memory is broadly defined as the faculty of encoding, storing, and retrieving information40,41. In response to environmental stimuli, this stored information changes over time, resulting in physiological or behavioral changes in an organism42,43. Memory can be categorized as short- or long-term, depending on its duration. Short-term memory, lasting from seconds to hours, is believed to rely on biochemical changes to molecules already existing in cells, such as post-translational modifications. In contrast, long-term memory formation is dependent on protein synthesis, as shown for the first time by studies in the early 1960s in which the Flexners administered the protein synthesis inhibitor puromycin to mice during a Y maze task. They observed that temporal lobe injections of puromycin from day 1 to 3 after learning were effective in blocking long-term memory44–46. However, injecting puromycin 3 days or later after training did not result in any consistent memory deficit. This need for protein synthesis has since been demonstrated for many different learning paradigms and organisms, including in fishes31,47–50. On a molecular level, during long-term memory formation, long-term potentiation (LTP) and 
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	Figure 2. Cell-type-specific labeling of nascent proteins for imaging and proteomics. (A) Mutant version of the MetRS protein (MetRSL270G) facilitates the incorporation of ANL (blue) into nascent proteins instead of Met (black). Only in cells expressing the MetRSL270G (cyan), ANL will be incorporated into nascent proteins, therefore achieving cell-type-specificity. (B) Brief graphical workflow illustrating the core research plan for pan-neuronal expression of MetRSL270G. Following incorporation of ANL into nascent proteins in cells expressing the MetRSL270G illustrated in cyan, click chemistry can be used to covalently bind a molecule of interest such as fluorophore (red star) or biotin (green B). (C) Red staining: neuronal nascent proteins in zebrafish larva, dorsal view. (D) Western blot against biotin demonstrating the labeling of nascent proteins as a smear (3rd lane, ANL+, MetRSL270G). Purified nascent proteins are analyzed by mass spectrometry (MS) to reveal the nascent cell-type-specific proteome (or translatome – black, Venn diagram) and the memory consolidation-specific proteome (Aim proteome – green, Venn diagram).


long-term depression (LTD) consist of at least two distinct phases: a short early phase (usually lasting minutes to less than three hours), which is independent of new protein synthesis, and a 
late phase, which is more stable (lasting more than four hours) and is dependent on protein synthesis29,51–55. The neuronal protein turnover ranges from a few hours to 20 days was measured in cultured neurons to have a half-life of ~ 5 days56,57.
Current Methodologies to Study Synaptic Protein Synthesis in vivo are Limited
The existing knowledge regarding protein synthesis and long-term memory formation, as described above, suggests that the neurons and glia playing roles in memory formation and storage are likely to have dedicated protein synthesis activity and therefore elevated levels of newly synthesized proteins. In fact, synapses possess the capacity for local protein synthesis, owing to the presence of ribosomes and mRNAs within dendrites58–60. This is balanced by protein degradation to achieve proteostasis. It has been shown, mainly in cultured neurons, that hundreds to thousands of proteins are synthesized locally in dendrites following chemically-induced LTP or LTD60–66. However, moving these studies to an animal model has been limited due to the immense complexity of the brain, containing millions to billions of neurons (~70 million in mice67 ~200 million in rats68, ~80 billion in humans69) and many different cell types. Current methods that universally label newly synthesized proteins are not cell-type-specific, which limits understanding of the molecular and neuronal networks required in long-term memory formation. Further, changes in protein levels, especially those in low abundance, cannot be easily detected with current methodologies to rise above the noise of pre-existing proteins. Finally, physically dissecting single neurons from an intact brain is still technically impossible. Neurons have long processes (containing proteins and exhibiting protein synthesis activity), which are tightly entangled in their respective tissues. Even FACS sorting would tear apart the processes and result in loss of proteins. As such, monitoring protein synthesis levels with cell-type-specific and controlled temporal resolution has so far been limited and require new approaches70,71. Based on our established model system in zebrafish and innovative amino acid tagging technology, we propose to examine 
the synaptic proteome during memory consolidation in specific cell types.

Approaches to Label Newly Synthesized Proteins
BioOrthogonal Non-Canonical Amino acid Tagging (BONCAT) methods selectively identify newly synthesized proteins using the non-canonical amino acid azidohomoalanine (AHA). AHA, a methionine analog with an azide group, gets charged onto the methionyl tRNA synthetase (metRS) of the cell and is incorporated to newly synthesized proteins during translation at sites of methionine. AHA can be incorporated into proteins in all cell types. Importantly, AHA-labeled proteins can then be identified by a click-chemistry tagging reaction via its azide group, which couples an alkyne-bearing tag (e.g., biotin) to the newly synthesized protein. The tagged proteins can then be purified and analyzed using mass spectrometry. BONCAT has demonstrated efficiency in identifying proteomes with high biochemical and functional activity without signs of increased degradation, toxicity, or interference with protein translation or folding63,64. To visualize the nascent proteins, we can modify BONCAT to fluorescently label newly synthesized proteins, by performing the click reaction to a fluorophore in a method termed Fluorescent Non-Canonical Amino acid Tagging (FUNCAT)72,73.

Cell-type-specific Labeling of Newly Synthesized Proteins
	In a complex tissue such as the brain, the many cell types and compartments make it difficult to ascertain in a proteomic (translatomic) analysis in which cell type an identified protein was synthesized. To address this problem, applying a new technology, I modified BONCAT and FUNCAT to allow for cell-type-specific labeling of newly synthesized proteins in zebrafish with the non-canonical amino acid ANL. ANL incorporates into nascent proteins only in cells expressing a mutant version of the methionyl-tRNA synthetase (MetRS) in which Leucine 270 is replaced with Glycine (MetRSL270G)73. ANL also contains an azide group 
that can be covalently coupled via click chemistry to biotin or an alkyne fluorophore for purification and imaging (Figure 2A). Following the addition of ANL, the charging of ANL by MetRSL270G and its incorporation into protein, a click reaction is performed to an alkyne-fluorophore, and newly synthesized proteins are visualized under the microscope (Figure 2 and 74–76). To study the interplay between neural activity and protein synthesis, we developed a zebrafish line that drives the expression of MetRSL270G under the ELAVL3 promoter (also known as Huc). ELAVL3 is a pan-neuronal promoter and has been demonstrated to drive the expression of several reporters in zebrafish larvae, juveniles, and adults (Figures 2, 3)77–79.
Two recent publications from 2020 used the ANL-MetRSL270G methodology in vertebrates to detect elevated levels of newly synthesized proteins following manipulations affecting neural activity in vivo73,76. In the first, by labeling newly synthesized proteins with a fluorophore in excitatory neurons, Evans et al. reported elevated levels of newly synthesized proteins in the hippocampus following an active place avoidance task based on electric shocks in mice76. The second was our publication, in which by taking advantage of the small, translucent zebrafish larva, we labeled newly synthesized proteins across the entire nervous system and detected significantly elevated levels of nascent protein following chemically induced seizures in specific regions such as the habenula and spinal cord73. Many neuronal activity-dependent regulatory processes use both protein synthesis and proteasome-dependent protein degradation39,50,64,80–82 to remodel the proteome. Moreover, evidence for the coordination of protein synthesis and proteasome-dependent degradation has been observed, including the degradation of nascent proteins by a neuron-specific 20S membrane proteasome complex83. It is possible that dynamic translation and degradation processes result in diverging levels of some proteins and that proteins with slow turnover will be more difficult to detect.
	This FUNCAT method labels all the nascent proteins in a specific cell type. For the third aim of this project, we need a way to label specific nascent proteins. Advances in technology enable us to label specific newly synthesized proteins by combining a proximity ligation assay (PLA) with FUNCAT (PLA-FUNCAT). The PLA assay detects the spatial coincidence of two antibodies. One antibody identifies that a protein is newly synthesized by binding biotin that was clicked to the azide group in ANL (or AHA without cell type selectivity), and another antibody identifies a specific epitope in a protein-of-interest. Only when the two antibodies are in proximity will a ligation amplification circle reaction occur, resulting in fluorescent signal (Figure 4).84 Another version of the assay uses a brief (10-30 seconds) incubation with low concentration of puromycin to achieve puromycilation of synthesized proteins. Then, after fixation, one antibody is specific for puromycin 
 (recognizing newly synthesized proteins) and the other is against a specific epitope in a protein of interest (Figure 4)84.










































4. Progress Report
(2nd Year Application only).
Please also list publications supported by the Institute and enclose a copy of each
· Not relevant
5. Research Plan
(Methodology, plan of operation, time schedule, expected results and significance).
(If the application is for two years, describe plan for first year in detail and provide
 outline only for second year).
(Use continuation pages if needed).
_____________________________________________________________________
Working Hypothesis
	Many forms of long-term memory consolidation and recall are dependent on protein synthesis, yet we only have sparse data regarding the identity and spatial location of these proteins53,60. Defining the memory-related, newly synthesized translatome is essential for unraveling the molecular basis of memory formation. Applying state-of-the-art methods for cell-type-specific labeling of nascent proteins in a simple form of learning, in an easily manipulated vertebrate model organism with high genetic conservation and brain regions similar to other vertebrates such as mammals will reveal a memory-related newly synthesized proteome, thus overcoming the enormous complexity of the brain. 
Research Design and Methods
Most of the methods we will use are described in the preliminary results section or have recently been published by me39,73,85. The experiments proposed here make use of the most recent technological advances, including the use of cell-type-specific non-canonical amino acids to label newly synthesized proteins using click chemistry74,75. Most recently, I demonstrated how this technology can be modified to achieve cell-type-specificity in zebrafish neurons73. The experiments described here (MetRSL270G zebrafish) will represent one of the first in vivo demonstrations of this technology in vertebrates.
Aim 1: To analyze the global proteome for neurons and glia
To analyze the global neuronal and glial proteome using cell-type specific BONCAT, the following two experiments are planned, which will result in revealing the pan-neuronal proteome as well as proteomes of neural subtypes, detailed below. This will be important for increasing our ability to cope with the complexity of the brain comprising many different cell types, and thus for analyzing the differences between distinct compartments and neural circuits. Moreover, this proteomic data will serve as a basis for further analysis of proteome dynamics during specific manipulations such as associative learning paradigms for long term memory formation.
Experiment 1.1: To identify the proteins which are synthesized specifically in neurons in vivo 
We will use protein extracts from zebrafish that express the MetRSL270G in a pan-neuronal manner (see background section on BONCAT and preliminary data in Figures 2-4). 
We will incubate zebrafish larvae and juveniles with the non-canonical amino acid ANL for variable periods of time (24, 48, 96 hours) to allow charging of ANL via the MetRSL270G and incorporation into nascent protein at methionine residues. Following protein synthesis, ANL harboring proteins will be clicked with an alkyne-biotin-tag, purified via a neutravidin column, and then cleaved into peptides and analyzed using a mass spectrometer.
Preliminary Data and Experimental Design: As described above, we possess the transgenic zebrafish line ELAVL3-CFP- MetRSL270G that expresses the mutant MetRSL270G under the control of the pan-neuronal ELAVL3 promoter, resulting in expression in neurons, but not other cell types (e.g., glia and endothelial). In previous studies, I have detected and quantified newly synthesized protein signal in cells treated with ANL and expressing MetRSL270G across the entire brain73. I demonstrated that we can label and detect newly synthesized proteins after 12 hours incubation with ANL for freely swimming fish, and that we can detect changes following a 2.5-hour biological interference in the case of PTZ treatment4. In this aim, we will use longer durations of 24-96 hours, which will increase the signal-to-noise ratio and will further make the mass spectrometry data more robust and will allow us to detect more proteins due to protein turnover. Using these three time points will also allow us to analyze the effect of protein turnover on our protein coverage. We know from early experiments that incubation with ANL at concentrations of 4-10 mM for several days does not impair survival, nor did we detect any significant behavioral changes. Our lab also has a transgenic zebrafish line containing the UAS element UAS-CFP-MetRSL270G. This line will express the MetRSL270G in cells expressing Gal4. This is useful because there are many established lines of zebrafish that express Gal4 in specific cell types. We successfully tested this line with specific promoters for CFP expression and used it to establish a functional pan neuronal CFP-MetRSL270G line by crossing it to a zebrafish line expressing Gal4 under the control of ELAVL3 promoter (ELAVL3-Gal4)73. Preliminary data demonstrates the specific expression of nascent proteins in neurons following incubation with 10 mM ANL for 24 hours (Figures 1-3 and Shahar and Schuman73). Furthermore, preliminary data demonstrates that we can purify the newly synthesized neuronal proteins following click chemistry to alkyne-biotin and detect specific proteins by mass spectrometry (starting material 100 µg total protein extract, Figure 5A). Figure 5B shows the detection of nascent proteins of varying sizes by Western blot when the ELAVL3- MetRSL270G zebrafish (MetRS*) was incubated with ANL, seen as a smear, versus background level of weak non-specific binding in controls. Importantly, we have identified 1158 unique proteins in the positive sample versus 65 and 23 in the controls (ELAVL3- MetRSL270G \ ANL+, WT\ANL+, and ELAVL3- MetRSL270G \ANL-, respectively) as shown in the preliminary data in Figure 5C. The unique proteins include proteins which are expected to be expressed in a pan neuronal manner such as microtubule-associated protein (Map2) and Calcium/Calmodulin-dependent protein kinase II alpha (CamKII alpha) and do not contain any glia-specific proteins. Moreover, as shown in the preliminary data in Figure 5D, gene ontology (GO) analysis for the unique proteins indicates significant enrichment for neuronal terms in the nascent protein group (MetRS*, ANL+), including the terms neuron projection development, brain development, synapse organization, axon guidance, and regulation of neuron projection. Furthermore, GO analysis for the control groups reveals that (1) none are neuronal and (2) most of them are not statistically significant indicating that they are not of specific types of cells or organelles (preliminary data in Figure 5D, in red).
Thirteen groups sorted by statistically significance (corrected for multiple comparison) are shown for each group (most significant were taken from both control groups). To further examine the differences between the control groups and the nascent protein group in an unbiased manner, we plotted a heat map of protein intensity for all the proteins detected by mass spectrometry (preliminary data in Figure 5E). We performed hierarchical clustering with complete method using Euclidean distance for the proteins and for the three conditions sorted the proteins by the order of clusters. The blue lines represent proteins with zero intensity and therefore the unique proteins for the nascent protein group appear blue in both controls and red in the positive sample (MetRS*, ANL+). The common blue clusters indicate that many of the proteins that appear only in the controls are common. The strong correlation between the control groups but not for the nascent protein group can also be seen by clustering tree of the groups, in which the distance between the control groups is small compared to the nascent protein group and by the R2 of the clusters (Figure 5E). Many of the common proteins that appear in the controls (one of them or both) also seem to have higher intensity in the nascent protein group (stronger red signal in Figure 5E). To further examine the peptides that overlap in the controls and in the nascent protein groups, we first plotted the plotting both negative controls (Figure 5D) which exhibits a strong correlation and then each control versus the nascent protein group (Figure 5G, H). A clear shift is observed showing that the intensity of many proteins in the nascent protein group is higher than in controls. The stronger correlation found when compared to the positive samples plotted against both negative controls (Figure 5F-H) suggests higher resemblance between the controls, which may indicate specific “sticky” proteins that could be excluded versus proteins that could be rescued based on a certain threshold. 
Pitfalls: It is possible that we will miss some proteins that are significantly synthesized because of protein degradation and also due to (1) relative low quantities of protein (comparing only nascent protein to all existing proteins and comparing one cell type versus entire tissue), (2) low efficiency of click chemistry, and (3) protein sticking to the beads. 
Resolutions: In addition to the advantage of zebrafish having large progenies (hundreds of eggs per day) and the continuous technological improvement of click-chemistry efficiency and purification procedure, we will be able to “rescue” proteins which are not unique. Our preliminary data shows many proteins appearing in the negative controls; however, they have a significantly lower intensity (preliminary data in Figure 5). We can decide to consistently include proteins only above a certain threshold; for example, proteins with intensities higher than two-fold in four out of six biological repeats. This was done in the study published by Castelão et al. from the Schuman lab75. In fact, our preliminary data already provides more unique proteins than the Castelão study, demonstrating our improvement in protocols with time.
Experiment 1.2: To develop zebrafish lines enabling cell-type-specific labeling of synthesized proteins in specific neurons and glia cells 
We will develop a transgenic zebrafish line expressing the MetRSL270G specifically in neuronal subtypes and glia. This will be achieved by crossing a UAS-CFP-MetRSL270G zebrafish line to lines driving Gal4 expression in different glia cells such as astrocytes (e.g., GFAP86) and Schwann Cells (e.g., cldnk87, mbp88, 89). I am in contact with several labs possessing these zebrafish, including a collaboration we initiated for this project with Professor Emre Yaksi, who provides us with zebrafish lines (see letter of support). Once we have these fish lines, they will be crossed with our UAS-CFP-MetRSL270G line to produce larvae. In parallel, we will inject plasmids (available from Addgene and Zfin) using customary methods with which I have experience. We will develop zebrafish lines expressing the MetRS in specific neuronal subtypes (e.g., glutamatergic: slc17a6b, GABAergic: gad1b)90,91. The next stages will be similar to that described in Experiment 1.1. We will validate the expression using the CFP expression as we did for the pan-neuronal MetRSL270G line, examine the expression pattern anatomically, and combine it with staining with specific antibodies to evaluate the specificity as I did previously for the ELAVL3-CFP- MetRSL270G. We will then incubate the fish with ANL, extract the proteins, perform click chemistry to biotin, purify the proteins expressed in the specific cell types, analyze them by mass spectrometry, and perform statistical analysis to compare the proteomes with the other cell types, or similar cell types in other organisms depending on availability of data, at the relevant time. In this regard, we will compare the expression in similar cell types in mammals where data is available (there are only two publications using the MetRS methodology at the time of submission75, 76).
Preliminary Data: The transgenic UAS-CFP- MetRSL270G zebrafish is established and already at F3. It has been checked by several Gal4-expressing lines, including the ELAVL3 promoter which we have used extensively. Positively screened transgenic UAS-CFP-MetRSL270G zebrafish are already at our new fish facility at MIGAL. A GFAP-GAL4 line expressing Gal4 in astrocytes has been made in the lab of Prof. Toshio Ohshima, and is available at the national zebrafish transgenic lines bank in Japan (https://shigen.nig.ac.jp/zebra/). Additionally, I initiated a collaboration with Emre Yaksi for studying protein dynamics in glia. More relevant preliminary data was described in Experiment 1.1.
Pitfall and Resolution: UAS-Gal4 lines may be silenced with time. Thus far, we have had success with the specific line described here. Nevertheless, if we notice weakening of the expression of the transgene or uneven expression in the different regions, we will directly express the MetRSL270G with the specific promoter using the Tol2 system or CRISPR, with which I have experience and which works robustly.
Aim 2: To examine the newly synthesized proteome dynamics during memory consolidation 
We will evaluate how proteomes of neuronal synapses and glia cells are modified during learning and memory consolidation. We will focus on habituation, a simple long-term memory paradigm which is protein synthesis dependent. I hypothesize that learning requires synaptic and cellular programs that will modify the specific pattern of protein synthesis within neurons and possibly glia. To examine this, we will conduct a proteomic analysis, using BONCAT in transgenic zebrafish expressing the MetRSL270G in a pan-neuronal manner, and in neuronal subtypes and in specific types of glial cells as describe in Aim 1.
Experiment 2.1: To determine how memory formation modifies the neuronal newly synthesized proteome 
We will combine the ability to label newly synthesized proteins in a cell-type-specific manner in neurons with a protein-synthesis-dependent habituation paradigmREF:Wolman and new Figure. In this paradigm….Ref Wolman. To make the learning paradigm more robust, we modified the. We will use this assay to with our mutant ELAVL3-CFP- MetRSL270G larvae. After 24 hours or more, we will test whether the larvae …. We can record 48 larvae simultaneously; for each fish, we will obtain data for the natural swimming pattern (baseline measurement), their behaviour during habituation (measured during training sessions), and learning (test measurement) as demonstrated in NEW Figure. This is a big advantage because instead of pooling together learners and non-learners, we can analyze learners and non-learners separately and therefore get cleaner data with better signal-to-noise ratio. 
We will incubate the fish with ANL starting at the beginning of the training sessions (e.g., 5 sessions of …  minutes. Since the test is done the following day, the ANL incubation will be for 24 hours which covers the half time of most neuronal proteins. We will perform a neuron-specific BONCAT experiment by using click chemistry to biotin and purify the samples using neutravidin beads as described in Aim 1. We will compare the pan-neuronal memory consolidation proteome to the neuronal proteome from Aim 1 as well as to controls. Control groups will include: (1) protein synthesis inhibitor as control for the BONCAT, (2) no habituation learning, (3) WT fish incubated with ANL as a technical control for non-specific signal, and (4) non-learners from the paired group if there will be sufficient amounts of non-learners. The BONCAT will be conducted as detailed in Aim 1. This will be the first study where the newly synthesized proteome is examined following a positive reward-based conditioning. It will also be the first time where the pan-neuronal proteome is studied following memory formation. The time window for ANL labeling will also include labeling of nascent proteomes following memory extinction by performing the incubation after performing the test for elongated duration since contued dark flashes results in memory extinction NEW FIGURE SPECIFIC. The combined analysis of this data will allow us to reveal neural and molecular networks of memory consolidation and poteintially memory extinction.
Preliminary data: We habe been testing various condtions for the light intensity, interval time and number of repets starting with the described published conditions (REFS, WOLMAN and PAPErs before for settings). Using such conditions, the preliminary behavioral data demonstrates training of 5 trains of … with an eight minute interval results in habituation memory. We detect a …numbers %.. (NEW Figure). It also demonstrates the ability to record and analyze data from each individual tested fish that will be considered during the proteomic analysis by distinguishing between learners and non-learners. This data was obtained with the same zebrafish line that we will use in Experiment 2.1 (ELVAVL3-CFP-MetRSL230G). 

Experiment 2.2: To measure the intensity of global newly synthesized proteins during memory consolidation 
	Most of the studies of memory formation focus on the hippocampus. Whereas there is no doubt that the hippocampus plays a major role in memory consolidation, it is possible that other brain regions that may play key roles are understudied due to the high complexity of the brain. It is especially interesting for the case of habituation whetehr the molecular changes are limited to the sensing and motor-neurons or if more regions will be involed for long-term habituation The small size of the zebrafish juveniles combined with cell-type-specific FUNCAT enables us to measure the intensity of nascent proteins as a proxy for memory consolidation in the entire brain. We will incubate ELAVL3-CFP-MetRSL230G larvae with ANL starting at the training sessions until the end of the test measurement (one day after baseline measurement). Since the duration of the test is short (up to six minutes), the lack of positive reward will not interfere with the signal (i.e., the nascent proteins will not be degraded). Immediately at the end of the test, the larvae will be fixed and the ANL in the newly synthesized proteins will be clicked to a fluorophore. We will image the entire brain of the fish (whole mount) using a Zeiss LSM confocal and tiling, as I have previously done (e.g., Shahar and Schuman 2020)73. We will segment neurons across the entire brain and measure the average voxel intensity of nascent protein in each segmented neuron as I have previously done following chemically induced seizures. We will analyze the intensity of nascent protein across the brain regions in an unbiased manner to reveal synthesis hotspots of protein dynamics. Since FUNCAT experiments do not require a large number of samples, such as needed for mass spectrometry analysis, we will also perform these experiments for other cell types such as glia and specific neuron types. Our experience using the pan-neuronal ELAVL3-CFP-MetRSL230G shows that fewer than 10 samples in each group are required, and we routinely image the entire nervous system of two fish within 5-8 hours (overnight imaging). This experiment is very exciting since in a relatively short time, we will achieve a direct answer to an open question regarding the brain regions that play roles in hanituation memory consolidation.
Preliminary Data: We have performed and recently published neuron-specific FUNCAT experiments across the entire nervous system of zebrafish larvae (Figures 2, 3)73. Incubation for the planned durations of 12-24 hours results in robust signal and very good signal-to-noise ratio. We have routinely performed protocols for increasing the translucency of zebrafish larvae and juveniles to get an improved signal (e.g., see Figures 3 and 4 in Shahar and Schuman73). I have written a script for the 3D segmentation of the whole-mount FUNCAT samples as demonstrated in a recent publication73. Our analysis will be based on the same protocol with the possibility for fine tuning73.

Aim 3. To validate the translation of specific proteins and examine the effect of synaptic activity on their translation pattern.
The previous aims will provide data regarding newly synthesized proteins in neurons and glia cells and their dynamics following memory consolidation and extinction. In Aim 3, we will validate their expression and examine their relevance in mammalian neurons. We will also visualize local translation in a subcellular resolution and the effect of synaptic activity on their translation. This aim will provide mechanistic aspects of discovered newly synthesized proteins while taking advantage of an optimized model for such experiments, that is, cultured neurons. 
Experiment 3.1: To validate and examine the translation of specific proteins following neuronal activity 
We will use cultured neurons to study the mechanisms of action of specific proteins expressed during memory formation. These experiments will include functional and structural LTP experiments and assays for local protein synthesis such as PLA described in the introduction section. The validation experiments will be done with neuronal cell cultures, as well as in zebrafish larvae and juveniles. The cells or transgenic zebrafish will be incubated with AHA or ANL respectively, fixed, and the PLA-FUNCAT which consists of two main parts, i.e., click reaction and antibody training, will be performed.
Preliminary Data: During my postdoctoral studies, I gained extensive experience in assays for local protein synthesis such as PLA (demonstrated in the preliminary data in Figure 4). Moreover, a postdoctoral researcher in the lab, Dr. Kitty Reemst, is experienced in working with rodents’ neurons and glia92–94. She and myself will work on this project, supporting other members of the lab. This will allow us to validate the results of the previous aims for mammalian orthologs as well as for zebrafish. 
Experiment 3.2: To validate specific proteins and further examine the effect of neural activity on their translation 
We will perform PLA-FUNCAT in primary neurons, e.g., hippocampal rat neurons, which I used extensively during my postdoc. Here, we will induce chemical LTP using chemicals such as tetrodotoxin (TTX). To study the effect of local activity on protein expression levels locally, we will perform glutamate uncaging at specific synapses inducing several activity regimes (Figure 4). We will vary the number of spines stimulated and the patterns of stimulation. For example, we will stimulate spines at various frequencies such as: 1 Hz for 5 min, 2 Hz, 4 Hz. Following different spine stimulation protocols, we will use PLA-FUNCAT to monitor specific newly synthesized proteins.
Preliminary Data: I have routinely used mouse and rat hippocampal neurons to successfully perform PLA-FUNCAT and Puromycin-FUNCAT experiments (Figure 4). Moreover, I have been able to detect local hot spots of protein synthesis following local induced synaptic activity using glutamate uncaging (Figure 4). Our lab is already equipped with the complete setup for this experiment. Moreover, we collaborate with Prof. Eran Meshorer from the Hebrew University, who also works with hippocampal neurons and slices and has a spinning disk which we will use for this experiment, and with which I have worked before85.
Expected Results: We expect to see the expression of nascent proteins detected in proteomic data. New protein candidates will provide data that may link to neural networks as well as reveal new mechanisms of memory consolidation. The ability to pursue the study of specific candidates will provide more in-depth insights about the neuronal activity effect on their synthesis, as well as on the location of synthesis at the global brain level (brain regions and specific cells) and more locally (dendrites, cell body, spines etc.).
Pitfalls: Since PLA-FUNCAT relies on antibodies, it is limited to proteins with good antibodies. Moreover, it is preferred to focus on antibodies directed against epitopes at the N’ region of the protein in order to be able to bind them early, and for the PLA-FUNCAT to be efficient.
Resolution: Out of the various proteins we expect to find in the previous aims, we will focus on the most promising for (1) high interest and possible hints towards mechanisms of memory consolidation; (2) proteins with good antibodies proven by usage data (publications, colleagues, or our own design); (3) we will search for monoclonal antibodies directed against the N’ of proteins for PLA-FUNCAT experiments.
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	Figure 1:  Zebrafish for the study of learning and memory. (A, B) Publications on learning and memory for rodents and zebrafish. Pubmed search 16/10/2022 with search terms (species) AND (learning OR memory). Species: rats, mice, or zebrafish. Data analyzed and visualized using R (version 4.2.1) and ggplot2 (Wickham, 2015). (A) PubMed results for rats, mice, and zebrafish. (B) PubMed results for zebrafish. (C) PubMed results for zebrafish classified for “associative or non-associative learning”, “short- or long-term memory”, larvae: < 13 dpf, juveniles >= 13 dpf and < 2 months, adulthood > 2 months.
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	Figure 3. Adapted from 73. High resolution imaging newly of synthesized proteins in different neuronal populations. Zebrafish larvae were incubated with ANL for 24 hours in vivo, fixed, and clicked to a fluorescent tag to visualize nascent proteins in situ. (A-D) View of different brain regions; 4–6 confocal planes are shown (~10 microns in depth). Note the overlap between the CFP channel (Ab staining, green) and the nascent protein channel (click labeling, red), indicating that the signal is specific to cells expressing the MetRSL270G. (A-B) Optic tectum. (B) The same region as in (A), in a larva not incubated with ANL, demonstrating the CFP expression but not nascent protein labeling. (C) Maximal projection of labelled newly synthesized proteins in an entire brain (dorsal view and lateral view). White frames indicate the subpallium, habenula, and anterior pretectum regions zoomed in (D). (D) CFP Ab staining and nascent protein labeling in 4–6 confocal images indicated in the white frames in (C). (E-F) Quantification of the average nascent protein levels in the habenula (E) and the entire nervous system (F). Neurons were segmented in 3D using the CFP channel and the average voxel fluorescence intensity for the CFP and fluorescently labeled nascent protein was measured in each cell. Plotted are the average fluorescence intensities in single cells. 30 to 60 neurons were segmented for each habenula of 4 ANL-treated and 3 control larvae (E). (F) Quantification of the average CFP and nascent protein fluorescence intensity in neurons across the entire nervous system. More than 1000 neurons were segmented in 3D using the CFP channel (similar to E). Plotted are the mean fluorescence intensities in single cells from 3 larvae treated (ANL+, squares) or not treated (ANL-, circles) with ANL. Squares: ANL- (control), circles: ANL+, blue: CFP, red: Nascent protein, black line – mean fluorescence intensity within a single larva. One cell had a nascent protein intensity value below ten and is shown on the x-axis. Scale bars = 20 μm.
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	Figure 4: Detecting a specific newly synthesized protein by PLA. A-B. PLA conceptual illustration. A. Nascent proteins incorporate a non-canonical-amino-acid (e.g. ANL), which is biotinylated by click chemistry (triangle). B. Antibody recognition of the ANL (magenta Y) and recognition of a protein by a specific antibody (blue Y) detects proximity when complementary PLA oligonucleotides (yellow and green) coupled to secondary antibodies (gray Y) are close enough to serve as a template, arranging linker oligonucleotides such that subsequent formation of a circular product by a ligase and rolling-circle amplification occurs. Signal is obtained by binding of fluorescently coupled DNA probes (magenta circles). C-D. Correlation between Ca2+ activity and local newly synthesized protein (CaMK2α). A hippocampal neuron was transfected with the fluorescent protein mCherry and the activity reporter GCaMP6s. C. Left: Active spines depicted by a standard deviation (stdev) map of activity. Green bar indicates the stdev for each pixel along time. Active spines have a higher stdev and thus appear as green. Right: PLA for CaMK2a was performed. Grey: 3D reconstruction of the neuron using the mCherry signal. Red: PLA signal indicating sites of CaMK2a nascent protein. D. Detection of nascent protein following local induced activity. Left: GCamp6 signal before (top) and immediately after (bottom) induced local activity by 2-photon glutamate uncaging. The arrow indicates the uncaging site (before white, after red). Middle: Neuronal architecture shown by mCherry signal. Right: zoom in following puroPLA for CaMK2a showing its synthesis site at the activated spine (top – white, bottom – merge of: puroPLA-blue, GCaMP6s-green, mCherry –red).
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	Figure 5. Selective ‘click reaction’ used to pool and detect proteins synthesized in zebrafish neurons. (A) Schematic representation of the transgene expressing the MetRSL270G in neurons using the ELAVL3 pan-neuronal promoter. (B) Top: Western blot of WT or ELAVL3-MetRSL230G (MetRS*) larvae with or without ANL incubation for 24 hours, demonstrating the biotinylated newly synthesized proteins in the ELAVL3-MetRSL270G incubated with ANL but not in the controls (following click chemistry of the ANL using a biotin-alkyne). Bottom: The same gel electrophoresis demonstrating the expression of CFP in neurons in the ELAVL3-MetRSL270G line. (C-H) Labeled (biotinylated) proteins were affinity purified, digested, and identified by peptide fingerprinting. (C-D) Unique proteins. (C) Venn diagram showing the unique proteins for each group. Green: nascent pan-neuronal proteins – 1158. Blue: WT, ANL+ (control) – 65 proteins. Yellow: MetRSL270G, ANL- (control) – 23 proteins. (D) GO terms analysis (using Metascape) for the unique proteins demonstrates enrichment for neuronal terms in the nascent protein group (MetRS*, ANL+). Correction for multiple comparisons was performed using False Discovery Rate method and to obtain q-values. Bar graph shows -Log10(q.value) for each GO term. Black dashed line indicates the threshold of significance (q.value <0.05 or -Log10(q.value)>1.3). Note that most of the terms belong to the control groups are below the significance threshold. (E) Heatmap of protein intensity. For each treatment, the intensities of two replicates were averaged and transformed using log2(intensity+1) to overcome magnitude differences between proteins. Both proteins and conditions were clustered using hierarchical clustering with complete method using Euclidean distance. The proteins are sorted by the order of clusters. Proteins that are unique to nascent protein group appear in red for this sample and blue (representing 0 intensity) in both control treatments. Note that the two controls are correlated to each other (R2 = 0.71) but not to the nascent protein group (MetRS*, ANL+) as indicated by the cluster-tree (R2 = 0.04 and 0.13 for WT, ANL+ and MetRS*, ANL-, respectively). (F-H) Scatter plots of proteins appearing in both nascent protein and control groups. (F) A scatter plot of the two control samples demonstrating significant correlation (Pearson correlation > 0.8) suggesting that the background is of similar source in both controls. (G-H) Scatter plots showing the protein intensities of proteins found in the pan-neuronal nascent protein group versus the control groups: pan-neuronal MetRSL270G not treated with ANL (G), and WT treated with ANL (H) (example of n = 1 repeat, ~100 larvae for each group). Note the enrichment in the nascent protein group (Y-axis) over the controls (X-axis) in G, H. r – Pearson correlation (F-H).
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Fig.3: Detecting a specific newly synthesized protein by PLA. A-B. PLA conceptual
illustration. A. Nascent proteins incorporate or a non-canonical-amino-acid (e.g. ANL),
which is biotinylated by click chemistry (triangle). B. Antibody recognition of the ANL
(magenta Y) and recognition of a protein by a specific antibody (blue Y) detects close
8 proximity when complementary PLA oligonucleotides (yellow and green) coupled to
secondary antibodies (gray Y) are close enough to serve as a template, arranging linker
oligonucleotides such that subsequent formation of a circular product by a ligase and
rolling-circle amplification occurs. Signal is obtained by binding of fluorescently coupled
DNA probes (magenta circles). C-D. Correlation between Ca2™ activity and local newly
synthesized protein (CaMK2a). A hippocampal neuron was transfected with the
fluorescent protein mCherry and the activity reporter GCaMP6s. C. Left: Active spines
depicted by a standard deviation (stdev) map of activity. Green bar indicates the stdev for
each pixel along time. Active spines have a higher stdev and thus appear as green. Right:
PLA for CaMK2a was performed. Grey: 3D reconstruction of the neuron using the
mCherry signal. Red: PLA signal indicating sites of CaMK2a nascent protein. D
Detection of nascent protein following local induced activity. Left: GCamp6 signal
before (top) and immediately after (bottom) induced local activity by 2-photon glutamate
uncaging. The arrow indicates the uncaging site (before white, after red). Middle:
Neuronal architecture shown by mCherry signal. Right: zoom in following puroPLA for
CaMK2a showing its synthesis site at the activated spine (top — white, bottom — merge
of: puroPLA-blue, GCaMP6s-green, mCherry —red).
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