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Research Program: Scientific Background. Ephrins and their cognate Eph receptors are attractive candidate regulators of memory formation as they are involved in cellular events believed to subserve memory formation, including changes in synaptic transmission and neuronal morphology (Klein, 2009; Lai and Ip, 2009; Hruska and Dalva, 2012; Henderson and Dalva, 2018). EphrinB family proteins are tethered to the plasma membrane, can be activated by the Eph receptor, and possess reverse signaling properties. Ephrins can additionally activate Eph receptors that transmit forward signals. The Eph-ephrinB system can thus function in a bidirectional contact-mediated fashion to relay signals between two proximal cells. EphrinB2 regulates several key neuronal functions, influencing synaptic transmission and synaptic morphology. For example, ephrinB2 influences glutamate transmission by potentiating NMDA receptor-dependent calcium influx (Takasu et al., 2002) and stabilizing AMPA receptors in the synapse through binding to the PDZ-containing protein GRIP (Essmann et al., 2008). EphrinB2 is also involved in regulating gene expression by increasing NMDA receptor responses to glutamate and enhancing downstream signaling pathway activity leading to substantially increased CREB Ser133 phosphorylation and gene transcription (Takasu et al., 2002). EphrinB2 can also modulate neuronal morphogenesis, with EphB receptor activation by ephrinB2, for example, stabilizing dendritic spines (Segura et al., 2007). 
In our preliminary studies, we found for the first time that ephrinB2 is essential for memory formation through an exploration of its roles in cued fear conditioning memory consolidation in the basolateral amygdala (BLA). In cued fear conditioning, animals associate a neutral stimulus (such as a tone) with an aversive event (typically a mild foot shock) (LeDoux, 2000). The BLA is essential for fear conditioning memory formation, as neural activity changes in this area as a result of fear conditioning, and the functional inactivation of the BLA impairs fear memory (e.g. LeDoux, 2000; Davis and Whalen, 2001, Maren, 2005). Our preliminary results show that ephrinB2 expression in excitatory neurons or astrocytes in the BLA is needed for long-term, but not short-term, fear memory formation (Figures 1 and 2; Agarwal et al., 2024). Moreover, ephrinB2 administration into the amygdala enhanced cellulars activity and fear conditioning long-term memory (Figure 3; Agarwal et al., 2024). Thus, ephrinB2 is essential for long-term memory consolidation in excitatory neurons and astrocytes, setting the threshold for long-term memory formation.  However, many questions remain about the molecular and cellular mechanisms through which ephrinB2 mediates long-term memory formation,  which promptedprompting the present this study.
In this study, we aim to explore the roles of ephrinB2 signaling in fear memory formation using genetic and cellular approaches, as well as imaging techniques, with a focus on excitatory neurons and astrocytes in the BLA given its expression in this region. These analyses will provide key insights into the cellular and molecular mechanisms whereby ephrinB2 regulates memory consolidation and enhancement. This approach may also provide tools for the treatment of fear-related disorders by inhibiting unwanted fear and traumatic memories or, conversely, facilitating the creation of memories in brain diseases in which memory formation is impaired.
Research Objectives and Working Hypothesis
Working Hypothesis: Several studies have demonstrated the functions of ephrinB2 in the regulation of glutamate transmission, CREB activation, and gene expression in cultured excitatory neurons (Takasu et al., 2002), with further reports highlighting the roles of ephrins in the regulation of astrocytic glutamate uptake (e.g. Filosa et al., 2009; Carmona et al., 2009) and morphogenesis (e.g. Bissen et al., 2021), all of which are neuronal events believed to be involved in memory formation (Lamprecht and LeDoux, 2004). In light of these past findings and our preliminary results, we hypothesize that ephrinB2 is essential for memory formation and enhancement in the BLA, functioning by regulating glutamate transmission, CREB activation, gene expression, and morphogenesis. 
To test this hypothesis, we propose four main research objectives:
[bookmark: _Hlk178321504]Objective #1: Elucidate the roles that ephrinB2 expressed in excitatory neurons in the BLA plays in fear memory formation. In preliminary experiments (Figure 1 and Agarwal et al., 2024), we found that ephrinB2 expression in excitatory neurons in the BLA is essential for fear conditioning long-term memory (LTM) but not short-term memory (STM) formation. In this Objective, we will clarify the cellular and molecular mechanisms whereby ephrinB2 regulates fear memory consolidation in excitatory neurons by deleting ephrinB2 in excitatory neurons in the BLA and studying its roles in glutamate transmission, CREB activation, gene expression, and neuronal morphology in fear memory formation.   
Objective #2: Study the functions of ephrinB2 expressed in astrocytes in the BLA during fear memory formation. In preliminary experiments, we found that ephrinB2 expression in astrocytes is required for long-term, but not short-term, fear memory formation (Figure 2 and Agarwal et al., 2024). How astrocytic ephrinB2 mediates memory, however, remains unknown. In this objective, we will explore the cellular and molecular mechanisms whereby astrocytic ephrinB2 regulates fear conditioning memory consolidation in the BLA. We will remove ephrinB2 from astrocytes in the BLA and determine how this affects astrocytic glutamate transporters, gene expression, astrocytic regulation of glutamate transmission in neurons, and neuronal morphology in fear memory formation. 
Objective #3: Establish the cellular and molecular mechanisms through which ephrinB2 mediates the enhancement of long-term memory. In preliminary studies, we found that injecting ephrinB2 into the BLA 30 min before fear conditioning led to increased cells activation in the BLA and LTM enhancement (Figure 3 and Agarwal et al., 2024). In this Objective, we will study the cellular and molecular mechanisms underlying how ephrinB2 facilitates memory formation. In addition, we will explore whether ephrinB2 in astrocytes and/or excitatory neurons is needed for the enhancement of LTM formation.  
Objective #4: Study the effect of ephrinB2 on neuronal and astrocytic activity in the BLA.  We will examine how the deletion of ephrinB2 in excitatory neurons or astrocytes in the BLA affects neuronal and astrocytic activity during fear conditioning and STM and LTM tests. For these mechanistic analyses, GCaMP fluorescence in the BLA will be measured using fiber photometry (Figure 4). EphrinB2 will additionally be deleted from astrocytes or neurons, and the resultant effects on neuronal and astrocytic activity will be measured. Furthermore, we will inject ephrinB2 into the BLA before fear conditioning or overexpress ephrinB2 in neurons, or astrocytes, or in both cell types populations simultaneously in the BLA in order to examine the ephrinB2 effects of ephrinB2 on fear conditioning and memory retrieval-induced neuronal and [image: ]astrocytic activity in the BLA.      
 Summary of the proposed research objectives. A. Analyze the roles of ephrinB2 in the BLA astrocytes and neurons as a regulator of signal transduction that functions through the modulation of the glutamate transmission (NNMDR and AMPAR), glutamate transporters (EAAT1, EAAT2), CREB activation, and gene expression that underlie fear conditioning memory formation. B. Examine how ephrinB2 in neurons and astrocytes controls fear conditioning-induced neuronal morphogenesis. C. Assess how ephrinB2 in astrocytes and neurons modulates fear conditioning and fear memory retrieval-induced neuronal and astrocytic activity. 
Significance and Innovation The Objectives of this study were designed to provide key insights into the cellular and molecular mechanisms that govern memory formation through a comprehensive analysis of the role of ephrinB2 in fear memory. Although there is evidence linking ephrinB2 to synaptic transmission and dendritic morphogenesis (e.g. Takasu et al., 2002; Essmann et al., 2008), which purportedly underlie memory (Lamprecht and LeDoux, 2004), the roles that ephrinB2 plays in memory formation are unknown. In the proposed research program, we have designed experiments to further elucidate the cellular and molecular events underlying fear memory formation by studying the roles of ephrinB2 in fear conditioning memory. We, therefore, expect that the proposed research program will provide additional key insights into the cellular and molecular mechanisms of fear memory formation. In addition, this study will help elucidate the molecular and cellular crosstalk between neurons and astrocytes in memory formation, a process that is currently rather poorly understood.  We also expect that ephrinB2 will serve similar roles in cellular processes underlying other forms of memory that involve different brain areas. This assumption is based on studies that have shown essential roles for the same proteins in memory formed following different behavioral paradigms in various brain regions (e.g. NR2B and CREB). Although the role of ephrinB2 in other behavioral paradigms is not in the scope of this proposal, we believe that studies involving other forms of memory will also benefit from these results. Importantly, our research program could also lead to the detection of new molecular targets (ephrinB2 and its intracellular signaling molecular effectors) that are relevant to the treatment of memory impairment-related diseases by enhancing memory. 
Fear-related changes play significant roles in stress and anxiety disorders in humans. When fear exceeds what is appropriate for a given situation or begins to occur in inappropriate situations, this is indicative of the existence of a fear or anxiety disorder (Marks, 1987; Öhman, 1992). The fear system of the brain, including the amygdala, is involved in at least some anxiety disorders. Fear experiences elicit similar responses in mice and humans, and the neural circuits underlying fear learning are, at least to a first approximation, the same in mice and humans. We expect that findings from this study will lead to a better understanding of the molecular and cellular mechanisms governing fear-related mental disorders such as anxiety, potentially suggesting new approaches to controlling or preventing some of the debilitating consequences of fear learning. Such prevention could be achieved by detecting molecular targets for the pharmacological treatment of fear memory-associated disorders, providing an opportunity to translate these basic research findings into clinical care. 
Research Plan 
Objective #1: Elucidate the roles that ephrinB2 expressed in excitatory neurons in the BLA plays in fear memory formation. In this Objective, we will study the roles of ephrinB2 in excitatory neurons in the BLA in fear memory formation. To achieve this goal, we will: 1) Delete ephrinB2 exclusively from excitatory neurons in BLA, thereby impairing LTM but not STM (Figure 1 and Agarwal et al., 2024), comparing the resultant mice to control wild-type (WT) animals expressing normal ephrinB2 levels in BLA excitatory neurons; 2) Perform fear conditioning training and appropriate behavioral controls; 3) Examine differences in the fear conditioning-induced alterations in the levels and posttranslational modifications of glutamate receptors, CREB protein activity, and gene expression , when comparing ephrinB2-knockout (KO) and WT mice; 4) Rescue glutamate receptor and CREB protein functions and specific gene expression levels in ephrinB2-KO mice in BLA excitatory neurons and examine whether this corrects memory impairments (Figure 1) in these animals; and 5)  Study the effects of deleting ephrinB2 on fear conditioning-induced neuronal morphogenesis.
Experimental design: 1) To delete ephrinB2 in excitatory neurons we will utilize B6.129S7-Efnb2tm2And/J mice from the Jackson Laboratory (available in the Lamprecht laboratory). These floxed mutant mice possess loxP sites flanking exon 1 of the ephrinB2 gene (Efnb2). Thus, by expressing the Cre recombinase gene under the control of a promoter of interest, exon 1 of the ephrinB2 gene can be deleted. We will delete ephrinB2 in excitatory neurons by injecting an AAV that contains the Cre recombinase gene downstream of the CaMKII promoter (CaMKII promoter-mCherry-2A-Cre recombinase) (see Figure 1). CaMKII is neuron-specific and expressed only in excitatory neurons in the BLA (Figure 1 and McDonald et al., 2002 and Agarwal et al., 2024). WT littermates injected with the same AAV vector will serve as controls. In preliminary experiments with this approach (Figure 1), we were able to delete ephrinB2 in BLA excitatory neurons and to impair long-term, but not short-term, fear conditioning memory.  2) We will study the cellular and molecular effects of ephrinB2 deletion in behavioral groups of mice in which the CaMKII promoter-Cre recombinase-encoding AAV vector was injected into the BLA, including: i) WT naïve mice (exposed to conditioning chamber without tone or shock); ii) WT fear-conditioned mice; iii) Naïve ephrinB2 knockout (KO) mice (B6.129S7-Efnb2tm2And/J); iv) EphrinB2 KO mice (B6.129S7-Efnb2tm2And/J) that undergo fear conditioning; v)  Unpaired trained WT mice (controls to measure responses after both tones and shocks that are given in a non-associative manner); and vi) Unpaired trained ephrinB2 KO mice (B6.129S7-Efnb2tm2And/J). We will monitor glutamate receptors, CREB activity, gene expression, and changes in neuronal morphology in these groups (see below) at 5, 30, 60, and 240 min and 48 h after training (as in Costa et al., 2023). 3) 3.1: Glutamate receptors: We will study the roles that ephrinB2 plays in regulating AMPA receptors, as studies have shown that ephrinB2 mediates the regulation of AMPA receptor trafficking into the synapse in tissue culture (Essmann et al., 2008). We will therefore monitor GluA1 and GluA2 AMPA receptors in the neuronal membrane by immunohistochemistry (IHC) analyses of CaMKII promoter-mCherry-2A-Cre recombinase-expressing excitatory neurons in appropriate behavioral groups. We will additionally study the roles that ephrinB2 plays in regulating NMDA receptors, as the activation of EphB2 by ephrinB2 in cultured neurons leads to an increase in the phosphorylation of NR2B subunit and the increase in calcium influx through NMDA receptors that contain the NR2B subunit after application of glutamate in tissue culture (Takasu at el., 2002). We will examine the phosphorylation level of NR2B by Western blotting and in the mCherry-2A-Cre recombinase-expressing neurons by IHC staining in the behavioral groups. 3.2: CREB activation: The application of glutamate in conjunction with ephrinB2 leads to CREB phosphorylation and activation in tissue culture (Takasu et al., 2002). We will monitor the phosphorylation of CREB by Western blotting and in the mCherry-2A-Cre recombinase-expressing neurons by IHC staining in our behavioral groups. 3.3:  Gene expression: EphrinB2 application in conjunction with glutamate stimulation leads to increased gene expression in tissue-cultured neurons (Takasu et al., 2002). Using the laser microdissection approach applied routinely in the Lamprecht lab to isolate labeled brain cells (Katz et al., 2015), we will microdissect excitatory neurons from the BLA where ephrinB2 was deleted (visualized by mCherry as above) and compare these to excitatory neurons from WT animals in the established behavioral groups. The dissected neurons will be subjected to RNA-seq analyses (e.g. as in Lamprecht lab - Jana et al., 2023). 4) Rescue experiments: 4.1: CREB and NR2B: We predict that ephrinB2 deletion will interfere with fear conditioning-induced NR2B and CREB phosphorylation. To further explore whether ephrinB2 is needed for such molecular processes we will express NR2B or CREB phosphomimic and activated proteins in the ephrinB2-deleted excitatory neurons. We will use the NR2B phosphomimetic mutants Y1252E, Y1336E, or Y1472E and the CREB S133E phosphomimetic mutant for these analyses, as these sites are known to be phosphorylated after the addition of ephrinB2 (Takasu et al., 2002). We will express the mutated proteins in excitatory neurons using the CaMKII promoter. These proteins are active regardless of whether ephrinB2 is deleted and we will examine whether they can rescue ephrinB2 deletion-induced LTM impairment. 4.2: Gene expression:  We will rescue the expression of genes that exhibited altered expression in the context of ephrinB2 KO (detected in part 6 of this Aim) by either expressing them (when ephrinB2 deletion downregulated them) or inhibiting their expression using shRNAs (when ephrinB2 deletion promoted their upregulation) in excitatory neurons using AAVs and the CaMKII promoter, allowing us to test their ability to remediate LTM dysfunction in this system. Initially, the 5 strongest most strongly differently expressed genes will be rescued.  5) We have recently shown that fear conditioning leads to alterations in dendritic spine morphology by increasing spine length (particularly for the spine neck) and spine volume (particularly the spine head) in the BLA (Costa et al., 2023). EphrinB regulates spine morphogenesis (Segura et al., 2007). We will therefore examine whether the knockout of ephrinB2 in excitatory neurons affects spine morphogenesis (length and volume) in these neurons (visualized by mCherry) induced by fear conditioning in the BLA and compare it to control behavioral groups. 	Comment by Editor: This doesn’t seem to match the current numbering system.
Expected results, potential pitfalls, and alternative approaches: We expect these experiments to enable us to determine how neuronal ephrinB2 in the BLA affects fear conditioning-induced modulation of glutamate transmission (NR2B phosphorylation and AMPA receptor levels) and fear conditioning-induced alterations in neuronal morphology and gene expression (CREB activation and RNA levels), while also clarifying the importance of various ephrinB2-induced genes in fear memory formation. AAV vectors are known to achieve high levels of insert expression in the brain, but it is possible that the large size of the NR2B gene (4449 kb) may result in lower levels of AAV-mediated expression. If we will detect low levels of expression we will use lentiviral viruses (from Origene) that can express larger constructs and compare the expression levels with the AAV. This same alternative approach will be employed for any other large genes that will be expressed in the gene expression rescue experiments. Some contamination with vicinal non-expressing cells could infiltrate into the microdissected preparation tubes (although we have achieved an excellent signal-to-noise ratio with microdissection obtained in other studies excellent signal to noise ratio with microdissection (e.g. Katz et al., 2015)). If we get a low yield of differential gene expression between the groups we will employ an alternative fluorescence-activated cell sorting (FACS) method to isolate the mCherry-labeled cells from BLA before subjecting their RNA to RNAseq (e.g. Amberg et al., 2024).   
Methods: Animals: B6.129S7-Efnb2tm2And/J mice were obtained from The Jackson Laboratory (ME, USA) and are currently bred in the Lamprecht Lab at the University of Haifa. AAV production: We will obtain the ssAAV-1/2-mCaMKIIα-mCherry_2A_iCre-WPRE-SV40p(A) AAV (v227-1; Figure 1) from the Viral Vector Facility (VVF) at University of Zurich (Switzerland). AAV vectors encoding shRNAs downstream of CaMKII will be generated, using the BLOCK-iT™ RNAi Designer, by the VVF. AAVs overexpressing the ephrinB2-affected genes cloned downstream of the CaMKII promoter will be prepared. The cDNAs of these target genes will be obtained from cDNA gene depositories (e.g. Addgene) or companies (e.g. SinoBiological). These AAVs will be produced at the VVF. NR2B phosphomimetic mutants (Y1252E, Y1336E, and Y1472E) and the CREB S133E phosphomimetic mutant will be introduced through site-directed mutagenesis, as done at the Lamprecht laboratory, and cloned downstream of the CaMKII promoter. Constructs will be sent to the VVF for AAV production. AAVs will be used at a high titer (> 6x10E12 vg/ml). AAV microinjection: AAVs will be microinjected aimed at the BLA as is done routinely in the Lamprecht laboratory (e.g. Das et al., 2017; Alapin et al., 2018; Costa et al., 2023). Behavioral groups (as performed in our lab e.g. Alapin et al., 2018): For auditory fear conditioning, mice will be allowed to explore the Plexiglass mouse conditioning chamber (FreezeFrame ACT-100, Coulbourn Instruments) for 2 min and they will then be subjected to 3 pairings of a 30 s tone (2800 Hz, 85 dB; conditioned stimulus [CS]) that co-terminates with a 2 s 0.7 mA foot shock (unconditioned stimulus [US]), with an average intertrial interval (ITI) of 120 s. Testing for conditioned fear responses will occur in a distinct testing environment (bright light, plastic floor, and peppermint odor) to minimize generalization from the training environment. Mice will be tested for short- (2 h) and long- (48 h) term fear memory with 5 tones (30 s; 2800 Hz, 85 dB; ITI=120s). Mice in the naïve control group will only be exposed to the conditioning chamber, while mice in the unpaired groups will receive a 2 s foot shock (0.7 mA) followed by an ITI of 60 s, then a 30 s tone (2800 Hz, 85 dB), and a subsequent 120 s ITI. This unpairing process will be repeated 3 times. Immunohistochemistry:  Immunohistochemistry is performed routinely in our laboratory (e.g. Ganea et al., 2015; Alapin et al., 2018). We will use anti-GluA1 or anti-GluA2 antibodies that recognize the extracellular portions of these receptors (1:200; Alomone Labs, GluA1-AGC-004; GluA2- AGC-005). We will use anti-phosphorylated CREB (Ser-133) (Cell Signaling, 1:400; # 9198) and anti-phosphorylated NR2B (pY1252 # 48-5200 ThermoFisher 1:1000), (pY1336 # PA5-39770 ThermoFisher 1:1000), (pY1472 # M2442; Calbiochem 1:1000) antibodies. Secondary Alexa-488 anti-rabbit IgG (1:500, Molecular Probes) will be used. The level of labeling will be calculated (area of antibody staining/total area for GluA1, GluA2, and p-NR2B; number of nuclei positive for p-CREB in mCherry-labeled cells) in excitatory neurons using the Imaris software. ScaleS and spine imaging: This clearing method is performed routinely in our laboratory and allows for the examination of whole neurons in thick slices (Costa et al., 2023). Spine structure will be analyzed using the Imaris program (Oxford Instruments) as in Costa et al., (2023). Western blotting: This method is performed routinely in our lab (e.g. Ilovich et al., 2022). Blots will be incubated with anti-phosphorylated-CREB (1:1000; see above) or antibodies against phosphorylated NR2B (1:1000; see above). Anti-mCherry (1:1000; Abcam; ab183628) will be used for normalization. Secondary anti-rabbit IgG (1:10,000; Jackson ImmunoResearch Laboratories) will be used. Blots will be imaged in a ChemiDox XRS and analyzed using the Quantity-One Software (Bio-Rad). Laser microdissection, RNA-seq, and bioinformatics: These procedures are performed routinely in our laboratory (Katz et al., 2015; Jana et al., 2023). The excitatory neurons in BLA will be identified based on the signal from mCherry that is encoded by the injected AAV. Statistical analysis (also for the objectives below using PASW Statistics): Data will be analyzed with repeated measures ANOVAs for multiple-tone presentation behavioral analyses. If data do not conform to assumptions of normality, comparisons will be made with the Kruskal–Wallis H test. T-tests or nonparametric test Mann–Whitney U tests will be used to compare data between two samples based on the distribution. The alpha level will be 0.05.
Objective #2: Clarify the functions of ephrinB2 expressed in astrocytes in the BLA during fear memory formation. In this Objective, we will study the roles of ephrinB2 in astrocytes in the BLA in fear memory formation. To achieve this goal, we will: 1) Delete ephrinB2 exclusively from astrocytes in the BLA, which we have found impairs fear LTM but not STM (Figure 2; Agarwal et al., 2024), using WT animals expressing normal astrocytic ephrinB2 levels in the BLA as controls; 2) Perform fear conditioning training and appropriate behavioral controls; 3) Examine differences in the fear conditioning-induced alterations in the levels and modifications of CREB activation, gene expression in astrocytes and adjacent neurons;  4) Rescue specific gene expression levels in ephrinB2-KO mice in BLA astrocytes and examine whether this corrects memory impairments (Figure 2) in these animals; 5) Study the effects of deleting ephrinB2 on fear conditioning-induced neuronal morphogenesis; 6) Examine the roles of glutamate transporters in ephrinB2-mediated fear conditioning memory formation; 7) Study the effects of ephrinB2 and glutamate transporters on regulating glutamate levels at the synapses in BLA. 
[bookmark: _Hlk181180914]Experimental design: 1) To delete ephrinB2 in astrocytes, we will utilize the B6.129S7-Efnb2tm2And/J mice and inject an AAV that encodes the Cre recombinase gene downstream of the GFAP promoter (GFAP promoter-mCherry-2A-Cre recombinase) (see Figure 2). The GFAP promoter can enable the selective expression of constructs in astrocytes (e.g. Doron et al., 2022 see also Figure 2 and Agarwal et al., 2024). WT mice injected with the AAV vector will serve as controls. In preliminary experiments, this approach enabled the successful deletion of ephrinB2 in astrocytes in the BLA, and these mice exhibited impaired long-term but not short-term fear memory (Figure 2; Agarwal et al., 2024). 2) We will use the same behavior groups as above except that these mice will instead be injected in the BLA with an AAV vector encoding the GFAP promoter-Cre recombinase. 3-5) We will study the effects on CREB activation and gene expression in neurons and astrocytes., perform rescue experiments of for the expression of specific genes,  expression and examine neuronal morphogenesis on in these behavioral groups. The technical approaches are similar to the ones described in Objective #1 but they are will be performed on the GFAP promoter-Cre recombinase- expressing animals. 6) We will study the roles of glutamate transporters in astrocytes in mediating fear memory consolidation, as glial glutamate transporters are known to regulate synaptic transmission by clearing glutamate from the synaptic cleft (Beart et al., 2007). We have shown that deletion of astrocytic ephrinB2 reduces the level of the astrocytic glutamate transporter EAAT1 (Figure 5; Agarawal et al., 2024). Moreover, we have found that inhibition of EAAT1 in BLA by the EAAT1-specific inhibitor UCPH-101 during fear conditioning impaired long-term fear memory formation (Figure 5; Agarawal et al., 2024). In this objective, we will monitor the level of another major glial glutamate transporter, EAAT2,  in GFAP promoter-Cre recombinase AAV-expressing astrocytes in the BLA. If we observe a change in EAAT2 levels, we will test the impact of the EAAT2 inhibitor dihydrokainic acid (DHK; Arriza et al., 1994) on fear memory formation as above. EAAT2 distribution and effects may be different from EAAT1. EAAT1 is selectively expressed in astroglial cells whereas EAAT2 is found also in neurons (Danbolt et al., 2016). 7) We will ask how astrocytic EAAT1 function supports fear memory formation by monitoring the level of glutamate near the membrane by expressing the glutamate sensor, iGluSnFR3, in excitatory neurons, inhibitory neurons or astrocytes in the BLA and examine the effects of reducing ephrinB2 levels on glutamate dynamic. We will also inject the EAAT1-specific inhibitor UCPH-101 during fear conditioning and examine how it affects glutamate dynamics, using iGluSnFR3, at different time points after fear conditioning. We will use fiber photometry (established at the Lamprecht lab) to examine the activity of the glutamate sensor iGluSnFR3 in behaving animals. iGluSnFR is highly useful as a tool for detecting glutamate near cell synapses where it is expressed using fiber photometry (e.g. McGovern et al., 2021).    
Expected results, potential pitfalls, and alternative approaches: These experiments will allow us to examine how ephrinB2 in astrocytes affects the astrocytic functions (glutamate transporters and gene expression) and neuronal functions (morphogenesis) needed for fear conditioning memory formation. In past studies, we have successfully obtained enough RNA from whole BLA samples collected via laser microdissection to perform RNA-seq. However, here we plan to use dissected neurons or astrocytes. To increase the amount of RNA extracted we may need to pool cells from several mice. We will run preliminary experiments to evaluate the level of RNA that can be extracted to decide how to proceed with an optimized approach (this will be also performed in Objective #1 but RNA levels may differ in astrocytes). However, we have successfully isolated RNA from individual cells before (e.g. Katz and Lamprecht, 2015), suggesting that this risk is manageable. As in Objective #1, we will also consider using lentiviral vectors for gene expression experiments when the utilized inserts are large. 
[bookmark: _Hlk178672087][bookmark: _Hlk178746977]Methods: Animals: As above. AAV production: The ssAAV-1/2-hGFAP-mCherry_iCre-WPRE-hGHp(A) AAV is obtained from the VVF core facility, University of Zurich (Switzerland) (v233-1; Figure 2). AAVs expressing shRNAs or genes affected by ephrinB2 KO will be prepared as above but using the GFAP promoter. We will use AAVs expressing shRNAs or genes downstream of the CaMKII promoter to explore the roles of neuronal genes affected by astrocytic ephrinB2. AAVs will be obtained from the VVF core facility. AAVs will be used at a high titer (> 6x10E12 vg/ml). iGluSnFR3 (addgene # #178331) will be cloned downstream of the CaMKII, GAD67, or GFAP promoters to detect its responses in excitatory neurons, inhibitory neurons, or astrocyte cell populations in the BLA, respectively. AAV-1/2 vectors expressing these constructs will be produced at the VVF core facility at a high titer (> 6x10E12 vg/ml). Behavior: As in Objective #1. Cannula placement and microinjection: Cannula placements and microinjection into the BLA are performed routinely in our lab (e.g. Das et al., 2017). UCPH-101 (Tocris Bioscience) will be injected at 10 nmol/μl (Corbetta et al., 2019; Agarwal et al., 2024) and DHK (Sigma-Aldrich) will be injected at 10 ng/0.5 l (Guo et al., 2019).  iGluSnFR3 imaging: iGluSnFR will be detected via fiber photometry (McGovern et al., 2021; see fiber photometry details below). iGluSnFR will be excited at two wavelengths, 465- and 405-nm isosbestic control during fear conditioning and STM and LTM testing. ScaleS and spine imaging: As above. Western blots: As above. Laser microdissection, RNA-seq, and bioinformatics: As above. Both astrocytes and neurons in the BLA will be dissected into separate tubes. 
Objective #3: Establish the cellular and molecular mechanisms through which ephrinB2 mediates the enhancement of long-term memory. In this Objective, we will study the roles of ephrinB2 in the BLA in fear memory enhancement. To that end, we will: 1) Inject ephrinB2 into the BLA, as increasing ephrinB2 levels in the BLA enhances fear LTM (Figure 3; Agarwal et al., 2024); 2) Study the effects of fear conditioning in conjunction with elevated ephrinB2 levels in the BLA that lead to memory enhancement on glutamate receptors, CREB activity, and neuronal morphogenesis in the BLA, using inactive protein as a control; 3) Examine the roles of glutamate receptors and glutamate transporters in ephrinB2-enhanced fear memory formation by injecting specific inhibitors and ephrinB2 into the BLA and evaluating the effects on fear memory enhancement. Glutamate transmission will also be evaluated; 4) Overexpress ephrinB2 specifically in astrocytes, excitatory neurons, or both cell populations simultaneously in the BLA to study the effects of cell-type-specific ephrinB2 upregulation on fear memory enhancement. We will then assess the effects of overexpressing ephrinB2 in these different cell populations on glutamate receptors, glutamate transporters, CREB activity, and neuronal morphogenesis; and 5) Explore the effects of elevated ephrinB2 levels in the BLA together with fear conditioning on gene expression in activated neurons or astrocytes and the roles of these genes in ephrinB2-mediated fear memory enhancement.   
[bookmark: _Hlk178930120]Experimental design: 1) We will inject ephrinB2 into the BLA to enhance long-term fear conditioning memory (Figure 3). 2) At 5, 30, 60, and 240 min and 48 h after fear conditioning, tissues will be processed to detect GluA1 and GluA2 in the cell membrane, EAAT1 and EAAT2 levels in cells, and NR2B and CREB phosphorylation. Furthermore, we will examine the effects of ephrinB2 enhancement of fear memory on dendritic spine morphogenesis at these time points (spine analysis as in Costa et al., 2023).  3) To further examine the possible roles of glutamate receptors and glutamate transporters, we will inject inhibitors of the glutamate receptor NR2B (Ifenprodil; e.g. Huang et al., 2019) or glutamate transporters (EAAT1 and EAAT2; see above) into the BLA together with ephrinB2 and determine whether they attenuate the enhancement of memory. We will also examine how elevated ephrinB2 levels affect glutamate transmission by monitoring glutamate binding to different cell populations using iGluSnFR3 as above. 4) To examine whether astrocytic or neuronal ephrinB2 is responsible for the enhancement of fear memory in the BLA we will specifically overexpress ephrinB2 in astrocytes or excitatory neurons by injecting the BLA with an AAV that encodes ephrinB2 in excitatory neurons (CaMKII promoter-driven) or astrocytes (GFAP promoter-driven), and we will then study the effects of such injection on fear memory enhancement. Another group of animals will be injected with the two viruses to examine whether overexpressing ephrinB2 in both cell types simultaneously is needed for such enhancement. We will also examine the effects of these manipulations on glutamate receptors, glutamate transporters, and CREB activity. 5) We have shown that injecting ephrinB2 30 minutes before fear conditioning leads to fear memory enhancement and an increase in Fos-activated neurons in the BLA when compared to injection of the inactive Fc protein 30 minutes before fear conditioning (Figure 3; Agarwal et al., 2024). Here, we will examine the expression of genes in Fos-activated astrocytes or neurons using FosTRAP mice (available at the University of Haifa). This mouse strain expresses the tamoxifen-dependent recombinase iCreER under the control of an activity-dependent c-Fos promoter. Active cells that express CreER undergo recombination when tamoxifen is present (during fear conditioning training), whereas inactive cells do not. When the cells express floxed-mCherry by AAV this will enable the permanent labeling of active cells, but not inactive cells. These active cells affected by ephrinB2 and fear conditioning will be laser microdissected and examined for gene expression using RNA-seq at different time points after training. Control mice will be subjected to unpaired training that activates cells in the BLA but does not elicit long-term conditioned fear memory formation. We will also label excitatory neurons or astrocytes in the slices before microdissection by immunohistochemistry, using anti-CaMKII or anti-GFAP antibodies, respectively, to examine gene expression specifically in excitatory neurons or astrocytes. After identifying the most prominently affected genes, we will counteract the expression of genes differentially expressed in response to fear conditioning and ephrinB2 overexpression using AAVs to express or downregulate these genes as appropriate (to counteract the effects of ephrinB2 and to bring the gene expression level to that in WT fear-conditioned mice) in astrocytes or excitatory neurons using the  GFAP or CaMKII promoters, respectively, to examine the effects of these genes on memory enhancement.
[bookmark: _Hlk181265127]Expected results, potential pitfalls, and alternative approaches: These experiments will allow us to elucidate the cellular and molecular mechanisms that mediate the enhancement of fear LTM by ephrinB2 in the BLA. The pitfalls discussed above in Objectives #1 and #2 will also be taken into consideration, using lentiviral vectors to rescue the expression of large genes and pooling cells from multiple mice in cases when RNA yields are not sufficient for RNA. Tamoxifen will be injected 1 h before fear conditioning (within a user user-defined time window- Guenthner et al., 2013). If the number of labeled neurons is smaller than shown in Figure 3, we will apply tamoxifen at different time points up to 4 h before or after fear conditioning to achieve a comparable number of labeled cells.  
Methods: Animals: Adult (8-week-old) male C57BL/6J mice (22-28 g; Envigo, Israel). Fostm2.1(icre/ERT2)Luo/J FosTRAP (030323) are available at the University of Haifa. AAV production: For ephrinB2 overexpression, the ephrinB2 gene will be obtained from SinoBiological (MG50598-UT) and cloned downstream of the CaMKII or GFAP promoter linked to mCherry with a 2A spacer to permit the identification of target cells, with control AAVs encoding mCherry alone. Constructs will be sent to the VVF (Zurich, Switzerland) for AAV production. AAVs will be used at a high titer (> 6x10E12 vg/ml). For the FosTRAP experiment, ssAAV-{capsid}/2-hSyn1-dlox-mCherry(rev)-dlox-WPRE-hGHp(A) (from VVF) will be used. Expression or reduction of differentially expressed genes designed as above (in Objective #1) with the appropriate promoter. Behavior: As in Objective #1. iGluSnFR3 imaging: as above. Cannula placement and microinjection: As above. EphrinB2-Fc (R&D Systems, 496-EB-200) and control IgG (Fc fragment-specific; Jackson ImmunoResearch Laboratories, (109-001-008)) will be used. EphrinB2-Fc is an EphrinB2-IgG1 chimera typically used for ephrinB2 studies (Takasu et al., 2002). The NR2B inhibitor ifenprodil (Sigma, 12892) will be injected at 1 g/0.5 l (Huang et al., 2019). FosTRAP: The FosTRAP animals will be injected in the BLA with a floxed-mCherry expressing AAV one month before training. Animals will be injected with 4-Hydroxytamoxifen (4-OHT; Sigma-Aldrich) i.p. at 1 hour before training with a dose of 50 mg/kg of 4-Hydroxytamoxifen (4-OHT; Sigma-Aldrich) to activate the Cre recombinase, followed 30 minutes later by ephrinB2 injection into the BLA and 30 minutes later by fear conditioning. Control mice will undergo unpaired training. Laser microdissection, RNA-seq, and bioinformatics: Labeled neurons and astrocytes from fear conditioning and control groups will be collected in separate tubes. RNA-Seq and bioinformatics as above. ScaleS and spine imaging: As above. 	Comment by Editor: This doesn’t seem to be acomplete sentence – is it supposed to be part of the previous sentence?
Objective #4: Study the effect of ephrinB2 on neuronal and astrocytic activity in the BLA. In this Objective, we will examine how depleting or increasing ephrinB2 levels in excitatory neurons or astrocytes in the BLA affects neuronal and astrocytic activity in the BLA. Activity will be measured using fiber photometry, which is an established technique in the Lamprecht laboratory (Figure 4). Activity will be measured during fear conditioning, short-term fear memory retrieval (response to the tone CS), and long-term fear memory retrieval (response to the tone CS) in WT mice and mice in which ephrinB2 has been knocked out in astrocytes or excitatory neurons (as in Objectives #1 and #2) or upregulated/overexpressed in these cells (as in Objective #3). The deletion of ephrinB2 impairs fear LTM but not STM (Figures 1, 2), and raising ephrinB2 levels in the BLA enhances LTM (Figure 3). For these experiments, we will: 1) Express GCaMP in neurons or astrocytes in ephrinB2 KO mice, mice injected with ephrinB2, mice in which ephrinB2 is overexpressed in astrocytes,  or neurons, or both cell populations, and WT mice; 2) Implant the optic fiber aimed at the BLA; and 3) Perform fear conditioning and then measure astrocytic and neuronal activity during fear conditioning and CS responses during STM and LTM retrieval. Naïve mice and unpaired control mice will also be used. 
[bookmark: _Hlk178757982][bookmark: _Hlk178759095][bookmark: _Hlk178758559][bookmark: _Hlk181522778]Experimental design: 1) To delete ephrinB2 in excitatory neurons or astrocytes in conjunction with calcium imaging we have designed new constructs and produced new AAVs at the VVF for excitatory neurons: aaAAV-1/2-mCamKIIa-jGCaMP8m_2A_iCre-WPRE-bGHp(A) and for astrocytes: aaAAV-1/2-GFAP-jGCaMP8m_2A_iCre-WPRE-bGHp(A). B6.129S7-Efnb2tm2And/J and control WT mice will be injected with the Cre AAVs. For the ephrinB2-Fc experiments, we have obtained aaAAV-1/2-CamKII-jGCaMP8m-WPRE-bGHp(A) and aaAAV-1/2-GFAP-jGCaMP6m-bGHp(A) AAVs (from VVF). We will also design and produce (at VVF) aaAAV-1/2-mCamKIIa-jGCaMP8m_2A_ephrinB2-bGHp(A) and aaAAV-1/2-GFAP-jGCaMP8m_2A_ephrinB2-bGHp(A) to increase the level of ephrinB2 in excitatory neurons and astrocytes in WT mice, respectively.  2) Animals will be implanted with an optic fiber aimed at the BLA. In the case of ephrinB2-Fc injection, the injection will be performed using a lateral, tapered permanent cannula next to the optic fiber without obstructing the fiber’s field of view. 3) Animals will undergo fear conditioning, after which they will be tested for fear STM and LTM as well as monitored for neuronal or astrocytic activity during learning and memory tests. We will establish several groups: 1) mice with ephrinB2-KO excitatory neurons that will be tested for neuronal activity; 2) mice with ephrinB2 overexpression in excitatory neurons that will be tested for neuronal activity; 3) mice with ephrinB2-KO excitatory neurons that will be tested for astrocytic activity; 4) mice with ephrinB2 overexpression in excitatory neurons that will be tested for astrocytic activity; 5) mice with ephrinB2-KO astrocytes that will be tested for astrocyte activity; 6) mice with ephrinB2 overexpression in astrocytes that will be tested for astrocyte activity; 7) mice with ephrinB2-KO astrocytes that will be tested for neuronal activity; 8) mice with ephrinB2 overexpression in astrocytes that will be tested for neuronal activity; 9) mice with ephrinB2 overexpression in both neurons and astrocytes that will be tested for neuronal activity; 10) mice with ephrinB2 overexpression in both neurons and astrocytes tested for astrocytic activity; 11) control WT mice injected with an AAV encoding mCherry (under the same promoters as above) tested for neuronal activity; and 12) control WT mice injected with an AAV expressing mCherry (under the same promoters as above) tested for astrocytic activity. For ephrinB2 or control Fc injections 30 minutes before training we will use: 1) WT mice injected with ephrinB2-Fc that will be tested for astrocytic activity; 2) WT mice injected with ephrinB2-Fc that will be tested for neuronal activity; 3) WT mice injected with Fc control that will be tested for astrocytic activity; and 4) WT mice injected with Fc control tested for neuronal activity. 
[bookmark: _Hlk179203142][bookmark: _Hlk179203250]Expected results, potential pitfalls, and alternative approaches: Using this novel imaging approach we will obtain critical information on how ephrinB2 in neurons affects astrocytic activity and how ephrinB2 in astrocytes affects neuronal activity during fear conditioning and STM and LTM retrieval. In the event that we do not detect strong neuronal activity with our new viruses (CaMKII-cre-GCaMP and GFAP-cre-GCaMP), we will inject two AAVs (CaMKII-Cre and CaMKII- GCaMP in one animal; and GFAP-cre and GFAP-GCaMP in one animal).  
Methods: Animals: As above. AAV production: We will also obtain constructs encoding GCaMPf6 under the control of the GFAP promoter (v275-1) and GCaMP8m under the control of the CaMKII promoter (v630-1) at a high titer (Figure 4). AAVs will be from VVF (Zurich, Switzerland). We have also designed and produced VVF aaAAV-1/2-mCamKIIa-jGCaMP8m_2A_iCre-WPRE-bGHp(A) and aaAAV-1/2-GFAP-jGCaMP8m_2A_iCre-WPRE-bGHp(A) at high titers. jGCaMP8m_2A_ephrinB2 AAVs will be produced at VVF at high titer (ephrinB2 from SinoBiological (MG50598-UT)).  Behavior: As in objective #1. Cannulation and injection: As above, but cannulas will be implanted from the side at an angle aiming just above the BLA without obstructing the fiber’s field of view. Fiber photometry: Mice will be implanted with fiber optics implants (Doric Instruments, 200 m 0.66 N/A) in the BLA (see above). The RZ10x fiber photometry system (Tucker-Davis Technologies) will be used. Light-emitting diodes (465 and 405 nm) will be used for excitation. These wavelengths will be reflected into the 200 m prebleached patch cable via a 6-port Fluorescence Mini Cube (Doric Instruments). Light intensity at the tip of the patch will be set to 11 W and will be kept constant across sessions. Excitation light will be delivered 2 min before each CS onset and terminated at the end of the session. Excitation light and GCaMP fluorescence will be applied and collected from the same implant/patch cable. Ca+2-dependent (525 nm) and isobestic control (430 nm) fluorescence signals (following 465 nm and 405 nm excitation, respectively) will be recorded. Synapse software will control and modulate the excitation light (465 nm, 210 Hz; 405 nm, 330 Hz) and demodulate the transduced fluorescence signals in real-time (1 kHz sampling rate) via the RZ10x. Synapse/RZ10x will additionally receive signals through a camera to record behavioral events. Event-related GCaMP fluorescence signals will be analyzed using Python scripts and pMAT. Movement-corrected ΔF/F signal will be calculated using the 405 nm signal. Area under the curve, peak frequency and mean peak height, and full-width half-maximum values will be calculated. Photometry signals will be aligned to freezing behavior.
[image: ]Preliminary results:
Figure 1. EphrinB2 expression in excitatory neurons in the BLA is essential for long-term (LTM), but not short-term (STM), fear conditioning memory formation. A. To delete ephrinB2 in excitatory neurons we utilized B6.129S7-Efnb2tm2And/J mice injected with AAV expressing the Cre-recombinase gene under the CaMKII promoter. Wild-type (WT) littermates injected with the same AAV vector served as controls. B. mCherry expressed by the AAV in the amygdala colocalized with the neuronal marker NeuN (n=5). C. Expression of the CaMKII-Cre construct in the BLA of floxed-ephrinB2 and WT littermate control mice was detected based on the mCherry signal. D. The level of ephrinB2 was significantly reduced (t(16)=3.677, p=0.002) in mCherry-expressing excitatory neurons in the BLA of floxed-ephrinB2 mice (n=11) when compared with WT mice (n=7). E. No differences in short-term auditory fear conditioning memory (tested 2 h after fear conditioning) were detected between ephrinB2-deleted mice (n=16) and WT controls (n=16) (F(1,30)=0.811, p=0.375). F. EphrinB2 deletion in BLA excitatory neurons of floxed-ephrinB2 mice (n=9) significantly impaired auditory fear conditioning LTM when tested at 48 h post-training as compared to WT mice (n=14) (F(1,21)=6.023, p=0.023), with no difference in treatment × tone trial interaction (F(4,84)=0.935, p=0.448).[image: ]
[image: ]Figure 2. EphrinB2 expression in astrocytes in the BLA is essential for LTMlong-term, but not STMshort-term, fear conditioning memory. A. To delete ephrinB2 in astrocytes we utilized B6.129S7-Efnb2tm2And/J mice and expressed the Cre recombinase gene under the GFAP promoter. WT littermates injected with the same AAV vector served as controls. B. mCherry expressed by the AAV in the amygdala colocalized with the astrocytic marker GFAP (n=5, 96.75+/-0.35). C. The GFAP-Cre construct was expressed in BLA of WT and B6.129S7-Efnb2tm2And/J mice as detected based on the mCherry signal. D. EphrinB2 was depleted in astrocytes in the BLA of floxed-ephrinB2 by an AAV expressing Cre-recombinase. The level of ephrinB2 was significantly reduced (t(16)=5.107 p<0.001) in mCherry-expressing astrocytes in the BLA of floxed-ephrinB2 mice (n=11) compared to WT mice (n=7). E. No difference in STM fear conditioning was observed when comparing ephrinB2-deleted mice (n=9) and WT controls (n=8) (F(1,15)=1.134, p=0.304). F. EphrinB2 deletion in BLA astrocytes of floxed-ephrinB2 mice (n=12) significantly impaired fear conditioning LTM as compared to WT mice (n=8) (F(1,18)=8.165, p=0.01), with no differences in treatment × tone trial interaction (F(4,72)=0.961, p=0.434). 
Figure 3. EphrinB2 enhances long-term fear memory formation in the BLA. A. Auditory fear conditioning LTM was significantly enhanced when ephrinB2-Fc (n=7) was injected into the BLA 30 minutes before fear conditioning compared to control Fc injection (n=9) (F(1,14)=11.309, p=0.005). There was no treatment × tone trial interaction (F(4,56)=0.326; p=0.859). B. Cannula tips in the BLA. C. Fear-conditioned mice injected with ephrinB2 into the BLA (n=6) had a significantly increased number of c-Fos cells in the BLA 1.5 h after conditioning compared to fear-conditioned mice injected with Fc control (n=6) (t(10)=2.508, p=0.031). c-Fos in BLA is shown. Arrows show examples of cells labeled with c-Fos in the BLA.
[image: ]Figure 4. An example of a fiber photometry experiment in the Lamprecht laboratory. A. GCaMP8m downstream of the CaMKII promoter was utilized. B. An AAV expressing this construct was injected into the BLA. C. Mice were trained for auditory fear conditioning, tested for the tone conditioned stimulus (CS), and monitored for GCaMP8m fluorescence. D. Responses of neurons are shown during fear conditioning training (CS and unconditioned stimulus (US)). E. Average deltaF/F presentation of the 3 conditioning trials, showing cellular activation by the shock US. F. Heatmap showing the responses to 5 tones during an STM test. G. Average deltaF/F presentation showing that the cells are now responsive to the tone CSs. H. Average Z-score of 5 tones showing the increased activity of the neurons to the tone at the STM test. I. Types of analyses that will be performed. The area under the curve (Z-score) and peak response values (Z-score) before the tone presentation and during different time points of the tone. 
[image: ]Figure 5. EAAT1 glutamate transporter levels in astrocytes are regulated by ephrinB2, and EAAT1 activity in the BLA is needed for long-term memory formation. A. Significantly lower EAAT1 levels were observed in astrocytes from ephrinB2-deleted B6.129S7-Efnb2tm2And/J mice injected with GFAP-Cre (n=6) relative to GFAP-promoter Cre-recombinase expressing cells in WT mice (n= 6) (t(10)=3.335 p=0.008). EAAT1 (green) expression in mCherry-2A-Cre-recombinase expressing cells (red). B. Western blotting further confirmed the reduction in EAAT1 levels in astrocytic ephrinB2-deleted mice (n=9) relative to WT controls (n=9) (t(16)=0.346, p=0.01). A representative blot is shown. C. Long-term auditory fear conditioning is impaired in the UCPH-101 injected group (n=13) compared with vehicle-injected mice (n=13) (F(1,24)= 9.445, p=0.005). Cannula tip placements in the BLA are shown.
Available resources The Lamprecht laboratory contains nine benches and is equipped with all the needed equipment to perform the molecular, morphological, imaging, surgery, microinjection, and behavioral experiments in the above research program, as supported by our prior publications. I am also applying simultaneously for a MidCareer Equipment Grant to obtain a confocal microscope to facilitate imaging needed for all parts of this study (an additional confocal is available in our core facility). The Lamprecht lab is located near the animal facility where the mice will be raised. Dr. Monica Dines, the lab manager, is an expert in behavior, biochemistry, and molecular biology especially in Eph and ephrin biology (e.g. Dines and Lamprecht, 2014; Dines et al., 2015; Alapin et al., 2018; Jana et al., 2023) and will be involved in performing the research and overseeing the project. The Sagol Department of Neurobiology has an active PhD program and PhD students will be recruited for this research program.
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