Scientific abstract- EphrinB2-Mediated Neuronal and Astrocytic Functions and Crosstalk in the Basolateral Amygdala that Regulate Long-Term Fear Memory Formation 
The ability to efficiently store memory in the brain is a fundamental process needed for everyday function and its impairment is associated with many human mental diseases. A key challenge is to identify molecules involved in memory formation. EphrinB2 is an attractive candidate to play a central role in memory formation as it is involved in key cellular events believed to subserve memory formation. For example, ephrinB2 was shown to have a key role in regulating glutamate transmission through AMPA and NMDA receptors, regulation of dendritic spines morphogenesis and neurogenesis.  However, the roles of ephrinB2 in memory formation are poorly understood. In this study, we are aiming to explore the roles of ephrinB2 signaling in fear memory formation. Toward that end, we intend to utilize a combination of behavioral paradigms, molecular and cellular approaches and imaging techniques. We show in preliminary results that deleting ephrinB2 in excitatory neurons or astrocytes in basolateral amygdala (BLA) led to the impairment of long-term (LTM), but not short-term (STM), fear conditioning memory. On the other hand, injection of ephrinB2 into the BLA enhanced fear conditioning memory formation. We intend to further reveal the molecular and cellular mechanisms whereby ephrinB2 exerts its effects to form long-term memory. We will: 1) Study its roles in regulating glutamate transmission during memory formation through controlling AMPA receptors trafficking and their stabilization at the synapse, regulation of NMDA receptors in excitatory neurons and controlling glutamate reuptake by astrocytic glutamate transporters (see preliminary results). 2) Elucidate the effects of ephrinB2 on fear conditioning-induced neuronal spines morphogenesis (such morphological changes were observed in our lab). We will examine the effects on spine morphogenesis when ephrinB2 operates in the affected neurons or nearby astrocytes. 3) Study the roles of ephrinB2 in neurogenesis induced by learning. 4) Examine how ephrinB2 in neurons and astrocytes affects astrocytic and neuronal activity in BLA during fear conditioning and STM and LTM retrieval. The study will give us key insights into how ephrinB2 in neurons and astrocytes mediate memory formation and also how it is involved in the crosstalk between astrocytes and neurons during memory formation and retrieval. The study will also provide key information on how we can treat fear-related disorders by reducing ephrinB2 activity and on the other hand how we can improve memory formation through the application of ephrinB2 to subjects suffering from memory-related disorders. 








PI: Raphael Lamprecht. Application No.: 
Research program 
Scientific background 
In this study, we aim to elucidate how ephrinB2 functions form long-term memory. Ephrins and their cognate Eph receptors are attractive candidates to play a central role in memory formation as they are involved in cellular events believed to subserve memory formation, such as changes in synaptic transmission and neuronal morphology (Klein, 2009; Lai and Ip, 2009; Hruska and Dalva, 2012; Henderson and Dalva, 2018). EphrinBs are tethered to the plasma membrane, activated by the Eph receptor and possess reverse signaling properties. On the other hand, ephrins can activate Eph receptors that transmit forward signals. Thus, the Eph-ephrinB system can function in a bidirectional contact-mediated fashion between two opposing cells. EphrinB2 regulates several key neuronal functions such as regulation of synaptic transmission and morphology. EphrinB2 regulates glutamate transmission. For example, ephrinB2 activates EphB receptor forward signaling in primary cortical neurons and potentiates NMDA receptor-dependent influx of calcium (Takasu et al., 2002). Activation of ephrinB2 reverse signaling by Eph receptors leads to the stabilization of AMPA receptors in the synapse through ephrinB2 binding to the PDZ-containing protein GRIP (Essmann et al., 2008). EphrinB2 is also involved in neuronal morphogenesis. For example, stimulation of ephrinB2 with the EphB receptor stabilizes dendritic spines (Segura et al., 2007). Although ephrinB2 is intimately involved in regulating key neuronal functions believed to be involved in memory formation such as neuronal transmission and morphogenesis its role in memory formation is poorly understood.  In this study, we are aiming to explore the roles of ephrinB2 signaling in memory formation. Toward these ends, we intend to utilize a combination of behavioral paradigms, genetic and cellular approaches and imaging approaches to explore the roles of ephrinB2 in excitatory neurons and astrocytes, where it is expressed in the brain, in fear memory formation in the basolateral amygdala (BLA).  Evidence shows that astrocytes are needed for memory formation (Kol and Goshen, 2021; Chen et al., 2023) but their roles in memory formation are not fully understood.
We will employ the cued fear-conditioning paradigms to study the roles of ephrinB2 in memory formation. In cued fear conditioning an animal associates a neutral stimulus (such as a tone) with an aversive event (typically a mild footshock) (LeDoux, 2000). This behavioral paradigm is extremely useful for studying the molecular basis of learning and memory because: 1) The brain area involved in fear conditioning memory formation has been identified. The basolateral nucleus of the amygdala (BLA) is critical for cued fear learning as neural activity changes in this area during fear conditioning and functional inactivation of the BLA during learning prevents learning from taking place (e.g. LeDoux, 2000; Davis and Whalen, 2001, Maren, 2005). 2) The acquisition of fear conditioning is fast and its memory is robust (high signal-to-noise ratio in the behavioral response) and long-lasting (up to a lifetime), properties which facilitate the correlation of molecular and cellular events in BLA with phases of learning, consolidation, retention, and retrieval. Thus, fear conditioning provides a behavioral tool and anatomical site to assess molecular mechanisms that might mediate changes in synaptic efficacy during long-term memory formation.
Research objectives and working hypothesis
[image: ]Working hypothesis- Our hypothesis is that ephrinB2 is essential for memory formation and enhancement in BLA through the regulation of glutamate transmission and CREB activation, morphogenesis and neurogenesis. This hypothesis is supported by our preliminary results (see below) and studies showing the role of ephrinB2 in regulating glutamate transmission and CREB activation in excitatory neurons (Takasu et al., 2002), ephrins regulation of glutamate uptake into astrocytes (e.g. Filosa et al., 2009; Carmona et al., 2009), in morphogenesis (e.g. Bissen et al., 2021) and neurogenesis (Ashton et al., 2012) neuronal events believed to be involved in memory formation (Lamprecht and LeDoux, 2004).
Figure 1: Summary of our preliminary results showing the effects of ephrinB2 in BLA on fear memory formation and molecular and cellular events in BLA (see below and figures 3-7 for details). 
Objectives
Objective 1#: Elucidating the roles of ephrinB2 in excitatory neurons in BLA in fear memory formation. Our preliminary results (Figure 3) show that ephrinB2 in excitatory neurons in the basolateral amygdala (BLA) is essential for long-term (LTM), but not short-term (STM), fear conditioning memory formation. We will further elucidate the cellular and molecular mechanisms whereby ephrinB2 regulates the consolidation of fear memory in excitatory neurons. We will delete ephrinB2 in excitatory neurons in BLA and study ephrinB2 roles in glutamate transmission, CREB activation and neuronal morphology in fear memory formation.  
Objective 2#: Studying the roles of ephrinB2 in astrocytes in BLA in fear memory formation. We show in preliminary results that ephrinB2 in astrocytes is needed for long-term, but not short-term, fear memory formation (Figure 4). However, it is not known how ephrinB2 in astrocytes mediates memory. We will further study the cellular and molecular mechanisms whereby ephrinB2 in astrocytes regulates fear conditioning memory consolidation in BLA. We remove ephrinB2 from BLA and explore ephrinB2 roles in regulating astrocytic glutamate transporters, astrocytic regulation of glutamate transmission in neurons, neuronal morphology and neurogenesis in fear memory formation.    
Objective #3: Elucidating the cellular and molecular mechanisms mediating ephrinB2 enhancement of long-term memory. Our preliminary results show that injection of ephrinB2 into the BLA 30 minutes before fear conditioning enhances long-term fear memory (Figure 5). We will study the cellular and molecular mechanisms of how ephrinB2 facilitates memory formation. In addition, we will explore whether ephrinB2 in astrocytes or excitatory neurons or both is involved in the enhancement of long-term memory formation. 
Objective #4: Studying the effect of ephrinB2 on neuronal and astrocytic activity in BLA.  We will examine how the deletion of ephrinB2 in excitatory neurons or astrocytes in BLA, which leads to the impairment of long-term, but not short-term fear memory (Figures 3, 4), affects the responses of neuronal activity and astrocytes activity to the tone CS by measuring GCaMP fluorescence in BLA using fiber photometry. EphrinB2 will be deleted from astrocytes and the effect on neuronal and astrocytic activity will be measured. EphrinB2 will be deleted from neurons and effects on neuronal and astrocytic activity will be studied.  We will inject ephrinB2 into the BLA before fear conditioning or overexpress ephrinB2 in neurons or astrocytes in BLA and examine its effects on fear conditioning and memory retrieval-induced neuronal activity in BLA. 
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Figure 2: Summery of the main aims in the proposed research. A. Elucidating the roles of ephrinB2 in BLA in controlling signal transduction through glutamate transmission (NNMDR and AMPAR), glutamate transporters (EAAT1 and EAAT2) and CREB activation that underlie fear conditioning memory formation. B. Studying how ephrinB2 controls fear conditioning-induced neuronal morphogenesis. C. Understanding the roles of ephrinB2 in neurogenesis that subserves fear conditioning memory formation. D. Study how ephrinB2 modulates fear conditioning and fear memory retrieval-induced neuronal activity. 
Expected significance: Significance for long-term memory formation: The specific aims are designed to provide key insights into the cellular and molecular mechanisms of memory formation through a comprehensive assessment of the role of ephrinB2 in fear memory. Although there is evidence relating ephrinB2 in synaptic transmission and dendritic morphogenesis and neurogenesis (e.g. Takasu et al., 2002; Essmann et al., 2008), cellular processes suggested to underlie memory (Lamprecht and LeDoux, 2004), its roles in memory formation is poorly understood. In the proposed research program, we design experiments to further elucidate the cellular and molecular events underlying fear memory formation by studying the roles of ephrinB2 in fear 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, we also expect that ephrinB2 will serve similar roles in cellular processes underlying other forms of memories involving different brain areas. This assumption is based on studies that have shown an essential role for the same proteins in memory formed following different behavioral paradigms in various brain regions (e.g. NR2B and CREB). Although the role of the ephrinB2 in other behavioral paradigms is not in the scope of this proposal we think that the 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) for the treatment of memory impairment-related diseases by enhancing memory. Significance for Mental Health: Alterations of fear play a significant role in stress and anxiety disorders in humans. When fear becomes greater than that warranted by the situation, or begins to occur in inappropriate situations, a fear or anxiety disorder exists (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 of fear-related mental disorders like anxiety, and how they might be controlled to prevent 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.
Research Design 
Objective#1: In this part, we will study the roles of ephrinB2 in excitatory neurons in BLA in fear memory formation. Toward that end, we will: 1) Delete ephrinB2 exclusively from excitatory neurons in BLA. This ephrinB2 deletion impaired fear LTM but not STM (Figure 3).  Control animals (wild-type (wt)) express ephrinB2 in BLA excitatory neurons at a normal level. 2) Train the animals for fear conditioning. 3) Examine differences in the levels and modifications of glutamate receptors and CREB protein between ephronB2 KO and wt mice and study the effect of deleting ephrinB2 on fear conditioning-induced neuronal morphogenesis. 4) Rescue glutamate receptor and CREB protein functions in ephrinB2 KO mice and examine whether it can correct the memory impairment shown in ephrinB2 KO (Figure 3).     
1) To delete ephrinB2 in excitatory neurons we will utilize the B6.129S7-Efnb2tm2And/J mice from Jackson laboratory (available at the Lamprecht laboratory). These floxed mutant mice possess loxP sites flanking exon 1 of the ephrinB2 gene (Efnb2). Thus, by expressing Cre recombinase gene under the control of a promoter of interest exon 1 of the ephrinB2 gene is deleted (Figure 3A). Controls are wild-type (wt) littermates injected with the AAV virus.  In this part of the study, we will examine the roles of ephrinB2 in excitatory neurons by injecting AAV that contains the Cre recombinase gene downstream to CaMKII promoter (CaMKII promoter-mCherry-2A-Cre recombinase). CaMKII is neuron-specific and expressed only in excitatory neurons in the BLA (e.g. McDonald et al., 2002). Preliminary results (Figure 3) show that with this approach we were able to delete ephrinB2 in BLA excitatory neurons and 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 all injected with CaMKII promoter-cre recombinase expressing AAV, into BLA: 1) Wild-type naïve (exposed to conditioning chamber without tone or shock). 2) Wild-type fear-conditioned mice. 3)  Naive ephrinB2 floxed mice (B6.129S7-Efnb2tm2And/J) animals. 4) EphrinB2 floxed mice (B6.129S7-Efnb2tm2And/J) animals that undergo fear conditioning. 3)  Unpaired trained wild-type animals. 4) Unpaired trained ephrinB2 floxed mice (B6.129S7-Efnb2tm2And/J) animals.
3) We will study the roles of ephrinB2 in regulating AMPA receptors: Studies have shown that ephrinB2 mediates the regulation of AMPA receptor trafficking into the synapse in tissue culture (Essmann et al., 2008). GluA1 and GluA2 levels at the membrane: We will therefore monitor GluA1 and GluA2 AMPA receptors in the neuronal membrane by immunohistochemistry of CaMKII promoter-cre recombinase AAV expressing excitatory neurons in behavioral groups. We will study the roles of ephrinB2 in regulating NMDA receptors:  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 NR2B subunit after application of NMDA in tissue culture (Takasu at el., 2002). We will examine the phosphorylation level of NR2B by by immunohistochemistry and Western blots in the behavioral groups. 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 level of CREB by immunohistochemistry and Western blots in behavioral groups.  We will study the roles of ephrinB2 in neuronal morphology: We have shown recently that fear conditioning leads to alteration in spines morphology by increasing spines length (especially of spine neck) and spines volume (especially spine head) in the basolateral amygdala (Costa et al., 2023). EphrinB regulates spine morphogenesis (Segura et al., 2007). We will therefore examine whether the removal of ephrinB2 in excitatory neurons affects spine morphogenesis (length and volume) induced by fear conditioning in BLA.  We will monitor glutamate receptors and CREB and alterations and neuronal morphology 5, 30, 60 and 240 minutes and 48 hrs after training (as in Costa et al., 2023).  
4) 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 in the ephrinB2 deleted excitatory neurons NR2B or CREB phosphomimic and activated proteins We will use the NR2B phosphomimetic mutants Y1252E, Y1336E, or Y1472E and CREB S133E phosphomimetic mutant. These phosphorylation sites are known to be phosphorylated after the addition of ephrinB2 (Takasu et al., 2002). These proteins are active regardless of whether ephrinB2 is deleted and we will examine whether they can rescue ephrinB2 deletion-induced LTM impairment.  
Objective #2: In this part, we will study the roles of ephrinB2 in astrocytes in BLA in fear memory formation. Toward that end, we will: 1) Delete ephrinB2 exclusively from astrocytes in BLA. This ephrinB2 deletion impaired fear LTM but not STM (Figure 4).  Control animals (wild-type (wt)) express ephrinB2 in BLA astrocytes at normal levels. 2) Train the animals for fear conditioning. 3) Examine differences in the levels and modifications of glutamate transporters, glutamate transmission and CREB activation and between ephrinB2 KO and wt mice and their function in fear conditioning and study the effect of deleting ephrinB2 on fear conditioning-induced neuronal morphogenesis and neurogenesis. 4) We will modify the activity of glutamate transporters and examine their roles in fear memory formation.
1) To delete ephrinB2 in astrocytes we will utilize the B6.129S7-Efnb2tm2And/J mice and inject AAV that contains the Cre recombinase gene downstream to GFAP promoter (GFAP promoter-mCherry-2A-Cre recombinase). The GFAP promoter is a useful promoter for selectively expressing constructs in astrocytes (e.g. Doron et al., 2022). Controls are wild-type (wt) animals injected with the AAV virus.  Preliminary results show that by using this approach we were able to delete ephrinB2 in astrocytes in BLA and that these mice are impaired in long-term but not short-term fear memory (Figure 4).
2) We will study the cellular and molecular effects in the groups described in objective #1 but all be injected instead with the GFAP promoter-cre recombinase expressing AAV, into BLA.
3) We will study the roles of glutamate transporters in astrocytes in mediating fear memory consolidation: Studies have shown that alteration of ephrinA3 in astrocytes affects glutamate transporter levels in the hippocampus (Carmona et al., 2009; Filosa et al., 2009). Glial glutamate transporters are known to regulate synaptic transmission by clearing glutamate from the synaptic cleft (Beart et al., 2007). We will examine whether astrocytic ephrinB2 has an effect on astrocytic glutamate transport. We will investigate the level of the glial glutamate transporters EAAT1 and EAAT2 in GFAP promoter-cre recombinase AAV expressing astrocytes in the BLA. Our preliminary results show that the deletion of ephrinB2 in astrocytes led to the reduction in EAAT1 level in astrocytes in the BLA (Figure 5). The roles of astrocytes in ephrinB2 and neurogenesis: EphrinB2 in rodent hippocampal astrocytes regulates neurogenesis in vivo and promotes neuronal differentiation of adult quiescent neural stem cells (NSCs) through EphB4 receptors on NSCs through juxtacrine signaling (Ashton et al., 2012). Our preliminary results show that the deletion of ephrinB2 from astrocytes reduced the level of immature neurons in BLA (Figure 7). We will explore further whether deletion of ephrinB2 in astrocytes in BLA alters auditory fear conditioning-induced neurogenesis by monitoring the cells stained with BrdU and DCX and their colocalization (as in Ashton et al., 2012) in BLA in all behavioral groups. Experiments studying how astrocytic ephrinB2 regulates neuronal glutamate receptors, CREB phosphorylation and neuronal morphology will be conducted as in Objective #1 in all behavioral groups.
4) It is not known whether EAAT1 that its level is reduced by deleting ephrinB2 (as shown in Figure 5) is needed for fear memory formation. We will therefore examine whether UCPH-101, a selective inhibitor EAAT1 (Jensen et al., 2009) impairs fear conditioning LTM, when injected into the BLA 30 minutes before auditory fear conditioning. This will allow us to examine whether EAAT1 has an effect on LTM and infer how ephrinB2 affects fear conditioning through the regulation of EAAT1. In case we will see an effect on EAAT2 levels we will also examine the effect of the EAAT2 inhibitor dihydrokainic acid (DHK; Arriza et al., 1994) on fear memory formation and extinction as above.
Objective #3: In this part, we will study the roles of ephrinB2 in BLA in fear memory enhancement. Toward that end, we will: 1) Inject ephrinB2 into the BLA. Increasing ephrinB2 in BLA enhances fear LTM (Figure 6). 2)  Study the effects of increasing ephrinB2 in BLA and memory enhancement on the level and modification of glutamate receptors, glutamate transporters and CREB activity in BLA. We will also examine the effect of ephrinB2 increase in BLA on fear conditioning-induced neuronal morphogenesis and neurogenesis in BLA. 3) We will further examine the roles of glutamate receptors and transporters and neurogenesis in ephrinB2-enhanced fear memory formation by injecting specific inhibitors together with ephrinB2 into BLA and examine the effects on fear memory enhancement. 4) We will overexpress ephrinB2 specifically in astrocytes or excitatory neurons in BLA and study the effects of ephrinB2 enhancement specifically in these cells  on fear memory enhancement. 
1) We will inject ephrinB2 into the BLA to enhance long-term fear conditioning memory (as in figure 6). 
2) At 5, 30, 60 and 240 minutes and 48 hrs after fear conditioning the tissue will be processed to detect GluA1, GluA2 in the cell membrane, EAAT1, EAAT2 levels in the cell, NR2B and CREB phosphorylation levels. Furthermore, we will examine the effects of ephrinB2 application on dendritic spines morphogenesis 48 hrs after training (as in Costa et al., 2023). We will also examine the effects of ephrinB2 application in neurogenesis by examining DCX and BrdU as above 3 weeks after application of ephrinB2 and fear conditioning. 
3) To further examine the possible roles of glutamate receptors and glutamate transporters we will inject inhibitors to the glutamate receptor NR2B (Ifenprodil; e.g. Huang et al., 2019) or glutamate transporters (EAAT1, EAAT2 see above) into the BLA together with the ephrinB2 and examine whether they attenuate the enhancement of memory.  To further explore the roles of neurogenesis in ephrinB2-mediated fear memory we will inject neurogenesis inhibitors methylazoxymethanol (MAM REF AZT) or a DNA synthesis inhibitor cytosine arabinoside (Ara-C) (Hung et al., 2015). The inhibitors will be injected together with ephrinB2 before fear conditioning. 
4) To examine whether astrocytic or neuronal ephrinB2 are responsible for the enhancement of fear memory in BLA we will elevate ephrinB2 in astrocytes or excitatory neurons specifically by injecting into BLA AAV that expresses ephrinB2 in excitatory neurons in BLA (CaMKII promoter-driven) or astrocytes (GFAP promoter-driven) and study the effects on fear memory enhancement.  
Objective #4: We will examine how the depletion of ephrinB2 in excitatory neurons or astrocytes in the BLA affects neuronal and astrocytic activity in BLA.  We will examine these activities in BLA, using fiber photometry, established at the Lamprecht laboratory (Figure 8), 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 wild-type and in mice where ephrinB2 was knocked out (KO) in excitatory neurons or astrocytes. Toward that end, we will: 1) Delete ephrinB2 from astrocytes or excitatory neurons. Such deletion impaired fear LTM but not STM (figures 3, 4). 2) Express the GCaMP in neurons or astrocytes in ephrinB2 KO mice and wild-type mice. 3) Implant the optic fiber aiming at the BLA. 4) Train the animals for fear conditioning and measure astrocytic and neuronal activity during fear conditioning and CSs responses during STM and LTM retrieval. Controls are naïve animals exposed to the conditioning chamber only.  
1) To delete ephrinB2 in excitatory neurons or astrocytes we will use B6.129S7-Efnb2tm2And/J mice and inject AAV that contains CaMKII promoter-mCherry-2A-Cre recombinase or GFAP promoter-mCherry-2A-Cre recombinase, respectively. 
2) The animals above will be injected with GCaMP8m under the CaMKII promoter or GCaMPf6 under the GFAP promoter available commercially (from VVF see below) to test for neuronal activity or astrocytes activity, respectively. 
3) Animals will be implanted with optic fiber aiming at the BLA. 
4)  Animals will be trained for fear conditioning, tested for fear STM and LTM and monitored for neuronal or astrocytic activity. We will have four groups: 1) EphrinB2 deleted in excitatory neurons and tested for neuronal activity. 2)  EphrinB2 deleted in excitatory neurons and tested for astrocytic activity. 3) EphrinB2 deleted in astrocytes and tested for astrocytes activity. 4) EphrinB2 deleted in astrocytes and tested for neuronal activity.
Research Design and Methods- Detailed protocol: 
Animals: Adult (8 weeks of age) male C57BL/6J mice weighing 22–28 g (ordered from Envigo, Israel) will be used for the ephrinB2 enhancement experiments. B6.129S7-Efnb2tm2And/J were obtained from The Jackson Laboratory (ME, USA) and are currently bred at the Lamprecht Lab in University of Haifa.
AAV production: We will obtain the ssAAV-1/2-mCaMKIIα-mCherry_2A_iCre-WPRE-SV40p(A) AAV from the Viral Vector Facility VVF at ETH, Switzerland (v227-1; Figure 3). We will obtain the ssAAV-1/2-hGFAP-mCherry_iCre-WPRE-hGHp(A) AAV from the Viral Vector Facility VVF at ETH, Switzerland (v233-1; Figure 4). For over-expression of ephrinB2: ephrinB2 gene will be obtained from SinoBiological (MG50598-UT) and will be cloned downstream to CaMKII promoter or GFAP promoter with mCherry spaced with 2A (co-expressed to identify cells). Controls are AAVs with mCherry only. These AAVs will be produced at the Viral Vector Facility VVF at ETH, Switzerland. GCaMPf6 under the GFAP promoter will be obtained from the VVF Zürich (v275-1). GCaMP8m under the CaMKII promoter will be obtained from the VVF Zürich (v630-1) (Figure 8). NR2B phosphomimetic mutants Y1252E, Y1336E, and Y1472E and CREB phosphomimetic mutant S133E will be introduced by site-directed mutagenesis, as done at the Lamprecht laboratory, and cloned downstream to CaMKII promoter. Constructs will be sent to the Viral Vector Facility VVF at ETH, Switzerland for production of AAVs. All the AAVs in the studies are at high titer (titer > 6 x 10E12 vg/ml).
AAV microinjection (as done in our lab e.g. Das et al., 2017; Alapin et al., 2018; Costa et al., 2023): Animals will be anesthetized with Medetomidine (Domitor) 1 mg/mL and ketamine 100 mg/mL cocktail, diluted in sterile isotonic saline (administered doses: ketamine 50 mg/kg, domitor 0.5 mg/kg, and 100 μL/10 g of animal body weight). Animals will receive Dipyrone (50%) for analgesia and antibiotic Baytril (5 mg/kg; Enrofloxacin) before surgery and will be injected with Dipyrone (50%) and Baytril once a day for 3 consecutive days after surgery. AAV will be microinjected (0.5 μL/hemisphere, 0.1 μL/min) aimed at the basolateral amygdala (BLA) (in mm: AP=-1.5; ML=3.1; DV=4.5). 
Behavioral groups (as done in our lab e.g. Alapin et al., 2018): Auditory fear conditioning: Mice will explore the conditioning chamber for 2 min and then be subjected to 3 pairings of 30 s tone at 2800 Hz, 85 dB (conditioned stimulus; CS) that co-terminate with a 2 s 0.7 mA foot shock (unconditioned stimulus; US) (ITI=average of 120 s) in a Plexiglas mouse conditioning chamber (FreezeFrame ACT-100, Coulbourn Instruments). 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- (1hr) and long- (24 hr) term fear memory with 5 tones (30 s tone at 2800 Hz, 85 dB; ITI=120s). Naïve group: Exposed to conditioning chamber only. Unpaired groups: 2 seconds footshock (0.7 mA) is followed by ITI of 60 seconds, then a 30 seconds tone (2800 Hz, 85 dB) and another 120 seconds ITI. This unpairing will be repeated 3 times. 
Cannula placement and microinjection (as done in our lab e.g. Das et al., 2017): Mice will be anesthetized and treated with Dipyrone (50%) and Baytril (5 mg/kg; Enrofloxacin) as above. Guide stainless-steel cannulas (23 gauge) will be implanted bilaterally by stereotaxic surgery (Neurostar stereo drive). The animals will recover for at least 7 days before the behavioral training. Mice will be implanted with chronic cannulas (22 gauge) bilaterally 1.5 mm above areas of injection (injection areas target coordinates are as in AAV injection above). On the day of microinjection, the stylus will be removed from the guide cannula and a 28 gauge injection cannula, extending 1.5 mm from the tip of the guide cannula will be carefully placed. The injection cannula will be connected via PE20 tubing, backfilled with saline with a small air bubble separating the saline from the peptide solution, to a 10 μl Hamilton micro-syringe, driven by a microinjection pump (CMA/100, Carnegie Medicine; or PHD 2000, Harvard Apparatus). The solution will be injected bilaterally at a rate of 0.5 μl/min. Following injection, the injection cannula will be left for an additional 1 min before withdrawal to minimize dragging of injected liquid along the injection track. UCPH-101 (Tocris Bioscience) will be injected at a concentration of 10 nmol/μL (Corbetta et al., 2019).  EphrinB2-Fc is obtained from R&D Systems (496-EB-200) and control anti-human IgG, Fc fragment specific from Jackson ImmunoResearch Laboratories, (109-001-008) (EphrinB2-Fc: EphrinB2-IgG1 chimera typically used for ephrinB2 application (Takasu et al., 2002)). NR2B inhibitor ifenprodil (Sigma, 12892) will be injected at 1g/0.5l (Huang et al., 2019). Inhibitor of neurogenesis methylazoxymethanol (MAM REF) or a DNA synthesis inhibitor cytosine arabinoside (Ara-C; Sigma, 147-94-4; 1 mM/0.5 μl; Hung et al., 2015). Controls will be injected with vehicles. 
Immunohistochemistry (as in our studies e.g. Ganea et al., 2015 and Alapin et al., 2018): At the appropriate time (see above) after the training, the animals will be anesthetized as above and transcardially perfused with 50 ml of cold 0.01 M PBS solution, followed by 50 ml of 4% paraformaldehyde in 0.01 M PBS containing 5% sucrose. Brains will be excised and postfixed in a fixative solution containing 30% sucrose and 1% paraformaldehyde in 0.01 M PBS for 48 h at 4°C. After postfixation, brains will be frozen at -80 °C until sectioning. Forty-micrometer brain sections will be sliced with a cooled cryostat (Leica, CM1900). Slices will be washed with 0.01 M PBS and then blocked for 1 h at room temperature with 0.01 M PBS containing 3% BSA. Sections will be then incubated overnight at 4°C with the anti-GluA1 or anti-GluA2 antibodies that recognize the extracellular portion of the receptors (1:200; Alomone Labs, GluA1-AGC-004; GluA2- AGC-005) in 0.01 M PBS containing 1% BSA. For CREB phosphorylation we will use anti-phospho-CREB (Ser-133) antibody (Cell Signaling, 1:400; # 9198). For EAAT1 (Cell Signaling Technology, #5684; 1:100; see preliminary results) and EAAT2 (abcam ab41621 1:100) and for DCX (Cell Signaling Technology, #4604; 1:800), for phosphorylated NR2B (as below 1:XXX).  After three washes in 0.01 M PBS, the slices will be subjected to Alexa-488 anti-rabbit secondary antibody (1:500 Molecular Probes) in 0.01 M PBS for 1.5 h at room temperature. The slices will be then washed twice with PBS 0.01 M and mounted on Super Frost-coated slides with Slow Fade antifade medium (Invitrogen). The level of labeling will be calculated (area of antibody stain/area examined in mCherry labeled cells) in excitatory neurons or astrocytes using the Imaris software. 
ScaleS (as done in our lab- Costa et al., 2023): 48 hrs after training (as in Costa et al, 2023) the animals will be anesthetized using isoflurane followed by perfusion with 4% PFA in PBS. Brains will be removed and post-fixed in 1% PFA and 30% sucrose. Brains will be kept at -80oC until use.  After slicing, each brain slice sample (250 µm in thickness) will be placed in a volume of more than 25 ml/g of tissue in each step of the protocol. First, samples will be placed in the S0 solution (D-(–)-sorbitol % (w/v)-  20; Glycerol % (w/v)- 5; 1mM Methyl-ß-cyclodextrin); 1mM α-Cyclodextrin, N-acetyl-L-hydroxyproline % (w/v)- 1, Dimethylsulfoxide % (v/v)- 3; 1X PBS (–) pH; 7.2) at 37ᵒC overnight for 12h after which they were transferred to S1 solution (D-(–)-sorbitol % (w/v)-20; Glycerol % (w/v)-10; 4M Urea; Triton X-100 % (w/v)- 0.2; pH 8.3), S2 solution (D-(–)-sorbitol % (w/v)- 27; 2.7 M Urea; Triton X-100 % (w/v)- 0.1; Dimethylsulfoxide % (v/v)-8.3; pH=8.3) and S3 solution (D-(–)-sorbitol % (w/v)- 36.4;   2.7M Urea; Dimethylsulfoxide % (v/v)- 9.1; pH= 7.9) with an incubation period of 4h each at 37ᵒC. Following these incubations, samples will be placed in a PBS solution at 4ᵒC overnight, for an incubation period of 12h. Finally, the samples will be transferred to a S4 solution (D-(–)-sorbitol % (w/v)- 40; Glycerol % (w/v)-10; 4M Urea; Triton X-100 % (w/v)- 0.2; Dimethylsulfoxide % (v/v)- 20; pH= 7.9) at 37ᵒC for 12h. The images acquisition will be made using 10x and 20x objectives for the elaboration of maps of the brain slices and region of interest and 60x objectives to visualize dendritic spine morphology. Z-stack images of 0.15m increments will be made. The photographs will be analyzed using the Imaris program (Oxford Instruments). 
BrdU:  Mice will be administered a daily, intraperitoneal injection of BrdU (50 mg/kg, Sigma-Aldrich) for 3 days before training. Primary antibodies rat anti-BrdU (1:100, Abcam; ab6326) will be used by IHC as above but with biotin-conjugated anti-rat IgG (1:250, Jackson Immunoresearch) followed by a secondary antibody which will be incubated with Cy3-conjugated streptavidin (1:1000, Jackson Immunoresearch USA).  
Western blot (as done in our lab e.g. Ilovich et al., 2022): Mice will be sacrificed at appropriate time after training (see above) and the tissue will be dissected. Samples will be homogenized in lysis buffer (10% glycerol, 1% Triton X-100, 1 mM EDTA, 50 mM HEPES, 150 mM NaCl, and phosphatase inhibitor 1:1,000) and centrifuged for 5 min at 10,000 rpm. Afterward, SDS sample buffer (62.5 mM Tris-HCl [pH 6.8], 10% glycerol, 2.3% SDS, and 5% β-mercaptoethanol) will be added to the supernatant. Samples will be heated at 80°C for 5 min and stored at -20°C until use. Samples will be subjected to SDS-PAGE, followed by Western blot analysis. Blots will be blocked in Tris-buffered saline solution containing 0.1% Tween 20 (TBST) and 5% BSA for 1 hr at room temperature (RT). The blots will be incubated with anti-phospho-CREB (Ser133, 1:1,000; Cell Signaling Laboratories; # 9198). Antibodies against phosphorylated NR2B (pY1252 # 48-5200 ThermoFisher 1:1000), (pY1336 # PA5-39770 ThermoFisher 1:1000), (pY1472 # M2442; Calbiochem 1:1000). All these phosphorylation sites are phosphorylated after ephrinB2 application to cultured neurons (Takasu et al., 2002). Normalizing antibody is anti-mCherry (1:1,000; Abcam; ab183628). Antibodies will be incubated overnight at 4°C. Blots will be washed three times with TBST and incubated for 1 hr at room temperature with peroxidase anti-rabbit secondary antibody (1:10,000; Jackson ImmunoResearch Laboratories). The blots will be then washed three times in TBST and exposed to enhanced chemiluminescence with the 20-500-120 EZ ECL Kit (Biological Industries, Israel). Blots will be exposed in ChemiDox XRS (Bio-Rad) and analyzed by Quantity-One (v.4.5.0) Software (Bio-Rad).
Fiber photometry Mice will be implanted with fiber optics implants (Doric Instruments, 200 m 0.66 N/A). Excitation and recordings will be done using Fiber Photometry Systems (Tucker-Davis Technologies RZ10x, Synapse). Excitation light will be emitted from 465 and 405 nm LEDs. These wavelengths will be reflected into the 200 m prebleached patch cable via a 6 ports 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 (corresponding to 465 nm and 405 nm excitation, respectively) will be recorded. Synapse software controlled and modulated excitation light (465 nm, 210 Hz; 405 nm, 330 Hz) and demodulated transduced fluorescence signals in real-time (1 kHz sampling rate) via the RZ10x. Synapse/RZ10x also will receive signals through a camera to record behavioral events. Event-related GCaMP fluorescence signals will be analyzed using customized Python scripts. Demodulated fluorescence signals will be Gaussian filtered (to smooth each signal) and converted into a movement-corrected deltaF/F signal by applying a least squares linear fit to the 405 nm signal, aligning it to the 465 nm signal. This fitted 405 nm signal will be used to determine the Ca+2-dependent signal as follows: deltaF/F (465 signal-fitted 405 signal)/fitted 405 signal). Areas under the curve for event transients will be calculated by approximating the integral (trapezoidal method) of the isolated normalized deltaF/F curves. Areas under the curve will be analyzed using single-means t tests against 0. Analyses of peak frequency and mean peak height will employ a peak detection filter of 2 standard deviations above the median deltaF/F value of the session being analyzed. Full width half maximum will be also calculated. Photometry signals will be also aligned to freezing behavior via a light pulse that will be output by FreezeFrame system and detected by an aligned video recording. 
Statistical analysis Data will be analyzed with repeated measures ANOVA for multiple-tone presentation behavioral analysis. If the normality assumptions cannot be accepted, comparisons will be made with the Kruskal–Wallis H. T-test or nonparametric test Mann–Whitney U test (depending on distribution) will be performed for comparison of two samples with an α level of 0.05 using the PASW statistics 25.
Available resources The Lamprecht laboratory contains 9 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 (see our publications). I will apply to the MidCareer Equipment Grant to obtain a confocal microscope to facilitate imaging needed for all parts. 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 oversee the project. The Sagol Department of Neurobiology has an active PhD program and PhD students will be recruited for this research program.
Expected results and pitfalls Our preliminary results show that ephrinB2 in excitatory neurons and astrocytes is essential in BLA for long-term fear memory formation. However, the ways ephrinB2 exerts its effects need to be revealed to fully understand the molecular and cellular mechanisms of memory formation. We have designed multiple experiments to cover different roles of ephrinB2 to increase the rate of success. We will explore the roles of ephrinB2 in different molecular and cellular processes and examine their roles in forming long-term memory in BLA. Some of these events were shown to be mediated by ephrinB2 in cell culture and slices (e.g. AMPAR trafficking, NMDAR phosphorylation) and some by us in our preliminary results (e.g. EAAT1; DCX) that are further extended in this study (e.g. using EAAT1 and neurogenesis inhibitors). We, therefore, believe that based on our preliminary results, multiple approaches and tools and expertise established in our lab that this research will be successful and the risk be minimal.  
[image: ]Preliminary results:
Figure 3. EphrinB2 in excitatory neurons in basolateral amygdala (BLA) is essential for long-term, but not short-term, fear conditioning memory formation. A. Description of the deletion of ephrinB2 in excitatory neurons of B6.129S7-Efnb2tm2And/J (floxed-ephrinB2) using the CaMKII promoter-mCherry-2A-Cre-recombinase AAV (CaMKII-Cre). B. The CaMKII-Cre construct is expressed in BLA of wild-type (wt) and floxed-ephrinB2 mice as detected by mCherry. C. EphrinB2 is depleted in excitatory neurons in the BLA of floxed-ephrinB2 by the AAV expressing CAMKII-Cre. The level of ephrinB2 is significantly reduced (t(16)=3.677, p=0.002) in mCherry expressed neurons (excitatory neurons) in BLA of floxed-ephrinB2 (n=11) when compared to wt mice (n=7). D. EphrinB2 deleted mice (n=16) were not different from control mice (n=16) in short-term auditory fear conditioning memory (F(1,30)=0.811, p=0.375). There is no difference in treatment × tone trial interaction (F(4,120)=1.818, p=0.13). E. Depleting ephrinB2 in BLA excitatory neurons of floxed-ephrinB2 (n=9) significantly impaired auditory fear conditioning LTM tested 48 hrs after training when compared to wt mice (n=14) (F(1,21)=6.023, p=0.023). There is no difference in treatment × tone trial interaction [image: ](F(4,84)=0.935, p=0.448). 
Figure 4. EphrinB2 in astrocytes in BLA is essential for long-term, but not short-term, fear conditioning memory formation. A. Description of deletion of ephrinB2 in astrocytes of B6.129S7-Efnb2tm2And/J (floxed-ephrinB2) using the hGFAP-mCherry-iCre-WPRE-hGHp(A) AAV (GFAP-Cre). B. Capture showing that NeuN (neuronal marker) in BLA stains different cells than the GFAP-Cre-mCherry as expected. C. The GFAP-Cre construct is expressed in BLA of wild-type and B6.129S7-Efnb2tm2And/J mice as detected by mCherry. D. EphrinB2 is depleted in astrocytes in BLA of floxed-ephrinB2 by the AAV expressing GFAP-Cre. The level of ephrinB2 is significantly reduced (t(16)=5.107 p<0.001) in mCherry expressed astrocytes in BLA of floxed-ephrinB2 (n=11)  when compared to wt mice (n=7). E. EphrinB2 deleted mice (n=9) were not different from control mice (n=8) in short-term auditory fear conditioning memory (F(1,15)=1.134, p=0.304). There is no difference in treatment × tone trial interaction (F(4,60)=0.714, p=0.586). F. Depleting ephrinB2 in BLA astrocytes of floxed-ephrinB2 (n=12) significantly impaired auditory fear conditioning LTM tested 48 hrs after training when compared to wt mice (n=8) (F(1,18)=8.165, p=0.01). There is no difference in treatment × tone trial [image: ]interaction (F(4,72)=0.961, p=0.434). 







[image: ]Figure 5. Deleting ephrinB2 in astrocytes in BLA reduces the glial glutamate transporter EAAT1. A. EAAT1 level in astrocytes that are depleted of ephrinB2 in B6.129S7-Efnb2tm2And/J mice injected with GFAP promoter-Cre recombinase (n=6) is significantly reduced when compared to GFAP-promoter Cre-recombinase expressing cells in wild-type (Wt) mice (n= 6) (t(10)=3.335 p=0.008). B. EAAT1 (green) in Cre-recombinase (red) expressing cells. C. Western blot analysis shows a reduction in the level of EAAT1 in astrocytic ephrinB2-deleted mice (n=9) compared to wt mice (n=9) (t(16)=0.346, p=0.01). D. A representative Western blot. 







Figure 6.  EphrinB2 facilitates long-term fear memory formation in the basolateral amygdala. A. Mice were injected with ephrinB2-Fc or control Fc into the BLA 30 minutes before fear conditioning (0.1g/l at 0.5l each BLA). Auditory fear memory was tested 48 hours after fear conditioning. B.  Auditory fear memory is significantly enhanced after injection of ephrinB2-Fc into the BLA compared to Fc injection (F(1,12)=12.88, p=0.004). There is no difference in treatment × tone trial interaction (F(4,48)= 0.129, p=0.971). C. Cannula tip placements in the BLA.     
[image: ]




[image: ]Figure 7. A. Depleting ephrinB2 in astrocytes in BLA of mice (n=6) reduces the level of DCX in BLA significantly when compared to mice where ephrinB2 is expressed in astrocytes (n=5) (t(9)=2.852, p=0.019). B. Representative Western blot.  
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Figure 8. An example of fiber photometry experiment at the Lamprecht laboratory. A. We used GCaMP8m downstream to CaMKII promoter. B. AAV expressing this construct was injected into the BLA. C. Mice were trained for auditory fear conditioning and tested for the tone CS LTM and monitored for GCaMP8m fluorescence.  D. Tone increased the activity of neurons in the BLA in trained animals. E. Area under the curve analysis for pre-tones and tones CSs. 

Bibliography
1. Abrahamsen B, Schneider N, Erichsen MN, Huynh TH, Fahlke C, Bunch L, Jensen AA. Allosteric modulation of an excitatory amino acid transporter: the subtype-selective inhibitor UCPH-101 exerts sustained inhibition of EAAT1 through an intramonomeric site in the trimerization domain. J Neurosci. 2013 33(3):1068-87.
2. Arriza JL, Fairman WA, Wadiche JI, Murdoch GH, Kavanaugh MP, Amara SG. Functional comparisons of three glutamate transporter subtypes cloned from human motor cortex. J Neurosci. 1994 14(9):5559-69.
3. Ashton RS, Conway A, Pangarkar C, Bergen J, Lim KI, Shah P, Bissell M, Schaffer DV. Astrocytes regulate adult hippocampal neurogenesis through ephrin-B signaling. Nat Neurosci. 2012 15(10):1399-406.
4. Beart PM, O'Shea RD. Transporters for L-glutamate: an update on their molecular pharmacology and pathological involvement. Br J Pharmacol. 2007 Jan;150(1):5-17.
5. Bissen D, Kracht MK, Foss F, Hofmann J, Acker-Palmer A. EphrinB2 and GRIP1 stabilize mushroom spines during denervation-induced homeostatic plasticity. Cell Rep. 2021 34(13):108923.
6. Carmona MA, Murai KK, Wang L, Roberts AJ, Pasquale EB. Glial ephrin-A3 regulates hippocampal dendritic spine morphology and glutamate transport. Proc Natl Acad Sci U S A. 2009 106(30):12524-9.
7. Chen YH, Jin SY, Yang JM, Gao TM. The Memory Orchestra: Contribution of Astrocytes. Neurosci Bull. 2023 Mar;39(3):409-424. doi: 10.1007/s12264-023-01024-x.                                                                                                                                                        
8. Corbetta C, Di Ianni N, Bruzzone MG, Patanè M, Pollo B, Cantini G, Cominelli M, Zucca I, Pisati F, Poliani PL, Finocchiaro G, Pellegatta S. Altered function of the glutamate-aspartate transporter GLAST, a potential therapeutic target in glioblastoma. Int J Cancer. 2019 May 15;144(10):2539-2554. 
10. Costa J, Dines M and Lamprecht R. Rac1 GTPase activation impairs fear conditioning-induced structural plasticity of basolateral amygdala neurons and long-term fear memory formation. Neuropsychopharmacology 2022 in revision. 
11. Das A, Dines M, Alapin JM, Lamprecht R. Affecting long-term fear memory formation through optical control of Rac1 GTPase and PAK activity in lateral amygdala. Sci Rep. 2017 Oct 24;7(1):13930.
12. Doron A, Rubin A, Benmelech-Chovav A, Benaim N, Carmi T, Refaeli R, Novick N, Kreisel T, Ziv Y, Goshen I. Hippocampal astrocytes encode reward location. Nature. 2022 609(7928):772-778.
13. Davis M, Whalen PJ. The amygdala: vigilance and emotion. Mol Psychiatry. 2001 6(1):13-34.
14. Essmann CL, Martinez E, Geiger JC, Zimmer M, Traut MH, Stein V, Klein R, Acker-Palmer A. Serine phosphorylation of ephrinB2 regulates trafficking of synaptic AMPA receptors. Nat Neurosci. 2008 11(9):1035-43. 
15. Filosa A, Paixão S, Honsek SD, Carmona MA, Becker L, Feddersen B, Gaitanos L, Rudhard Y, Schoepfer R, Klopstock T, Kullander K, Rose CR, Pasquale EB, Klein R. Neuron-glia communication via EphA4/ephrin-A3 modulates LTP through glial glutamate transport. Nat Neurosci. 2009 12(10):1285-92.
16. Fischer A, Sananbenesi F, Schrick C, Spiess J, Radulovic J. Distinct roles of hippocampal de novo protein synthesis and actin rearrangement in extinction of contextual fear. J Neurosci. 2004 24(8):1962-6.
17. Ganea DA, Dines M, Basu S, Lamprecht R. The Membrane Proximal Region of AMPA Receptors in Lateral Amygdala is Essential for Fear Memory Formation. Neuropsychopharmacology. 2015 40(12):2727-35.
18. Goshen I, Brodsky M, Prakash R, Wallace J, Gradinaru V, Ramakrishnan C, Deisseroth K. Dynamics of retrieval strategies for remote memories. Cell. 2011 147(3):678-89.
19. Grunwald IC, Korte M, Adelmann G, Plueck A, Kullander K, Adams RH, Frotscher M, Bonhoeffer T, Klein R. Hippocampal plasticity requires postsynaptic ephrinBs. Nat Neurosci. 2004 7(1):33-40.
20. Hama H, Hioki H, Namiki K, Hoshida T, Kurokawa H, Ishidate F, Kaneko T, Akagi T, Saito T, Saido T, Miyawaki A. ScaleS: an optical clearing palette for biological imaging. Nat Neurosci. 2015 18(10):1518-29..
21. Henderson NT, Dalva MB. EphBs and ephrin-Bs: Trans-synaptic organizers of synapse development and function. Mol Cell Neurosci. 2018 91:108-121.
22. Hruska M, Dalva MB. Ephrin regulation of synapse formation, function and plasticity. Mol Cell Neurosci. 2012 50(1):35-44. 
23. Huang TN, Hsu TT, Lin MH, Chuang HC, Hu HT, Sun CP, Tao MH, Lin JY, Hsueh YP. Interhemispheric Connectivity Potentiates the Basolateral Amygdalae and Regulates Social Interaction and Memory. Cell Rep. 2019 Oct 1;29(1):34-48.e4. doi: 10.1016/j.celrep.2019.08.082.
24. Hung HC, Hsiao YH, Gean PW. Sonic hedgehog signaling regulates amygdalar neurogenesis and extinction of fear memory. Eur Neuropsychopharmacol. 2015 25(10):1723-32.
25. Jensen AA, Erichsen MN, Nielsen CW, Stensbøl TB, Kehler J, Bunch L. Discovery of the first selective inhibitor of excitatory amino acid transporter subtype 1. J Med Chem. 2009 52(4):912-5.
26. Kim JJ, Fanselow MS. Modality-specific retrograde amnesia of fear. Science. 1992 256(5057):675-7.
27. Klein R. Bidirectional modulation of synaptic functions by Eph/ephrin signaling. Nat Neurosci. 2009 12(1):15-20.
28. Kol A, Goshen I. The memory orchestra: the role of astrocytes and oligodendrocytes in parallel to neurons. Curr Opin Neurobiol. 2021 67:131-137.
29. Lai KO, Ip NY. Synapse development and plasticity: roles of ephrin/Eph receptor signaling. Curr Opin Neurobiol. 2009 19(3):275-83.
30. Lamprecht R, LeDoux J. Structural plasticity and memory. Nat Rev Neurosci. 2004 5(1):45-54.
31. LeDoux JE. Emotion circuits in the brain. Annu Rev Neurosci. 2000 23:155-84. 
32. Maren S. Synaptic mechanisms of associative memory in the amygdala. Neuron. 2005 47(6):783-6.
33. Marks I, ed. 1987. Fears, Phobias, and Rituals: Panic, Anxiety and Their Disorders. New York: Oxford Univ. Press.
34. McDonald AJ, Muller JF, Mascagni F. GABAergic innervation of alpha type II calcium/calmodulin-dependent protein kinase immunoreactive pyramidal neurons in the rat basolateral amygdala. J Comp Neurol. 2002 446(3):199-218.
35. Öhman A. 1992. Fear and anxiety as emotional phenomena: clinical, phenomenological, evolutionary perspectives, and information processing mechanisms. See Lewis & Haviland, 511–536.
36. Ostroff LE, Manzur MK, Cain CK, Ledoux JE. Synapses lacking astrocyte appear in the amygdala during consolidation of Pavlovian threat conditioning. J Comp Neurol. 2014 522(9):2152-63.
37. Rodrigues SM, Schafe GE, LeDoux JE. Intra-amygdala blockade of the NR2B subunit of the NMDA receptor disrupts the acquisition but not the expression of fear conditioning. J Neurosci. 2001 21(17):6889-96..
38. Rumpel S, LeDoux J, Zador A, Malinow R. Postsynaptic receptor trafficking underlying a form of associative learning. Science. 2005 308(5718):83-8.
39. Segura I, Essmann CL, Weinges S, Acker-Palmer A. Grb4 and GIT1 transduce ephrinB reverse signals modulating spine morphogenesis and synapse formation. Nat Neurosci. 2007 10(3):301-10..
40. Takasu MA, Dalva MB, Zigmond RE, Greenberg ME. Modulation of NMDA receptor-dependent calcium influx and gene expression through EphB receptors. Science. 2002;295(5554):491-5.


image6.emf
0

10

20

30

40

50

60

70

% Freezing 

Pre

-

CS

1 2 3 4 5

Tone CS

- Control-Fc

- EphrinB2-Fc

Injection of 

ephrinB2-Fc or 

control Fc

30 minutes

Fear memory test Fear conditioning

48 hours

A

B

C

Bregma Right amygdala                                               Left amygdala

-1.255

-1.955

-2.255

- EphrinB2-Fc

- Control-Fc

Injection of ephrinB2 into the BLA 30 minutes before 

fear conditioning enhances long-term fear memory


image7.emf
0

0.5

1

1.5

2

DCX/

mCherry

- Wt-GFAP-Cre

- EphrinB2-floxed-GFAP-Cre

DCX

mCherry

A B





image8.emf
Delta11nt AAV-2 ITR

mCaMKIIa promoter-1288

JGCaMP8m WPRE(mut6)

bGHp(A)-229

AAV-2 ITR

Z

-

score    F/F

Seconds 

- GCaMP8m signal

- Tone CS

0

-10

18

-2

-1

0

1

2

3

4

5

A

B C

D

0

5

10

15

20

25

30

35

40

45

AUC

- Pre tones

- Tone CSs

E


image1.emf
X

X

A

EphrinB2 interacts with 

EphB receptors and affects

synaptic functions such as 

transmission and morphology.

B

Preliminary results show that deleting ephrinB2 in basolateral 

amygdala (BLA) excitatory neurons or astrocytes impair long-

term, but not short-term, fear conditioning memory.  

EphrinB2

Eph receptor

Reverse signaling

Forward signaling

Deletion of ephrinB2 from

excitatory neurons in BLA

Deletion of ephrinB2 

from astrocytes in BLA

C

Preliminary results show that increasing

the level of ephrinB2 in BLA enhances long-term 

fear conditioning memory.  

Enhanced long-term 

fear memory

Fear conditioning

Microinjection of ephrinB2 into BLA

Fear conditioning

EphrinB2 deletion in neurons or 

astrocytes leads to: 

Intact short-term fear memory

Impaired long-term fear memory

Astrocytic ephrinB2 deletion leads to:

- Reduced EAAT1 in astrocytes in BLA

- Reduced Dox in BLA and immature 

neurons


image2.emf
0

2

4

6

8

?

EphrinB2 deletion 

or increase in BLA 

excitatory

neurons compare 

to wild-type

EphrinB2 deletion 

or increase  in BLA 

astrocytes compare 

to wild-type

C

ephrinB2

EphB2

ephrinB

2

EphB

2

ephrinB

2

EphB

2

?

?

?

?

Fear conditioning

How ephrinB2 affects signal transduction in BLA that underlies fear conditioning

memory formation

How ephrinB2 affects fear conditioning-induced neuronal morphogenesis

EphrinB2 deletion 

or increase in BLA 

excitatory

neurons compare 

to wild-type

EphrinB2 deletion 

or increase in BLA 

astrocytes compare 

to wild-type

EphrinB2 deletion or 

increase  in BLA 

astrocytes compare 

to wild type

Fear conditioning

A B

C

Nestin DCX NeuN

?

How ephrinB2 affects neurogenesis in BLA that subserves fear conditioning

memory formation

Fear conditioning

EphrinB2 deletion 

or increase in BLA 

excitatory

neurons compare 

to wild-type

EphrinB2 deletion 

or increase in BLA 

astrocytes compare 

to wild-type

Fear conditioning

Responses of neuronal 

and astrocytic activities

during short- and long-

term memory test

D

Z

-

score

Seconds

0

10

How ephrinB2 affects the activity of neurons and astrocytes during 

fear conditioning memory  formation


image3.emf
EphrinB2-floxed-

CaMKII-Cre

mCherry

and ephriB

2 

colocalized cells/

mCherry

cells total

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

*

B6.129S7-Efnb2tm2And/J 

mouse

exon 1

exon 1 

ephrinB2-/-

mCaMKIIa promoter mCherry

2A

Cre recombinase

AAV

A

B

C

-Wt-CaMKII-Cre

- EphrinB2-floxed-CaMKII-Cre

-Wt-CaMKII-Cre

- EphrinB2-floxed-CaMKII-Cre

D

Wt-CaMKII-Cre

20

m

m

20

m

m

EphrinB2-floxed-CaMKII-Cre Wt-CaMKII-Cre

100

m

m 100

m

m

% Freezing 

0

10

20

30

40

50

Pre

-

CS

1 2 3 4 5

Tone CS

mCherry

ephrinB2

0

10

20

30

40

Pre

-

CS

1 2 3 4 5

Tone CS

% Freezing 

E

BLA

BLA

-Wt-CaMKII-Cre

- EphrinB2-floxed-CaMKII-Cre

Description of deletion of ephrinB2 in excitatory neurons 

CaMKII promoter-Cre recombinase in BLA 

EphrinB2 is depleted in excitatory neurons 

in BLA of floxed-ephrinB2 mice 

EphrinB2 deletion in excitatory neurons

in BLA has no effect on short-term

auditory fear conditioning memory 

EphrinB2 deletion in excitatory neurons

in BLA impairs long-term auditory fear

conditioning memory 


image4.emf
EphrinB2 is depleted in astrocytes

in BLA of floxed-ephrinB2 mice 

B6.129S7-Efnb2tm2And/J

mouse

exon 1

exon 1 

ephrinB2-/-

GFAP promoter

mCherry

2A

Cre recombinase

AAV

A B

C

- Wt-GFAP-Cre

- EphrinB2-floxed-GFAP-Cre

Wt-GFAP-Cre EphrinB2-floxed-GFAP-Cre

20

m

m 20

m

m

0

0.05

0.1

0.15

0.2

0.25

0.3

*

mCherry

and ephriB

2 

colocalized cells/

mCherry

cells total

-Wt-GFAP-Cre

- EphrinB2-floxed-GFAP-Cre

100

m

m

E 

100

m

m

EphrinB2-floxed-GFAP-Cre

D

100

m

m

Wt-GFAP-Cre

mCherry

ephrinB2

0

10

20

30

40

50

60

70

% Freezing 

Pre

-

CS

1 2 3 4 5

Tone CS

Pre

-

CS

0

10

20

30

40

50

60

% Freezing 

1 2 3 4 5

Tone CS

BLA

BLA

- Wt-GFAP-Cre

- EphrinB2-floxed-GFAP-Cre

mCherry

NeuN

F 

EphrinB2 deletion in astrocytes

in BLA has no effect on short-term

auditory fear conditioning memory 

EphrinB2 deletion in astrocytes

in BLA impairs long-term auditory fear

conditioning memory 

GFAP promoter-Cre recombinase in BLA 

Description of deletion of ephrinB2 in astrocytes 

GFAP promoter-Cre-recombinase 

is not expressed in neurons


image5.emf
10

m

m

10

m

m

Wt-GFAP-Cre

EphrinB2-floxed-GFAP-Cre

0

2

4

6

8

10

12

14

16

EAAT

1 

labeled area in 

colocalized

cells  per 

100

µm

2

-Wt-GFAP-Cre

- EphrinB2-floxed-GFAP-Cre

* 

A B

EAAT1

mCherry

0

10

20

30

40

50

60

70

EAAT

1

/mcherry (in %)

-Wt-GFAP-Cre

C D

* 



Scientific abstract


-


 


EphrinB2


-


Mediated Neuronal and Astrocytic Functions and Crosstalk in the Basolateral Amygdala that 


Regulate Long


-


Term Fear Memory Formation 


 


The ability to efficiently store memory in the brain is a fundamental process needed for every


day function and its impairment 


is associated with many human mental diseases. A key challenge is to identify molecules involved in memory formation. 


EphrinB2 is an attractive candidate to play a central role in memory formation as it is involved in key ce


llular events believed 


to subserve memory formation. For example, ephrinB2 was shown to have a key role in regulating glutamate transmission 


through AMPA and NMDA receptors, regulation of dendritic spines morphogenesis and neurogenesis.  However, the roles


 


of ephrinB2 in memory formation 


are poorly understood


. In this study, we are aiming to explore the roles of ephrinB2 


signaling in fear memory formation. Toward that end, we intend to utilize a combination of behavioral paradigms


, 


molecular 


and cellular ap


proaches and imaging techniques. We show in preliminary results that deleting ephrinB2 in excitatory neurons 


or astrocytes in basolateral amygdala (BLA) led to the impairment of long


-


term (LTM), but not short


-


term (STM), fear 


conditioning memory. On the ot


her hand, injection of ephrinB2 into the 


B


LA enhanced fear conditioning memory formation. 


We intend to further reveal the molecular and cellular mechanisms whereby ephrinB2 exerts its effects to form long


-


term 


memory. We will


: 1)


 


S


tudy its roles in regulat


ing glutamate transmission during memory formation through controlling 


AMPA receptor


s


 


trafficking and 


their 


stabilization at the synapse, regulation of NMDA receptor


s


 


in excitatory neurons and 


controlling glutamate reuptake by astrocytic glutamate transpor


ters (see preliminary results). 


2) Elucidate


 


the effects of 


ephrinB2 on fear conditioning


-


induced neuronal spines morphogenesis (such morphological changes were observed in our 


lab). We will examine the effects on spine morphogenesis when ephrinB2 operates


 


in the affected neurons or nearby 


astrocytes. 


3) Study 


the roles of ephrinB2 in neurogenesis induced by learning. 


4) Examine


 


how ephrinB2 in neurons and 


astrocytes affects astrocytic and neuronal activity in BLA during fear conditioning and STM and LTM re


trieval. The study 


will give us key insights into how ephrinB2 in neurons and astrocytes mediate memory formation and also how it is involved 


in the crosstalk between astrocytes and neurons during memory formation and retrieval. The study will 


also 


provide


 


key 


information on how we can treat fear


-


related disorders by reducing ephrinB2 activity and on the other hand how we can 


improve memory formation through the application of ephrinB2 to subjects suffering from memory


-


related disorders. 
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