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Neurons communicate with each other through synaptic connections. During 

development, it is essential that synapses undergo structural and functional modification. 

Improper development of neural connections can lead to neurodevelopmental disorders 

such as autism and intellectual disabilities. The synapse development process is 

comprised of three major steps: synaptogenesis, synapse pruning, and synapse 

stabilization. This refined process involves several key players, including astrocytes that 

come into close association with synapses, forming a tripartite complex with the pre- and 

postsynaptic structures. This association allows astrocytes to monitor and alter synaptic 

functions. Astrocytes communicate with synapses through either secreted factors or 

contact-mediated interactions. Release of specific astrocyte-derived gliotransmitters can 

affect both the structure and function of neurons. Besides affecting synaptogenesis and 

function, astrocytes are also involved in pruning of unnecessary synapses through 
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contact-mediated phagocytosis; however, the exact “eat me” signal is still not known. My 

research investigates the role of astrocytic ephrin-B1 regulation of hippocampal synapses 

during early postnatal development, adulthood, and learning and memory consolidation. 

Ephrin-B1 is a membrane bound protein that acts as a ligand for EphB receptors, 

allowing for bi-directional signaling through cell-cell interactions. Astrocyte-neuronal 

interactions may allow astrocytes expressing ephrin-B1 to find and engulf synapses that 

are marked for removal by targeting unoccupied EphB receptors. Therefore, hippocampal 

circuitry may be modulated through the Eph/ephrin interaction between neuron and 

astrocytes. My studies indicate that astrocytic ephrin-B1 is a negative regulator of 

synapse formation. During early postnatal development, astrocytic ephrin-B1 is essential 

for proper excitatory/inhibitory (E/I) circuit formation, as loss of astrocytic ephrin-B1 

resulted in enhanced excitatory function of CA1 pyramidal cells and diminished 

inhibitory function. Dysregulation of E/I balance impaired sociability and increased 

repetitive behaviors. In contrast, in adulthood astrocytic ephrin-B1 maintains synapse 

numbers. Ablation of astrocytic ephrin-B1 in adulthood resulted in increased excitatory 

synaptogenesis, particularly of immature synapses. Overabundance of immature synapses 

reduced CA1 pyramidal cell excitatory function. Interestingly, astrocytic ephrin-B1 

functions in an activity dependent manner, specifically modulating synapse formation on 

activated neurons during learning and memory consolidation and recall. Together, these 

results suggest that astrocytic ephrin-B1 influences hippocampal circuits by restricting 

synapse formation. 
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1.1 Synapse Development 

The synapse development process, which occurs prenatally through adulthood, is 

a series of growth and remodeling. Synapse development is comprised of three different 

stages: synaptogenesis, synapse pruning, and synapse stabilization. Synaptogenesis is a 

multi-step process of forming new synapses that involves the coordination of cell 

morphological changes (Garner et al., 2002). Synaptogenesis involves ligand-receptor 

interactions and intracellular signaling cascades that instruct synapse formation. During 

this process, one neuron will receive thousands of synaptic inputs. Since not all synapses 

are necessary, the synapse pruning phase commences. During synapse pruning, exuberant 

synaptic connections are eliminated allowing for increased efficiency of neuronal 

transmission and to ensure establishment of an organized functional circuitry (Cowan et 

al., 1984; Luo and O'Leary, 2005). Synaptic pruning is not random; weakly reinforced, 

redundant, or undesirable connections are pruned away while more active synapses are 

reinforced. Informed by our experience, neural activity drives the synapse strengthening 

and maturation through the pre- and post-synaptic differentiation, thus establishing 

refined neural circuits. Even after the formation and maturation of neuronal circuits, the 

synaptic connections remain plastic, which refers to their ability to undergo structural and 

functional changes. Through synaptic plasticity, strength between two connecting 

neurons can undergo changes based on the fluctuations in neuronal activity and the 

environment. While synapses are highly plastic and can frequently change during early 

development, synaptic plasticity is less frequent, but is still observed in the adult brain 

(Yasumatsu et al., 2008). Synaptic plasticity is regulated through several mechanisms, 
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including the modulation of both post-synaptic receptors and pre-synaptic release of 

neurotransmitters that can undergo short- or long-term changes. Short-term plasticity 

refers to changes that can occur up to milliseconds to minutes as seen during depression 

or facilitation of neurotransmitter release (Abbott and Regehr, 2004). Long-term 

plasticity are changes in synaptic strength that persist over a span of hours, days, weeks, 

or even months. These longer term changes can be observed at the level of a single 

synapse, a cell, or a circuit (Abraham, 2003). Cellular form of long-term plasticity can be 

observed in a form of long-term potentiation (LTP) or long-term depression (LTD), 

which are suggested to underlie learning and memory. 

 

1.2 Learning & Memory  

The hippocampus is essential for the formation of new memories and life-long 

learning (Milner et al., 1998; Neves et al., 2008) due to its highly plastic nature. The 

landmark paper by Scoville and Milner (1957) first described the hippocampus as a 

region necessary for formation of new memories, detailing their findings from a patient 

known by his initials, H.M. Patient H.M. underwent bilateral hippocampal removal for 

treatment of intractable epilepsy. Following this treatment, patient H.M. experienced a 

permanent loss of ability to encode new information into long-term memory. From here, 

a plethora of studies have gone on to show how the hippocampus is essential for learning 

and memory. The hippocampus has a very conserved trisynaptic circuit, comprised of 

three major cell groups: granule cells in the dentate gyrus (DG), pyramidal cells in the 

CA3, and pyramidal cells in the CA1. The trisynaptic circuit begins at the entorhinal 



4 

 

cortex providing the major cortical input into the hippocampus. The entorhinal cortex 

sends its strongest projections via the performant pathway to the DG region; the DG 

projects to the CA3 region via the mossy fiber pathway; the CA3 projects to the CA1 

region via the Schaffer Collateral pathway; then finally the CA1 projects back to the 

entorhinal cortex, completing the loop (Knierim, 2015). These circuits of the 

hippocampus remain plastic throughout life, allowing for life-long learning  (May, 2011; 

Lovden et al., 2013). As such, hippocampal synapses must undergo constant synapse 

formation, pruning, and restructuring. Despite the plethora of studies, there are still many 

unknown factors that contribute to learning and memory.  

 

1.3 Astrocytes 

Astrocytes, star-shaped glial cells, are more than just support players in brain 

processing. Astrocytes are well equipped and uniquely positioned to engage in a dynamic 

two-way communication with neurons. The partnership between neurons and astrocytes 

takes place across the nervous system and has been found to be essential for the 

formation, maintenance, and remodeling of the brain connectivity. The importance of this 

association can be seen from early prenatal effects of glial cells on neuronal migration 

and differentiation to glial effects in diseases. Astrocytes have a multitude of functions, 

ranging from organizing and maintaining brain structure and function to modulating 

information processing and signal transduction in the brain by influencing synapse 

functions in the central nervous system (Barker and Ullian, 2010). Astrocytes can 
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regulate synapse development and plasticity via contact-mediated interactions with 

neurons and through astrocytic secretion factors. 

 

1.3.1 Astrocyte gliotransmission 

During the synaptogenic period, astrocytes have been found to produce and 

secrete factors that promote synaptogenesis (Eroglu and Barres, 2010). These glial cells 

also contribute to the pruning and clearing processes of unwanted axons and synapses by 

phagocytosis (Chung et al., 2013). In addition, astrocytes are able to regulate synapse 

plasticity through the secretion of growth-promoting and growth-inhibiting molecules 

(Bezzi and Volterra, 2001; Perea and Araque, 2007; Henneberger et al., 2010). Neuronal 

signaling to astrocytes is also important in the regulation of synapse development. 

Astrocytes are highly sensitive to changes in neuronal activity and can respond to 

changes in neurotransmitter release at synapses by generating elevations of intracellular 

Ca2+ concentrations, which can result in gliotransmission and signaling back to neurons 

(Fellin and Carmignoto, 2004). Astrocytes, like neurons, have the ability to package and 

release transmitters. The release of gliotransmitters is Ca2+ dependent: vesicle fusion and 

exocytosis are triggered by intracellular cascades of Ca2+ and involves SNARE formation 

(Zhang et al., 2004; Montana et al., 2006; Li et al., 2008; Liu et al., 2011). 

Gliotransmitters encompass a large number of neuroactive molecules, such as amino 

acids (D-serine, glutamate, GABA), ATP, neurotrophins (BNDF), cytokines 

(interleukins, interferons, tumor necrosis factors alpha), and growth factors (Sanzgiri et 

al., 1999; Fields and Stevens, 2000; Hussy et al., 2000; Snyder and Kim, 2000; Bezzi and 
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Volterra, 2001; Bergami et al., 2008; Blum et al., 2008; Liu et al., 2008; Fujita et al., 

2009). Regarding astrocytes, the major gliotransmitters are glutamate, D-serine, and 

ATP. With increased research in astrocytic signaling, a variety of other factors have been 

found to be released, such as GABA, hevin, nitric oxide (NO), and thrombospondin. 

Release of these astrocytic factors have been found to be involved in modifying synaptic 

structure, and pre- and post-synaptic function (Table 1.1).  

Neurons can form synapses in a glia-free environment depending on the cell type. 

In some studies, glial-free neuronal cultures through immunopanning or fluorescence-

activated cell sorting can form numerous synaptic connections (Steinmetz et al., 2006). 

Others, such as retinal ganglion cells (RGC; Ullian et al., 2001), motoneurons (Ullian et 

al., 2004), and cerebellar Purkinje cells (Buard et al., 2010) can only form few 

connections. However, synapse number can be increased when glial cells are present in 

rat and mouse RGCs cultures. (Pfrieger and Barres, 1997; Nagler et al., 2001; Ullian et 

al., 2001; Steinmetz et al., 2006), Purkinje cells (Buard et al., 2010), motoneurons (Ullian 

et al., 2004), and in cortical (Hu et al., 2007) and hippocampal neurons (Tournell et al., 

2006; Boehler et al., 2007). Purified rodent RGCs have been used to investigate the role 

of astrocyte in synaptogenesis; cultured RGCs can be immunopurified and cultured in the 

absence of astrocytes, and therefore are ideal for studying the role of astrocytes in 

synapse formation (Meyer-Franke et al., 1995). RGCs can be cultured from postnatal 

rodent retina by using specific antibodies for surface antigens on RGCs. These neurons 

can grow and survive for several weeks while making contacts with each other. However, 

few synapses are formed in the cultures that exhibit little spontaneous synaptic activity, 
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whereas the treatment of RGCs with astrocyte-condition medium (ACM) induces 

synaptogenesis providing a perfect system to study the role of astrocyte-derived factors in 

synapse formation (Pfrieger and Barres, 1997). With the use of embryonic hippocampal 

and cortical neurons, astrocytes are required for correct neuronal differentiation and 

survival (Banker, 1980). This provides evidence that astrocytic secreted-factors are 

involved with synapse formation and function.  

The first proteins that were identified as key synaptogenic secreted factors by 

astrocytes belong to a family of thrombospondins (TSPs; Christopherson et al., 2005). 

TSPs are extracellular matrix proteins that mediate cell-cell and cell-matrix interactions. 

There are five mammalian TSPs, though only two TSP isoforms have currently been 

found to be secreted by astrocytes. It was first shown by Christopherson et al. (2005) that 

by the addition of purified TSP protein to cultured neurons, there was an increase in 

synapse numbers comparable to ACM, whereas immunodepletion of TSPs from ACM 

greatly reduced the synaptogenic activity of ACM. In vivo, mice lacking expression of 

TSP1/2 developed significantly fewer cerebral cortical excitatory synapses. It should be 

noted that there is a correlation with the timing of normal synapse formation and the 

levels of astrocytic-derived TSP1/2 release. Due to the expression times of TSP1/2, the 

authors proposed that it acts as a permissive switch that controls the timing of 

synaptogenesis during a specific postnatal window. Interestingly, in these studies TSP 

induced the formation of ultrastructurally normal synapses that were presynaptically 

active, but postsynaptically silent. This study suggests that astrocytes must also secrete 
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additional factors that are necessary for the postsynaptic differentiation and production of 

functional synapses.  

More recently, secreted protein acidic, rich in cysteine (SPARC) family protein 

and SPARC-like protein hevin has been identified as another synaptogenic protein that is 

secreted by astrocytes (Kucukdereli et al., 2011). Hevin is highly expressed in developing 

and mature astrocytes and localized to synaptic clefts (Johnston et al., 1990; Lively and 

Brown, 2008). Kucukdereli et al. (2011) shows that in RGCs culture, hevin is able to 

induce ultrastructurally normal synapses and regulates synapse size. Hevin, however, 

only accounts for some of the astrocytic synaptogenic effects. When RGC cultures are 

treated with conditioned TSP1/2 double null astrocytes plus hevin, hevin is unable to 

increase the synapse number, as if the culture were treated with TSP1/2. Additionally, 

hevin-depleted ACM prepared by conditioned TSP1/2 double-null astrocytes resulted in a 

lack of any significant synaptogenic activity. From these results, Kucukdereli et al. 

(2011) looked also at SPARC due to hevin’s inability to compensate for the lack of TSP 

in ACM as there might be an inhibitory factor to synapse formation. SPARC is a secreted 

protein highly homologous to hevin, but unlike hevin, SPARC is not synaptogenic; 

SPARC antagonizes hevin. When RGCs were treated with both hevin and SPARC, the 

synaptogenic activity of hevin is diminished. On the contrary, when RGCs are cocultured 

with TSP and SPARC, SPARC did not antagonize the synaptogenic activity of TSP, 

therefore SPARC’s inhibitory effect is specific to hevin-induced synaptogenesis. These 

findings demonstrate that astrocytes can provide both stimulation of synapse formation 

and inhibition of synaptogenesis by releasing anti-synaptogeneic protein SPARC. It 



9 

 

should be noted that under long-term culturing conditions, RGC survival did not differ 

between RGC’s cultured alone or with hevin or SPARC. However, when both SPARC 

and hevin are present, neurite outgrowth and branching are promoted (Kucukdereli et al., 

2011). In hevin null mice, synaptic connections in the superior colliculus had impaired 

formation and maturation; SPARC null mice exhibited accelerated formation of synapses 

in the superior colliculus. Taken together, hevin and SPARC are able to control the rate 

and the extent of synapse formation and maturation in the brain. 

Insertion of AMPA receptors into postsynaptic sites can produce functional 

synapses. Astrocytes are able to strongly regulate the distribution of AMPA receptors 

within neurons. In cultured RGCs in the presence of astrocytes, there is a three-fold 

increase in the surface level of AMPA receptor subunits along with a correlative increase 

in synaptic strength (Allen et al., 2012). It was found that glypican 4 and glypican 6 are 

astrocyte-secreted signals that are sufficient to induce functional synapses in purified 

RGC neurons. When glypican 4 and 6 are depleted from ACM, there is significant 

reduction in the medium to induce postsynaptic activity. Glypican 4 and 6 increase the 

surface level and synaptic clustering of AMPA receptors which specifically contain the 

GluA1 subunit. Glypican 4 deficient mice have defective synapse formation due to 

decreased amplitude of excitatory synaptic currents in the hippocampus during early 

postnatal development, as well, exhibit reduced recruitment of GluA1 to synapses. These 

data identify glypicans as a family of novel astrocyte-derived molecules that are 

necessary and sufficient to promote glutamate receptor clustering and receptivity and 

induce the formation of post-synaptically functioning CNS synapses. 
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1.3.2 Astrocytic contact with neurons  

At the tripartite synapse, astrocytic processes extend thousands of fine processes 

and come into close contact with synaptic sites, where a single astrocyte can contact up to 

140,000 synapses (Bushong et al., 2002). It is not surprising to see astrocytes can directly 

contact the pre- and post-synaptic sites and therefore affect synapse development (Table 

1.2). Astrocytes express a variety of cell adhesion molecules and proteins that activate 

signaling pathways at the pre- and post-synaptic neuron. Barker et al. (2008) cultured 

RGC from 17 day old embryos (E17) and cultured them together with postnatal RGCs in 

the presence of ACM (Barker et al., 2008). Interestingly, the E17 RGC failed to receive 

synapses from postnatal RGC under these conditions; however, at E19, when astrocytes 

typically begin to appear in the retina, the RGCs responded to ACM. When E17 RGC are 

co-cultured with astrocytes, there are increased synapses at the RGCs. This provides 

evidence that astrocytes provide a contact-mediated signal to allow for young neurons to 

receive synapses. Contact by astrocytes signals for the partitioning out of neurexin from 

dendrites as neurexin is a synaptic adhesion molecule that inhibits synapse formation 

(Barker et al., 2008). Similarly, Hama et al. (2004) found in cultured hippocampal 

neurons, astrocytic contact promotes synaptogenesis specifically at excitatory synapses. 

Using microisland cultures of neuron only or neuron plus astrocyte, both supplemented 

with ACM, neurons with astrocytes in the microisland resulted in increased synapse 

numbers, activity of presynaptic release sites, and the amplitude of autaptic EPSCs. 

Hama et al. (2004) suggested that through integrin-mediated protein kinase C (PKC) 

signaling promoted synaptogenesis; contact with astrocytes activated neuronal integrin 
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receptors, which would lead to activation of neuronal PKC. In addition to excitatory 

synapses, contact with astrocytes have been found to affect the development of inhibitory 

synapses. When developing neurons are co-cultured with astrocytes, the amplitude and 

density of GABAA currents significantly increases (Liu et al., 1996). Particularly, 

neuronal cell bodies that were in contact with astrocytes exhibited greater increases in 

amplitude and density of GABAA current. This contact-dependent increase in GABAergic 

synaptic activity required calcium signaling in astrocytes. Interesting, γ-protocadherin 

have been shown to affect both excitatory and inhibitory synaptogenesis, particularly in 

the spinal cord (Garrett and Weiner, 2009). γ-protocadherin mediate homophilic 

adhesion; developing neurons with astrocytes not expressing γ-protocadherin have 

decreased synaptogenesis. However, if neurons are more mature, neurons co-cultured 

with astrocytes without γ-protocadherin, will still be able to form synapses as normal. 

This implicates that astrocytic γ-protocadherin is essential for promoting excitatory and 

inhibitory synaptogenesis during critical developmental periods.  

Including affecting synapse formation, astrocytes may drive loss of synapses as 

well. Indeed, electron microscopy studies have implicated astrocytes in trans-endocytosis 

between hippocampal neurons and astrocytes, such that astrocytes may be engulfing 

synapses through trans-phagocytosis. Through gene expression analysis, Cahoy et al. 

(2008) found a plethora of genes in astrocytes implicated in engulfment and 

phagocytosis. The phagocytic genes can be categorized into three pathways: (1) genes 

controlling for actin cytoskeleton rearrangement which allows for increased membrane 

dynamics for phagocytes to surround cellular debris, (2) genes involved in the integrin 
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pathway to regulate the genes involved in actin skeleton rearrangement, and (3) genes 

involved in recognition of cellular debris and engulfment. Chung et al. (2013) showed 

directly astrocyte-mediated pruning of synapses by performing an engulfment assay. 

Astrocytes were cultured in the presence of synaptosomes, which are isolated nerve 

terminals, and engulfment of the synaptosomes by astrocytes was determined by a pH-

sensitive dye, pHrodo. Astrocyte-mediated synapse elimination involved two phagocytic 

receptors, multiple EGF-like–domains 10 (MEGF10) and MER receptor tyrosine kinase 

(MERTK). Astrocytes deficient with either resulted in greater defects in astrocytic 

synapse engulfment. Chung et al. (2013) also showed in vivo MEGF10 and MERTK is 

essential, taking advantage of the retinogeniculate system, where RGCs form excessive 

synapses with neurons in the dorsal lateral geniculate nucleus then these excessive 

synapses are later pruned and refined during later postnatal development. RGCs were 

fluorescently labeled and imaged and found RGCs in mice deficient in both MEGF10 and 

MERTK failed to refine their connections resulting in excessive functional synapses. 

Synapse elimination by astrocytes is dependent on neural activity, as blocking 

spontaneous retinal waves with intraocularly injected epibatidine in both eyes reduced 

astrocyte-mediated phagocytosis of synaptic inputs from both eyes. However, blocking of 

one eye induces a preferential engulfment of weaker, silent synapses. This preferential 

engulfment was reduced with deficiency of MEGF10 and MERTK. Although astrocytes 

are involved in the pruning of synapses, the exact “eat me” signals are still not yet 

understood, particularly during the developmental process.  
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1.4 Ephrins 

Ephrins are a membrane-bound protein that act as a ligand for ephrin receptors 

(Eph), which activate a series of intracellular signals that play an important role in the 

interactions between pre- and post-synaptic neurons. Membrane anchorage of ephrin/Eph 

implies signaling is mediated by cell-to-cell contacts (Davis et al., 1994). Ephrins fall into 

two subclasses based on structural characteristics and binding affinities: ephrin-As and 

ephrin-Bs with EphA and EphB receptors. Class ephrin-A consists of five members 

(ephrin-A1-5) and are tethered to the membrane through a glycosylphosphatidyl inositol 

(GPI) anchor and preferentially interact with EphA receptors. However, EphAs and 

ephrin-As are known to be a bit promiscuous and some may bind to the B class 

counterparts. Ephrin-Bs, on the other hand, possess transmembrane domains with high 

affinity for EphB receptors. Following cell-cell contact, ephrin ligands bind to Eph 

receptors resulting in signaling, which follows a receptor tyrosine model. Eph-ephrin 

interactions have a unique feature: upon binding Eph-ephrins can facilitate bi-directional 

signaling. There is the classical “forward” signaling where there is a signal transmitted 

into the Eph receptor expressing cell. As well, there is a “reverse” signal where the signal 

is transmitted into the ephrin expressing cell (Bush and Soriano, 2009; Sloniowski and 

Ethell, 2012; Xu and Henkemeyer, 2012). Cell-cell contact between Eph-ephrins have 

been shown to play a prominent role to mediate cell adhesion or repulsion, and are 

implicated in axon guidance, cell migration and proliferation, and synaptogenesis, 

particularly at excitatory synapses (Dalva et al., 2000; Henkemeyer et al., 2003; Murai et 

al., 2003; Kayser et al., 2006; Egea and Klein, 2007; Kayser et al., 2008).  
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Eph/ephrin interaction requires cell-cell contact. Upon contact Eph/ephrin 

signaling generates both attraction and repulsion signals to help guide migrating neuronal 

axons and cells to their appropriate targets as well as neuronal cell proliferation and 

synaptogenesis. The initiation of Eph/ephrin signaling occurs with clustering of the 

Eph/ephrin complexes for both forward (Davis et al., 1994; Stein et al., 1998) and reverse 

signaling (Cowan and Henkemeyer, 2002; Davy and Soriano, 2005). Mechanistically, 

Eph/ephrin signaling controls local cytoskeletal dynamics by regulating actin 

cytoskeleton and associated cell-matrix adhesions. Specifically, Eph/ephrin signaling 

modulates Rho-family GTPases, such as Rac1, Cdc42, and RhoA, which are the 

molecular switches regulating reorganization of the actin skeleton (Hall and Nobes, 2000; 

Ridley, 2001; Irie and Yamaguchi, 2002; Kullander and Klein, 2002; Penzes et al., 2003). 

It is interesting to note the paradoxal role of Eph/ephrin signaling in both cellular 

adhesion and repulsion. The complexity provided by Eph/ephrin signaling allows for 

diverse functional consequences.  

 

1.4.1 EphA-Ephrin-A 

EphA and ephrin-A have been shown to be important regulators for excitatory 

synaptogenesis and spine formation (Murai et al., 2003; Zhou et al., 2012) and can affect 

behaviors associated with neuropsychiatric disorders (Carmona et al., 2009; Arnall et al., 

2010; Wurzman et al., 2015). To affect synapse formation, EphA signaling has been 

shown to promote actin-based remodeling of dendritic spines (Zhou et al., 2012). 

Signaling through EphA activates actin filament depolymerizing factor coffin and alters 
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F-actin distribution in spines. Interestingly, however, EphA not only induces spine 

elongation, but is also involved in spine retraction (Zhou et al., 2012). Recently, there 

have been many studies that have looked at the link between BDNF signaling and 

EphA/ephrin-A signaling. Ephrin-A5 is expressed at the hippocampal CA1-CA3 

pyramidal axons and have been found to regulate synapse development and function. At 

the presynaptic side, ephrin-A5 promotes BDNF-induced synapse formation through 

potentiation of TrkB signaling, which augments the activation of PI3 kinase/AKT 

pathway to promote for survival (Gottschalk et al., 1999; Marler et al., 2008). 

Interestingly, on the postsynaptic side, binding of postsynaptic EphA5 receptors to 

presynaptic ephrin-A5 can disrupt BDNF-induced synaptogenesis (Bi et al., 2011). In 

regard to inhibitory neurons, EphA7 has been shown to be required for stabilization of 

synaptic terminals in parvalbumin-positive basket cells in the hippocampus. Deletion of 

EphA7 in adult animals resulted in loss of basket cell innervations and impaired long-

term potentiation (LTP). In inhibitory neurons, EphA7 may be inducing gephyrin 

clustering through PI3 kinase/AKT-mTOR signaling (Beuter et al., 2016). However, 

EphA3 has been found to be a negative regulator for inhibitory neurons: activation of 

EphA3 through NCAM binding and ephrin-A5 induced clustering of EphA3, then 

subsequent autophosphorylation of EphA3, resulted in stimulation of RhoA signaling for 

GABAergic growth cone repulsion (Sullivan et al., 2016). 
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1.4.2 EphB-Ephrin-B 

Neuronal EphBs and ephrin-Bs have been shown to be required for many 

processes involved in dendritic spine filopodial motility, spine formation and recruitment 

to synapses, recruitment of glutamate receptors to synapses, maturation of pre- and post-

synapses, and affecting synapse function and plasticity (Hruska and Dalva, 2012; 

Sloniowski and Ethell, 2012; Kania and Klein, 2016). Ephrin-Bs are expressed both pre- 

and post-synaptically; with their ability to allow for bi-directional signaling, 

understanding their exact function is complicated.  

EphB/Ephrin-B signaling at the synapse have been shown to be involved with 

presynaptic differentiation and function. To test the role of ephrin-B signaling at the 

synapse, heterologous co-culture systems containing non-neuronal cells is transfected 

with a putative postsynaptic inducer that are then plated onto neuronal culture. After 

some time, the ability of the putative inducer to form and organize hemi-synapses is then 

tested. It has been shown that EphB2 is able to induce functional presynaptic release sites 

on axons from contact of EphB2-transfected non-neuronal cells, suggesting a presynaptic 

role for ephrin-Bs (Kayser et al., 2006). It was revealed that ephrin-B1 and ephrin-B2 are 

required for normal EphB2-dependent synaptic formation (McClelland et al., 2009). The 

ability for inducing functional presynaptic release is due to the recruitment of syntenin-1, 

which clusters synaptic vesicles (McClelland et al., 2009). The synaptic behavior and 

plasticity can also be controlled by ephrin-Bs, which have been shown to modulate LTP. 

At the mossy fiber terminals in the hippocampus, activation of ephrin-B3 through 

treatment with EphB2 receptor bodies leads to enhanced synaptic transmission 
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(Contractor et al., 2002). This enhanced synaptic transmission is suggested to be due to 

ephrin-B3 signaling to recruit more neurotransmitter vesicles to the presynaptic zone 

(Grunwald et al., 2001; Grunwald et al., 2004; Lim et al., 2008).  

Postsynaptically, EphB/ephrin-B signaling can also affect synaptic plasticity, 

spinogenesis, glutamate receptor recruitment, and synapse density (Dalva et al., 2000; 

Ethell et al., 2001; Contractor et al., 2002; Henkemeyer et al., 2003; Grunwald et al., 

2004; McClelland et al., 2010; Xu et al., 2011). The first evidence of EphB signaling in 

dendritic spine formation was exhibited in culture, EphB2 triggered phosphorylation and 

clustering of heparin sulfate proteoglycan syndecan-2 at postsynaptic sites (Ethell et al., 

2001). Syndecan-2 is involved in the maturation of dendritic spines. Inhibition of EphB2 

by a dominant-negative inhibitor results in impaired syndecan-2 induced spine formation 

such that dendritic protrusions appeared immature. Further, deletion of EphB1, 2, and 3 

receptors resulted in failure to form spines in vitro and development of abnormal 

headless, or small-headed spines in vivo (Henkemeyer et al., 2003). However, when 

ephrin-B2 is provided to neurons in culture, there is reduced number of filopodia-like 

protrusions, and increased number of spines that appeared more mature (Henkemeyer et 

al., 2003), indicating EphB/ephrin-B signaling may be involved in the maturation and 

stabilization of spines. Indeed, in cultured hippocampal neurons, ephrin-Bs regulate the 

maturation of dendritic spines by controlling the transition of filopodia to spines by 

recruiting GIT1 to sites of ephrin-B signaling (Segura et al., 2007). Recruitment of GIT1 

to ephrin-B sites leads to additional recruitment of machinery necessary for remolding 

actin cytoskeleton underlying spine morphogenesis. To control synapse density, ephrin-
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B3 has been implicated in a competitive model for surviving synapses (McClelland et al., 

2010). Ephrin-B3 functions as a competitive signal where neurons with more ephrin-B3 

enable them to receive more synapses, demonstrated in a heterogenotypic co-culture of 

neurons either expressing ephrin-B3 or no ephrin-B3. Cultures with 10% wild-type 

neurons and 90% ephrin-B3 null neurons, wild-type neurons made more synapses than 

normal. This survival with ephrin-B3 may be mediated by EphB2. Therefore, neurons 

with higher levels of ephrin-B3 can generate more synaptic connections than neurons 

with less ephrin-B3 expression (McClelland et al., 2010).  

Functionally, ephrin-Bs have been found to regulate LTP at the postsynaptic side 

and stabilize and/or recruit of AMPA and NMDA receptors. Deletion of postsynaptic 

ephrin-B2 at CA1 pyramidal neurons have significantly reduced LTP; potentiation 

through ephrin-B2 may rely on interactions with EphA4, as ablation of presynaptic 

EphA4 results in reduction in the early phases of LTP (Grunwald et al., 2004). 

Modulation of this synaptic strength may be due to ephrin-B’s effects on AMPA and 

NMDA receptors. Activation of ephrin-B2 signaling has been shown to reduce AMPA 

receptor internalization in cultured neurons (Essmann et al., 2008). Ephrin-B2 may affect 

retention of AMPA receptors by interacting with GRIP1, which allows AMPA receptors 

to be stabilized and retained at the surface (Essmann et al., 2008). Activation of Eph-

ephrin signaling has also been shown to affect phosphorylation of a serine residue on 

GluA1 AMPA receptor subunit, which affects the trafficking of this subunit. Increased 

activation of Eph/ephrin signaling through EphB2 results in increased surface AMPA 

(Hussain et al., 2015). Ephrin-B signaling can also antagonize internalization processes 



19 

 

for the GluR2 subunit by inhibiting PKC function (Chung et al., 2003; Essmann et al., 

2008). Along with affecting AMPA receptor stabilization, NMDA receptor expression is 

also affected. Dalva et al. (2000) showed that ephrin-B binding to postsynaptic EphB2 

results in clustering of the Eph receptor and the NR1 NMDA receptor subunit. Activation 

of EphBs also result in phosphorylation and recruitment of the NR2B subunit (Takasu et 

al., 2002; Nolt et al., 2011). This recruitment of NR1 and phosphorylation of NR2B to the 

surface may also affect the function of NMDA receptors, and indeed, EphB2 signaling 

enhanced the ability of NMDA receptor to regulate the influx of calcium (Takasu et al., 

2002).  

 

1.5 The ephrin link between astrocytes and neurons 

Besides neurons, astrocytes have also been found to express certain Ephs and 

ephrins. Ephrin-A3 has been shown to be highly expressed in astrocytes (Murai et al., 

2003; Carmona et al., 2009). Astrocytes expressing ephrin-A3 has been shown to regulate 

spine morphogenesis, glutamate transport, and LTP at CA1-CA3 synapses by interacting 

with dendritic EphA4 receptors (Murai et al., 2003; Carmona et al., 2009; Filosa et al., 

2009). Activation of EphA4 with ephrin-A3 binding induces spine retraction (Murai et 

al., 2003). However, deletion of astrocytic ephrin-A3 results in abnormal, elongated 

spines, with reduced LTP (Carmona et al., 2009; Filosa et al., 2009). Along with synaptic 

changes, due to the bi-directional nature of ephrins, these null-ephrin-A3 astrocytes have 

increased levels of glutamate transporters. Deficits in LTP may be due to more efficient 

removal of glutamate from the synaptic cleft, which therefore reduces the activation of 
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glutamate receptors. It has also been shown with ephrin-Bs, there is increased expression 

in astrocytes after injury (Wang et al., 2005; Goldshmit et al., 2006; Du et al., 2007; Ren 

et al., 2013; Nikolakopoulou et al., 2016). My lab has shown that ephrin-B1 is expressed 

in reactive astrocytes. Reactive astrocytes resemble developing astrocytes and re-express 

many genes involved in synapse development, including ephrin-B1. In an injury model, 

astrocytes become reactive and have increased ephrin-B1 levels after injury. Along with 

this model, there is increased synaptic loss. However, targeted ablation of ephrin-B1 from 

adult astrocytes accelerates synapse recovery. These studies suggest that astrocytic 

ephrin-B1 may act as a negative regulator of synaptogenesis and mediates pruning of 

existing synapses through its interaction with neuronal EphB receptors. 

  

1.6 Conclusion 

With the findings that connect astrocytes to neurodevelopment (Molofsky et al., 

2012), researchers are now looking towards astrocytes as a contributor in 

neurodevelopmental and psychiatric disorders. Astrocytic dysfunctions are implicated in 

synapse pathologies associated with neurodevelopmental disorders (Ballas et al., 2009; 

Jacobs et al., 2010; Lioy et al., 2011; Higashimori et al., 2016). Improper 

neurodevelopment can lead to such disorders as Rett syndrome, Fragile X Syndrome, 

autism and even psychiatric disorders such as schizophrenia. It is therefore essential to 

study the relationship between astrocytes and neurons, specifically at how astrocytes 

regulate synaptic connections, and therefore the developing brain. My research presents 
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the essential role of astrocytic ephrin-B1 in maintaining synapse formation during both 

early development and adulthood (Fig. 1.1).  
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Figures 

 
 

Figure 1.1 Model depicting astrocytic involvement in synapse development from early 

postnatal development to adulthood, to learning in adulthood. During early postnatal 

development (P0-28), synaptogenesis initially occurs saturating the number of synapses; 

however, elimination occurs to refine the circuitry and allow for maturation of necessary 

synapses. Synapses are maintained during adulthood (P70-90). During learning, 

immature synapses become potentiated and mature into functional synapses. Astrocytes 

play a role in these processes by releasing specific gliotransmitters and/or contact specific 

synapses to modulate synapse formation, elimination, or maturation. Specifically, with 

Eph/ephrin signaling, astrocytic ephrin-B1 may locate neuronal EphB receptors to refine 

synaptic circuitry by eliminating unnecessary, non-functional, synapses.  
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Tables  

Table 1.1 Astrocytic secretion factors essential for synaptic modifications. 

Secreted Factors Assay Role in Synapse Development References 
ATP Culture Heterosynaptic depression Cotrina et al. (1998); 

Zhang et al. (2003) 

BDNF In vitro/ In 

vivo 

Induces excitatory synapse 

formation 

Gomez-Casati et al. 

(2010) 

D-Serine Culture Metaplasticity of synaptic 

transmission 

LTP 

Wolosker et al. 

(1999); Yang et al. 

(2003) 

GABA In vitro Modulation of heterosynaptic 

depression 

Serrano et al. (2006) 

Glutamate Culture Synaptic plasticity Parpura et al. 

(1994); Bezzi et al. 

(1998) 

Glypican-4, 6 Culture/In 

vitro 

Increases synaptic AMPARs  

Induces glutamatergic synapse 

formation 

Allen et al. (2012) 

Hevin Culture Induces glutamatergic synapse 

formation 

Kucukdereli et al. 

(2011) 

NO In vitro LTP 

 

Long-term presynaptic facilitation  

Zhuo et al. (1993); 

Murphy (2000) 

Ikeda and Murase 

(2004) 

S100β In vitro/In 

vivo 

LTP Nishiyama et al. 

(2002) 

SPARC Culture Decreases synaptic AMPARs 

Inhibits maturation of presynaptic 

cholinergic terminals 

Jones et al. (2011); 

Albrecht et al. 

(2012) 

TGF-β Culture/In 

vitro 

Induces glutamatergic synapse 

formation; regulates synapse 

maturation 

Diniz et al. (2012); 

Fuentes-Medel et al. 

(2012) 

Thrombospondin 

(TSP-1/-2) 

Culture/In 

vivo 

Neuronal development and 

neuronal repair, synaptogenesis 

Inhibits presynaptic release at 

glutamatergic synapses 

Increases post-synaptic glycine 

receptors; decrease post-synaptic 

AMPARs 

Activated by Gabapentin R a2o-1 

Christopherson et al. 

(2005); Tran and 

Neary (2006) 

Crawford et al. 

(2012) 

TNF-α In vitro Regulation of synaptic 

connectivity 

Increases synaptic AMPARs; 

decreases synaptic GABAARs 

Beattie et al. (2002); 

Stellwagen and 

Malenka (2006) 
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Table 1.2 Astrocytic contact-mediated factors involved in synapse development. 

Contact-

mediated 

Factors 

In vivo/vitro/ 

culture (assay) 

Role in Synapse 

Development 

References 

ECM Culture & in vitro Stabilizes AMPA receptors 

at synapses 

Frischknecht et al. 

(2009); Pyka et al. 

(2011) 

Ephrin A/B In vitro & in vivo Modulate dendritic spine 

dynamics 

Activated by Eph A/B 

Murai et al. (2003); 

Carmona et al. (2009) 

Ethell et al. (2001) 

Mac-2 (Lgals3) In vitro Synaptic pruning via 

phagocytosis 

Activated by MerTK 

Caberoy et al. (2012) 

γ-Protocadherins in vitro & in vivo Induces glutamatergic and 

GABAergic synapse 

formation 

Garrett and Weiner 

(2009) 
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Chapter 2 : Astrocytic ephrin-B1 controls excitatory-inhibitory 

balance in the developing hippocampus 
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Abstract 

 Astrocytes are implicated in synapse formation and elimination that are associated 

with developmental refinements of neuronal circuits and related behaviors. Astrocyte 

dysfunctions are also linked to synapse pathology associated with neurodevelopmental 

disorders and neurodegenerative diseases. Although several astrocyte-derived secreted 

factors are implicated in synaptogenesis, the role of contact-mediated glial-neuronal 

interactions in synapse formation and elimination is still unknown. Previous studies 

suggest that the membrane-bound ephrin-B1 expressed in astrocytes may influence trans-

synaptic interaction between neuronal ephrin and its EphB receptors, affecting synapse 

formation in vitro and synapse maintenance in the adult hippocampus. In this study, I 

examined whether the loss or overexpression of astrocytic ephrin-B1 during early 

postnatal development (P14-P28) would affect synapse formation and maturation in the 

developing hippocampus in vivo. I found enhanced excitation of CA1 pyramidal neurons 

in astrocyte-specific ephrin-B1 knock-out (KO), which coincided with a greater 

vGlut1/PSD95 co-localization, higher number of dendritic spines and enhanced evoked 

AMPAR and NMDAR excitatory postsynaptic currents (EPSCs) in CA1 neurons of KO 

mice compared to wild-type (WT) mice. In contrast, evoked inhibitory postsynaptic 

currents (IPSC) were reduced in CA1 neurons of KO mice. Although I observed an 

overall increase in number of vGAT/gephyrin-positive puncta, reduced vGlut1-positive 

boutons onto parvalbumin (PV) inhibitory neurons and lower PV cell numbers in the 

CA1 hippocampus of KO mice may contribute to reduced inhibition and higher excitation 

of CA1 neurons. Finally, dysregulation of excitatory/inhibitory (E/I) balance in KO mice 
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most likely underlies impaired sociability and increased repetitive behaviors observed in 

these mice.  
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2.1 Introduction 

Synapses are the building blocks of neuronal networks functioning as 

fundamental information-processing units in the brain (Südhof and Malenka, 2008; 

Mayford et al., 2012). Excitatory glutamatergic synapses are specialized cell-cell 

connections that facilitate neuronal activity, which is also fine-tuned by a complex 

network of inhibitory inputs from γ-aminobutyric acid (GABA) expressing interneurons. 

Synapse development involves activity-mediated formation, pruning, and maturation of 

specific synapses that are important in establishing neural circuits. Improper synapse 

development that leads to imbalance between excitatory and inhibitory (E/I) synaptic 

activity is linked to several neurologic disorders, including autism spectrum disorders 

(ASD; (Gao and Penzes, 2015; Lee et al., 2017) and epilepsy (Fritschy, 2008; Bonansco 

and Fuenzalida, 2016). Thus, investigations of the mechanisms underlying excitatory and 

inhibitory synapse development may contribute to an understanding of the 

pathophysiological mechanisms of the brain disorders. 

Astrocytes are able to control the connectivity of neuronal circuits by regulating 

formation, pruning, and maturation of synapses by either secretion of numerous 

gliotransmitters or through direct contact with synapses. Astrocytes produce and secrete 

several factors that promote synaptogenesis, such as thrombospondin (Christopherson et 

al., 2005), hevin (Kucukdereli et al., 2011) and glypican (Allen et al., 2012), whereas the 

release of gliotransmitters such as glutamate (Fellin et al., 2004), D-serine (Henneberger 

et al., 2010), and TNF-α (Beattie et al., 2002; Stellwagen and Malenka, 2006) can 

modulate synaptic functions. Astrocytic processes are also suggested to modulate synapse 
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number and function through the direct contacts with dendritic spines and presynaptic 

boutons (Araque et al., 1999; Ullian et al., 2001; Hama et al., 2004; Clarke and Barres, 

2013; Allen and Eroglu, 2017). The direct contacts of astrocytes with synapses may also 

regulate synapse elimination (Chung et al., 2013).  

EphB receptor tyrosine kinases and their ephrin-B ligands are membrane-

associated proteins that play an important role in regulating a variety of cell-cell 

interactions during development including axons guidance (Zimmer et al., 2003), and 

synaptogenesis (Dalva et al., 2000; Ethell et al., 2001; Henkemeyer et al., 2003; Moeller 

et al., 2006; Segura et al., 2007). EphB/ephrin-B interactions upon cell-cell contact result 

in bidirectional signaling, activating forward signaling in the Eph-expressing cell and 

reverse signaling in the ephrin-expressing cell (Bush and Soriano, 2009; Sloniowski and 

Ethell, 2012; Xu and Henkemeyer, 2012). The trans-synaptic Eph/ephrin-B interactions 

can promote postsynaptic spine formation and maturation during development 

(Henderson et al., 2001; Henkemeyer et al., 2003; Kayser et al., 2006). EphB receptors 

are shown to directly interact with NMDARs and are important for the recruitment and 

retention of NMDARs at the synaptic site and modulating the function of NMDARs 

(Dalva et al., 2000; Henderson et al., 2001; Kayser et al., 2006; Nolt et al., 2011). EphBs 

can also regulate the localization of AMPARs by interacting with adaptor proteins and 

regulating intracellular signaling cascades (Kayser et al., 2006; Hussain et al., 2015). 

Together, EphB/ephrinB signaling influences both synapse formation and maturation by 

regulating glutamate receptors at the post-synaptic sites.  



43 

 

My previous study suggests that the changes in ephrin-B1 levels in astrocytes may 

influence trans-synaptic interactions between neuronal ephrin-B and its EphB receptors, 

affecting synapse formation in vitro and synapse maintenance in the adult hippocampus 

in vivo (Koeppen et al., 2018). In this study, I examined whether the deletion of astrocytic 

ephrin-B1 during early postnatal development (P14-P28) would affect synapse formation 

and maturation in the developing hippocampus in vivo. I observed enhanced excitation of 

CA1 pyramidal neurons in astrocyte-specific ephrin-B1 knock-out (KO) using field 

recordings, which is most likely a result of an increase in number of excitatory synapses 

and enhanced evoked AMPAR and NMDAR excitatory postsynaptic currents (EPSCs) in 

CA1 neurons of KO mice compared to wild-type (WT) mice. Additionally, I observed 

reduced vesicular glutamate transporter (vGlut1)-positive boutons onto parvalbumin (PV) 

inhibitory neurons and lower PV cell numbers in the CA1 hippocampus of KO mice 

suggesting changes in inhibitory circuits as well. In addition, evoked inhibitory 

postsynaptic currents (IPSC) were reduced in CA1 hippocampal neurons of KO mice 

compared to WT. Enhanced E/I balance in CA1 neurons of KO mice manifested itself in 

increased repetitive behaviors and reduced sociability. Together, my findings suggest that 

astrocytic ephrin-B1 influences the development of hippocampal circuits during early 

postnatal period, E/I balance, and animal behaviors by regulating synapse development. 
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2.2 Materials & Methods 

2.2.1 Mice 

ERT2-CreGFAP (B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J RRID: 

IMSR_JAX:012849) male mice were crossed with ephrin-B1flox/+ (129S-Efnb1flox/+/J 

female mice, RRID: IMSR_JAX:007664) female mice to obtain ERT2-CreGFAPephrin-

B1flox/y (KO), or ERT2-CreGFAP (WT) male mice (Fig. 2.1A). Young WT and KO 

littermates received tamoxifen at postnatal age (P) 14 intraperitoneally (IP; 0.5 mg in 5 

mg/ml of 1:9 ethanol/sunflower seed oil solution) once a day for 5 consecutive days. 

There were no detectable changes in ephrin-B1 levels in astrocytes or neurons in ERT2-

CreGFAPephrin-B1flox/y non-injected or injected with sunflower seed oil without tamoxifen 

as previously reported (Nikolakopoulou et al., 2016). To confirm specific ablation of 

ephrin-B1 in astrocytes, ephrin-B1 immunoreactivity was analyzed in ERT2-

CreGFAPephrin-B1flox/y (KO) and ERT2-CreGFAP (WT) mice (Fig. 2.2A). Ephrin-B1 

immunoreactivity was observed in cell bodies and dendrites of CA1 neurons but not 

hippocampal astrocytes of tamoxifen-treated KO mice (Fig. 2.2A). There were no 

changes in ephrin-B1 levels in astrocytes and neurons of tamoxifen-treated WT mice. 

PCR analysis of genomic DNA isolated from mouse tails was used to confirm genotypes. 

Mice were maintained in an AAALAC accredited facility under 12-h light/dark cycle and 

fed standard mouse chow. All mouse studies were done according to NIH and 

Institutional Animal Care and Use Committee guidelines; animal welfare assurance 

number A3439-01 is on file with the Office of Laboratory Animal Welfare (OLAW). 
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2.2.2 Immunohistochemistry 

Animals were anesthetized with isoflurane and transcardially perfused with 0.9% 

NaCl followed by fixation with 4% paraformaldehyde in 0.1 M phosphate-buffered saline 

(PBS), pH 7.4. Brains were post-fixed overnight with 4% paraformaldehyde in 0.1 M 

PBS and 100 μm coronal brain sections were cut with a vibratome. Excitatory 

presynaptic boutons were labeled by immunostaining against vesicular glutamate 

transporter 1 (vGlut1) using rabbit anti-vGlut1 antibody (0.25 mg/ml, Invitrogen 482400, 

RRID: AB_2533843), excitatory postsynaptic sites were identified with mouse anti-

postsynaptic density-95 (PSD95) antibody (1.65 μg/ml, Invitrogen MA1-045, RRID: 

AB_325399). Inhibitory neurons were detected with mouse anti-glutamic acid 

decarboxylase 65 (GAD65) antibody (10 μg/ml, BD Pharmingen 559931, RRID: 

AB_397380). Parvalbumin (PV)-positive cells were identified with mouse anti-PV 

antibody (6 µg/ml, Sigma-Aldrich P3088, RRID: AB 477329). Inhibitory pre-synaptic 

sites were detected with vesicular GABA transporter (vGAT) using rabbit anti-vGAT 

antibody (1:100, Synaptic Systems 131002, RRID: AB_887871). Inhibitory post-synaptic 

sites were detected with gephyrin using mouse anti-gephyrin antibody (1:500, Synaptic 

Systems 147111, RRID: AB_887719). Astrocytes were identified by immunolabeling 

against glial fibrillary acidic protein (GFAP) using mouse anti-GFAP antibody (1:500, 

Sigma-Aldrich G3893, RRID: AB_477010), and ephrin-B1 levels were detected by 

immunostaining with goat anti-ephrin-B1 antibody (20 g/ml, R&D Systems AF473, 

RRID: AB_2293419). Secondary antibodies used were Alexa Fluor 594-conjugated 

donkey anti-mouse IgG (4 mg/ml, Molecular Probes A-21203, RRID: AB_141633), 
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Alexa Fluor 647-conjugated donkey anti-rabbit IgG (4 mg/ml, Molecular Probes A-

31573, RRID: AB_2536183), Alexa Fluor 647-conjugated donkey anti-goat IgG (4 

mg/ml, Molecular Probes A-21447, RRID: AB_141844), or Alexa Fluor 488-conjugated 

donkey anti-goat IgG (4 mg/ml, Molecular Probes A-11055, RRID: AB_2534102). 

Sections were mounted on slides with Vectashield mounting medium containing DAPI 

(Vector Laboratories Inc. Cat# H-1200, RRID: AB_2336790). 

 

2.2.3 Confocal Imaging and Analysis 

Confocal images of containing stratum oriens (SO), stratum pyramidale (SP), 

stratum radiatum (SR) and stratum lacunosum-moleculare (SLM) layers in the CA1 

hippocampus were taken with a Leica SP5 confocal laser-scanning microscope. High-

resolution optical sections (1,024 x 1,024-pixel format) were captured with a 40x water-

immersion and 1x zoom at 1-μm step intervals. All images were acquired under identical 

conditions. For the analysis of ephrin-B1 immunoreactivity, three adjacent projections 

from SR and SLM layers of the CA1 hippocampus were analyzed per each brain slice 

from at least three animals per group. Each z-stack was collapsed into a single image by 

projection, converted to a tiff file, encoded for blind analysis, and analyzed using Image J 

Software (RRID: nif-0000-30467). Cell area, integrated fluorescent intensity, and cell 

perimeter were determined for each GFAP-positive and ephrin-B1-positive cell (100–200 

astrocytes, z-stacks at least 10 optical images, three mice per group, 2-3 brain slices per 

mouse). For the analysis of vGlut1, GAD65, and PSD95 immunolabeling, six sequential 

images were captured for selected area at 1-μm step intervals, each image in the series 
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was threshold-adjusted to identical levels (0-160 intensity) and puncta (0.5-10 μm2) were 

measured using ImageJ software. Three adjacent areas from SR and SLM were imaged 

and analyzed per each hippocampus from four animals per group. Cell body labeling was 

excluded from the analysis. Statistical analysis was performed with one-way ANOVA 

followed by Tukey post-hoc analysis using GraphPad Prism 7 software (RRID: 

SCR_002798), data represent mean ± standard error of the mean (SEM). 

 

2.2.4 Dendritic Spine Analysis 

Dendritic spines were identified with GFP using transgenic Thy1-GFP-M male 

mice (Tg(Thy1-EGFP)MJrs/J, RRID: IMSR_JAX:007788), which were crossed with 

ERT2-CreGFAPephrin-B1flox/+ female mice (129S-Efnb1tm1Sor/J, RRID: 

IMSR_JAX:007664) to obtain Thy1-GFP-ERT2-CreGFAPephrin-B1flox/y (KO), or Thy1-

GFP-ERT2-CreGFAP (WT) male mice expressing GFP in hippocampal neurons. Animals 

were anesthetized with isoflurane and transcardially perfused initially with 0.9% NaCl, 

followed by fixation with 4% PFA in 0.1 M PBS, pH 7.4. Brains were post-fixed for 2 h 

in 4% PFA in 0.1 M PBS, and 100 m coronal sections were cut with a vibratome. CA1 

hippocampal neurons were imaged using Leica SP5 confocal microscope. 10-15 GFP-

expressing neurons were randomly selected per group, and dendrites were imaged using a 

63x-oil immersion objective (1.2 NA), 1x zoom. Three-dimensional fluorescent images 

were created by the projection of each z-stack containing 50 high-resolution optical serial 

sections (1,024 x 1,024-pixel format) taken at 0.5 µm intervals in the X-Y plane. 

Quantifications of the spine density (spines per 10 µm dendrite), lengths (µm), volumes 
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(µm3), and distances between spines were carried out using Neurolucida 360 software 

(MicroBrightField RRID: SCR_001775). Statistical analysis was performed with two-

way ANOVA followed by Bonferroni’s post-hoc analysis using GraphPad Prism 7 

software (GraphPad Prism, RRID: SCR_002798), data represent mean ± SEM.  

 

2.2.5 Synaptosome Isolation & Western Blot Analysis 

Isolation of hippocampal synaptosomes was performed as previously described 

(Hollingsworth et al., 1985). Hippocampal tissues from P28 WT or KO mice were 

homogenized in 1 ml synaptosome buffer (in mM: 124 NaCl, 3.2 KCl, 1.06 KH2PO4, 26 

NaHCO3, 1.3 MgCl2, 2.5 CaCl2, 10 Glucose, 20 HEPES). Homogenates were first 

filtered through a 100 μm nylon net filter (NY1H02500, Millipore) and then through a 5 

μm nylon syringe filter (SF15156, Tisch International). Homogenate flow through was 

collected and synaptosomes were spun down at 10,000 g, 4oC, for 30 min. Synaptosomes 

were resuspended in 800 μl synaptosome buffer. To confirm synaptosome enrichment, 

levels of synapsin-1, PSD95, and histone deacetylase (HDAC I) were analyzed in tissue 

homogenates and synaptosome fractions with western blot analysis.  

Isolated hippocampal synaptosome samples were centrifuged at 10,000 g, 4oC, for 

30 min, pellets were re-suspended in lysis buffer (50 mM Tris, 100 mM NaCl, 2% 

TritonX-100, 10 mM EDTA) containing 2% protease inhibitor cocktail (P8340, Sigma-

Aldrich) and incubated for 2 h at 4oC. Samples were added to 2X Laemmli Buffer 

(S3401, Sigma-Aldrich) and run on an 8-16% Tris-Glycine Gel (EC6045BOX, 

Invitrogen). Protein samples were transferred onto a nitrocellulose blotting membrane 
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(10600007, GE Healthcare). Blots were blocked with 5% milk in TBS (10 mM Tris, 150 

mM NaCl, pH 8.0) followed by immunostaining with mouse anti-PSD95 (1.65 μg/ml, 

Invitrogen MA1-045, RRID: AB_325399), rabbit anti-GluA1 (1:100, Millipore AB1504, 

RRID: AB_2113602), rabbit anti-GluA2/3 (0.1 μg/ml, Millipore AB1506, RRID: 

AB_90710), rabbit anti-HDAC I (0.40 μg/ml, Santa Cruz Biotechnologies sc-7872, 

RRID: AB_2279709), rabbit anti-synapsin-1 (0.2 μg/ml, Millipore AB1543P, RRID: 

AB_90757), or mouse anti-GAPDH (0.2 μg/ml, Thermo Fisher Scientific 39-8600, 

RRID:AB_2533438) antibodies in 0.1% tween 20/TBS at 4oC for 16 h. Secondary 

antibodies used were HRP conjugated donkey anti-mouse IgG (Jackson ImmunoResearch 

715-035-150, RRID: AB_2340770) or HRP conjugated goat anti-rabbit IgG (Jackson 

ImmunoResearch 111-035-003, RRID: AB_2313567). Blots were incubated in ECL 2 

Western Blotting Substrate (80196, Pierce) and a signal was collected with CL-XPosure 

film (34090, Pierce). Band density was analyzed by measuring band and background 

intensity using Adobe Photoshop CS5.1 software (RRID: SCR_014199). Statistical 

analysis was performed with a one-way ANOVA followed by Tukey post-hoc analysis 

using GraphPad Prism 7 software (RRID: SCR_002798), data represent mean ± SEM.  

 

2.2.6 Extracellular Field Recordings 

Early postnatal developing (P28) mice were used for electrophysiological 

experiments two weeks after the first tamoxifen injection. Animals were deeply 

anesthetized with isoflurane and decapitated. The brains were rapidly removed and 

immersed in ice-cold artificial cerebrospinal fluid (ACSF) with high Mg2+ and sucrose 
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concentration containing: (in mM) 3.5 KCl, 1.25 NaH2PO4, 20 D(+)-glucose, 185 

sucrose, 26 NaHCO3, 10 MgCl2 and 0.50 CaCl2, pH of 7.4, and saturated with 95% 

O2/5% CO2. Transverse hippocampal slices sectioned at 350 µm thick were prepared by 

using a vibrating blade microtome (LeicaVT1000s, Leica Microsystems; Buffalo Grove, 

IL, USA) in ice-cold slicing solution bubbled with 95% O2/5% CO2. Slices were then 

transferred into a holding chamber containing oxygenated ACSF (in mM: 124 NaCl, 

3.5 KCl, 1.25 NaH2PO4, 10 D(+)-glucose, 26 NaHCO3, 2 MgCl2, and 2 CaCl2, pH 7.4) 

and incubated for 1 h at 33°C, then kept at room temperature. For recordings, slices were 

transferred to a submersion recording chamber continuously perfused with oxygenated 

ACSF at a flow rate of 1 ml/min, at 33˚C. Slices were equilibrated in recording chamber 

for 10 min to reach a stable baseline response prior to running experimental protocols. 

Glass microelectrodes were pulled with a Sutter P-97 micropipette puller (Sutter 

Instrument, Novato, CA, USA; RRID: SCR_016842) with a tip resistance of 1-3 MΩ and 

filled with 3 M NaCl. Glass microelectrodes were positioned in the SP and SR areas of 

CA1 hippocampus for extracellular recording. Synaptic responses were evoked by 

stimulating Schaffer collaterals (SC) using a bipolar tungsten electrode (WPI, Sarasota, 

FL, USA). Potentials were amplified (Axoclamp-2B, Molecular Devices, Sunnyvale, CA, 

USA), digitized at a sampling rate of 10 kHz, and analyzed offline using pClamp 10.7 

software (Molecular Devices; RRID: SCR_011323). All electrophysiological responses 

were digitally filtered at 1 kHz low-pass filter to improve signal-to-noise ratio. 

Dendritic potentials typically consisted of a small presynaptic fiber volley (FV) 

followed by a negative field excitatory postsynaptic potential (fEPSP). The amplitude of 
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the FV reflects the depolarization of the presynaptic terminals and the fEPSP slope 

reflects the magnitude of the postsynaptic dendritic depolarization. Postsynaptic neuronal 

firing is represented by the amplitude of the population spike (PS). PSs were calculated 

as the voltage difference between two positive peaks and the most negative peak of the 

trace.  

Input-output (I/O) curves were generated to examine basal synaptic transmission 

by incrementally increasing stimulation intensity, beginning at 0.10 mA and increasing 

stimulation by 0.10 mA until maximal somatic PS amplitudes were reached. Maximal PS 

amplitude was regarded as maximal neuronal output. Maximal fEPSP slope and PS 

response along with 30-50% of maximal fEPSP slope and PS were determined. Paired-

pulse facilitation (PPF) was used to test for changes in presynaptic glutamate release 

probability. PPF was evoked by twin stimuli at 30% of maximal fEPSP slope. The two 

stimuli were separated by varying interpulse intervals: 20, 50, 100, 200, or 400 ms. PPF 

was calculated from the ratio of fEPSP2/fEPSP1 slope. To elicit paired-pulse inhibition 

(PPI), twin stimuli were provided at 100% of max PS response and at inter-pulse 

intervals of 6, 10, 20, 50, 100, or 200 ms. PPI was calculated from PS2/PS1 amplitude 

ratio. For long-term potentiation (LTP), SC were initially stimulated to evoke 30% 

maximal fEPSP slope for 10 min to obtain baseline response then SC were stimulated 2 

trains of 100 pulses at 100 Hz, 20 s apart to induce LTP. LTP was sampled at 30 s 

intervals for 60 min post stimulation and potentiation was calculated by dividing the 

average slope of post-induction responses by the average slope of pre-induction baseline 

responses.  
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 For electrophysiological data, two-way ANOVA was used followed by 

Bonferroni test to evaluate the effects of astrocytic ephrin-B1 deletion on the I/O curves, 

PPF, PPI, and LTP. In all electrophysiological recordings, the data represent mean ± 

SEM. 

 

2.2.7 Whole-Cell Patch Voltage Clamp Recordings 

Brain slice preparation for whole-cell patch clamp was similar as above; briefly, 

brains were rapidly removed and immersed in ice cold “slushy” artificial cerebrospinal 

fluid (ACSF) with high Mg2+ and sucrose concentration containing the following (in 

mM): 87 NaCl, 75 sucrose, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, 10 

glucose, 1.3 ascorbic, acid, 0.1 kynurenic acid, 2.0 pyruvate, and 3.5 MOPS with a pH of 

7.4 and saturated with 95% O2/5% CO2. Transverse hippocampal slices (350 µm) were 

prepared by using a vibrating blade microtome (Campden 5100mz-Plus, Campden 

Instruments Ltd.) in high Mg2+/sucrose ACSF solution bubbled with 95% O2/5% CO2. 

Slices were then incubated in a holding chamber containing oxygenated high 

Mg2+/sucrose ACSF for 30 min at room temperature and then transferred into ACSF (in 

mM; 125 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 15 

glucose 3.5 MOPS with a pH of 7.4) for an additional 30 min at room temperature. Slices 

were then transferred to a recording chamber continually perfused with oxygenated 

ACSF at a flow rate of 1 ml/min at 33˚C.  

Whole-cell patch experiments were done blind as described in by Castañeda-

Castellanos et al. (Castaneda-Castellanos et al., 2006). Electrical stimuli (0.1 Hz) were 
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delivered through a bipolar, Teflon®-coated tungsten electrode (FHC, Bowdin, ME, 

USA) placed in the CA3 Schaffer collaterals and in close proximity to the recording 

electrode. Tight-seal whole-cell recordings were obtained using pipettes made from 

borosilicate glass capillaries pulled on a Narishige PC-10 vertical micropipette puller 

(Narishige, Tokyo, Japan). Pipette resistance ranged from 3 to 4 MΩ and filled with an 

internal solution containing: (in mM) 130 CsOH, 130 D-gluconic acid, 0.2 EGTA, 2 

MgCl2, 6 CsCl, 10 Hepes, 2.5 ATP-Na, 0.5 GTP-Na, 10 phosphocreatine and 0.1% 

Biocytin for cellular post labeling, pH adjusted to 7.2-7.3 with CsOH, osmolarity 

adjusted to 300-305 mOsm with ATP-Na. Neurons were voltage-clamped at either -70 

mV to measure AMPAR evoked responses or +40 mV to measure NMDAR evoked 

responses. 1 µM tetrodotoxin was added to isolate mEPSC responses. All excitatory 

postsynaptic currents (EPSCs) were recorded in the presence of 50 µM picrotoxin, a 

GABAA receptor antagonist, to block GABAA-mediated currents. To measure inhibitory 

postsynaptic currents (IPSCs), neurons were voltage-clamped at 0 mV with 10 µM 

NBQX, an AMPA receptor antagonist, and 50 µM D-AP5, a NMDA receptor antagonist. 

EPSCs and IPSCs were recorded using an EPC-9 amplifier (HEKA Elektronik, 

Lambrecht, Germany), filtered at 1 kHz, digitized at 10 kHz, and stored on a personal 

computer using pClamp 10.7 software (Molecular Device) to run analysis. The series 

resistance was <25 MΩ and was compensated. Both series and input resistance were 

monitored throughout the experiment by delivering 5 mV voltage steps. If the series 

resistance changed more than 20% during the course of an experiment, the data was 

discarded. AMPA, NMDA-mediated EPSCs, IPSCs evoked responses, mEPSCs, and 
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mIPSCs were analyzed by Clampfit 10.7 software (Molecular Device). All averaged data 

were presented as means ± SEM. Statistical significance was determined by the Student's 

t-test using Prism 7 software (Graph Pad Software, Avenida, CA). 

 

2.2.8 Fear Conditioning Behavior Test  

A fear-conditioning paradigm was used to assess hippocampal dependent 

contextual learning as previously described (Anagnostaras et al., 2001; Koeppen et al., 

2018). Two contexts were used to test contextual memory. Context A was an 18 X 18 cm 

rectangular clear plexiglass box with 16-grated steel bar flooring; trials in context A were 

in white light and the scent of Quatricide TB. Context B was in a cylinder with a diameter 

of 15 cm and a height of 20 cm with 2.5 X 2.5 cm, with checkered black and white walls; 

trials in context B were in altered light with fresh litter and the scent of Windex. Animals 

were allowed to acclimate in the behavioral room for 30 min before each testing day and 

handled for 2 min for 5 days prior to testing. On day one, the test mouse was placed in 

context A and habituated to the chamber for 10 min, 1 h after context A mice were 

habituated to context B for 10 min. The mouse was removed and separated from its home 

cage until all mice in that cage were habituated to both contexts. On day two, test mice 

were trained to associate an unconditioned stimulus (US; 0.6 mA scrambled foot shock) 

with a conditioned stimulus (CS; 9 kHz, 70 dB tone) in context A. Initially, test mice 

were placed in context A and given 3 minutes for habituation, then followed by a 30 s 

tone (CS), which co-terminated with a 2 s foot shock (US). The CS-US pairing occurred 

five times, with a pseudorandom interval between pairings. The test mouse, again, was 
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removed and separated from its home cage until all mice in that cage were trained. On 

day three, animals were tested for their associated memory of the context (in context A) 

and of the CS tone (in context B). For contextual recall, mice were placed in context A 

for 5 min with no sound and returned to home cage for 1 h before testing context B. For 

tone recall test, mice were placed in context B for a total of 6 min, with the CS tone 

playing for the final 3 min. Freezing behavior was measured as a percentage of time 

freezing using TopScan Software. To further understand mouse behavioral responses 

following fear conditioning, mouse behaviors were manually scored using six categories: 

stretch and attend posture (SAP), freezing, scanning, rearing, and in motion. Videos were 

scored at 10 s intervals during habituation in context A and B, training, context A recall, 

context B recall with no tone, and context B with tone, based on previous studies (Cruz et 

al., 1994; Rodgers and Johnson, 1995; Shin and Liberzon, 2010; Coimbra et al., 2017; 

Reinhard et al., 2019). GraphPad Prism 7 software (RRID: SCR_002798) was used to 

perform a one-way ANOVA followed by Tukey’s post hoc analysis or t-test when 

appropriate, data represent mean ± SEM.  

 

2.2.9 Open Field Behavior Test 

Locomotor activity and anxiety was evaluated using a standard open field 

exploration test. The apparatus consisted of a 72 × 72 cm open field arena with 50-cm-

high walls constructed from opaque acrylic sheets with a clear acrylic sheet for the 

bottom with a grid placed underneath it for scoring purposes. All testing was done in a 

brightly lit room (650 lux), between 9 am -2 pm. Prior to testing, mice were housed in a 
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room with a 12 hours light/dark cycle with ad libitum access to food and water. Mice 

were initially habituated to the testing room for at least 30 min before testing. During 

testing, animals were allowed to freely explore the open field for 10 min. The floor of the 

chamber was cleaned with 2-3% acetic acid, 70% ethanol, and water between tests to 

eliminate odor trails. Assessments of the digital recordings were done by blinded 

observers using TopScan Lite software (Clever Sys. Inc, Reston, VA 20190). Time spent 

in thigmotaxis and average velocity were scored by the program. A tendency to travel to 

the center and percent time spent in thigmotaxis was used as an indicator of anxiety (Yan 

et al., 2004; Yan et al., 2005). Average velocity and total line crosses were measured to 

score locomotor activity. Statistical analysis was performed using Student’s t-test. 

 

2.2.10 Social Novelty Behavior Test 

Sociability and social memory were studied using a three-chamber test as 

described previously (Kaidanovich-Beilin et al., 2011). Briefly, a rectangular box 

contained three adjacent chambers 19 x 45 cm each, with 30 cm high walls and a bottom 

constructed from clear plexiglass. The three-chambers were separated by dividing walls 

made from clear plexiglass with openings between the middle chamber and each side 

chamber. Removable doors over these openings permitted chamber isolation or free 

access to all chambers. All testing was done in a brightly lit room (650 lux), between 9 

am and 2 pm. Prior to testing, mice were housed in a room with a 12 hours light/dark 

cycle with ad libitum access to food and water. The cages were transferred to the 

behavioral room 30 min before the first trial began for habituation. The test mouse was 
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placed in the central chamber with no access to the left and right chambers and allowed to 

habituate to the test chamber for 5 min before testing began. Session 1 measured 

sociability; in session 1, another mouse (stranger 1) was placed in a wire cup-like 

container in one of the side chambers. The opposite side had an empty cup of the same 

design. The doors between the chambers were removed and the test mouse was allowed 

to explore all the three chambers freely for 10 min, while being video recorded from 

above. The following parameters were monitored: the duration of direct contact between 

the test mouse and the stranger mouse or the empty cup and the duration of entries into 

each chamber. Session 2 measured social memory; in session 2, a new mouse (stranger 2) 

was placed in the empty wire cup in the second side chamber. Stranger 1, now familiar 

mouse remained in the first side chamber. The test mouse was allowed to freely explore 

all three chambers for another 10 min and the same parameters were monitored. 

Placement of stranger 1 in the left or right side of the chamber was randomly altered 

between trials. Each testing session lasted 10 min and the session was recorded digitally 

from above. The floor of the chamber was cleaned with 2-3% acetic acid, 70% ethanol, 

and water between tests to eliminate odor trails. Assessments of the digital recordings 

were done using TopScan Lite software (Clever Sys. Inc, Reston, VA 20190). Statistical 

analysis was performed using two-way ANOVA followed by post-hoc with Bonferroni 

correction. 
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2.3 Results 

Previous studies in the lab suggest that the changes in ephrin-B1 levels in 

astrocytes may influence trans-synaptic interaction between neuronal ephrin and its EphB 

receptors, affecting synapse formation in vitro (Koeppen et al., 2018). I reported that the 

overexpression of ephrin-B1 on astrocytes inhibited synapse formation in primary 

neuronal cultures, most likely by engulfing EphB-containing synaptic boutons. I also 

reported that astrocytic ephrin-B1 affects synapse maintenance in vivo (Koeppen et al., 

2018). The goal of this study was to determine if deletion or overexpression of astrocytic 

ephrin-B1 during early postnatal development (P14-P28) would affect synapse formation 

and maturation in the developing hippocampus and E/I balance in vivo. Ephrin-B1 KO 

and OE was accomplished in astrocytes during P14-28 period of hippocampal 

synaptogenesis. Activity of CA1 hippocampal neurons was measured using both 

extracellular field recordings and whole-cell patch clamp electrophysiology to determine 

excitatory and inhibitory synaptic changes. To evaluate E/I circuit changes, I further 

analyzed dendritic spine density and morphology, and density of excitatory and inhibitory 

synapses by immunohistochemistry through the analysis of vGlut1/PSD95, vGlut1/PV 

and VGAT/gephyrin-positive puncta. To examine the functional significance of the 

synaptic changes in the developing hippocampus, mouse behaviors, such as sociability, 

social novelty, anxiety, hyperactivity and fear-associated memory were also evaluated in 

ephrin-B1 KO mice. 
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Ephrin-B1 loss in developing astrocytes enhances excitability of CA1 hippocampal 

neurons.  

To determine if loss of astrocytic ephrin-B1 alters neuronal activity in the 

developing hippocampus acute hippocampal slices from P28 WT and KO mice were 

prepared for extracellular field recordings. To achieve tamoxifen-induced deletion of 

astrocytic ephrin-B1 during P14-28 period, P14 ERT2-CreGFAP (WT) and ERT2-

CreGFAPephrin-B1flox/y (KO) male littermates received tamoxifen intraperitoneally (IP; 0.5 

mg in 5mg/ml of 1:9 ethanol/sunflower seed oil) once a day for 5 days and analyzed at 

P28 (Fig. 2.2A). Ephrin-B1 immunoreactivity was selectively disrupted in hippocampal 

astrocytes, but not neurons, of tamoxifen-treated KO as compared to tamoxifen-treated 

WT mice (Fig. 2.2A). Presynaptic FV amplitude, postsynaptic fEPSP slope, and somatic 

population spike (PS) amplitude of neuronal responses were recorded in SR and SP 

layers of CA1 hippocampus and input-output (I/O) curves were generated by 

incrementally increasing stimulation intensity of SC in CA3 hippocampus (Fig. 2.2B-D). 

Extracellular field recordings revealed that the loss of astrocytic ephrin-B1 increased the 

excitability of CA1 hippocampal neurons. Both, FV response amplitude (Fig. 2.2B; two-

way ANOVA; stimulation intensity F(14, 540) = 89.41; genotype F(1, 540) = 8.064, p = 

0.0047, p <0.0001) and fEPSP slope were significantly higher in KO mice (Fig. 2.2C; 

two-way ANOVA; stimulation intensity F(14, 386) = 41.58, p < 0.0001 ; genotype F(1, 386) = 

39.26, p < 0.0001), showing a significant difference with post hoc at a stimulation 

intensity of 1.1 (t(386) = 3.14, p = 0.0273) and 1.3 mA (t(386) = 2.957, p = 0.0495), PS 

response amplitude was also greatly enhanced in KO mice (Fig. 2.2D; two-way ANOVA; 
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stimulation intensity F(14, 510) = 42.41, p < 0.0001; genotype F(1, 510) = 64.18, p < 0.0001) 

with post hoc differences at stimulation intensity of 0.9 (t(510) = 3.611, p = 0.0050), 1.1 

(t(510) = 3.161, p = 0.0250), and 1.3 mA (t(510) = 3.107, p = 0.0299). Additionally, short-

term plasticity was also enhanced in KO showing an increase in paired-pulse facilitation 

(PPF) at 100 ms (Fig. 2.2E; t-test; t(41) = 2.998, p = 0.0046); however, paired-pulse 

inhibition (PPI) at 10 ms was unaffected (Fig. 2.2F; t-test; t(18) = 1.382, p = 0.1839). 

NMDAR-dependent LTP was also unaffected following astrocytic ephrin-B1 deletion, as 

I observed similar potentiation at 0-10, 30-40, and 50-60 min post stimulation of Schaffer 

collaterals with 2 trains of 100 pulses in WT and KO hippocampal slices (Fig. 2.2G; two-

way ANOVA; time F(2, 72) = 1.101, p = 0.3381; gene F(1, 72) = 0.6301, p = 0.4299). 

 These results show that hippocampal CA1 pyramidal neurons show enhanced 

excitability following astrocyte specific deletion of ephrin-B1 during early postnatal 

development, suggesting an alteration in E/I balance.  

 

Enhanced evoked excitatory postsynaptic AMPAR- and NMDAR-mediated 

responses and higher mEPSC amplitude are detected in CA1 neurons of astrocyte-

specific ephrin-B1 KO mice.  

To determine the mechanism of enhanced hippocampal activity in the 

hippocampus of KO mice, whole-cell voltage clamp electrophysiology was used to 

measure spontaneous and evoked excitatory responses from CA1 pyramidal neurons of 

P28 WT and KO mice in the presence of GABAA receptor antagonist picrotoxin (Fig. 

2.3). I observed a significant increase in both AMPAR- and NMDAR-mediated EPSCs in 
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KO mice compared to WT (Fig. 2.3C; WT AMPAR: 226.39 ± 30.41 vs KO AMPAR: 

486.13 ± 103.18; t(19) = 2.5560, p = 0.0193; WT NMDAR: 136.58 ± 37.27 vs KO 

NMDAR: 485.28 ± 97.18; t(19) = 4.10, p = 0.0006). Interestingly, AMPAR/NMDAR ratio 

was not significantly different between WT and KO mice (Fig. 2.3D; WT: 2.54 ± 0.42; 

KO: 1.74 ± 0.43; t(12) = 0.9743, p = 0.3491). No differences were observed in mEPSC 

frequencies between WT and KO mice (Fig. 2.3F-G; WT: 0.41 ± 0.05; KO: 0.51 ± 0.05; 

t(9) = 1.259,p = 0.2398). In contrast, I observed a significant shift in cumulative 

probability distribution of mEPSC amplitude to a higher amplitude (Fig. 2.3H; K–S test, 

n=190 and 160 for WT and KO group, respectively, p < 0.0001, D=0.3119) and increased 

mEPSC average amplitude (Fig. 2.3I; WT: 7.41 ± 0.65; KO: 11.01 ± 1.37; t(9) = 2.208, p 

= 0.0273). My results suggest enhanced postsynaptic excitatory responses in CA1 

neurons following astrocyte-specific deletion of ephrin-B1 during P14-28 early postnatal 

period. 

 

Overexpression of astrocytic ephrin-B1 in hippocampus CA1 affects AMPAR- and 

NMDAR-mediated responses and mEPSC amplitude.  

 Next I examined the effects of the overexpression of astrocytic ephrin-B1 in CA1 

hippocampus during P14-28 period on excitatory activity using viral approach, I observed 

significantly reduced evoked AMPAR- and NMDAR-mediated responses in OE groups 

compared to WT (Fig. 2.4B; WT AMPAR: 467.74 ± 93.27 vs KO AMPAR: 372.52 ± 

58.58; t(23) = 2.692, p = 0.0130; WT NMDAR: 327.608 ± 30.51 vs KO NMDAR: 204.13 

± 9.09; t(20) = 0.0019, p = 3.573), with no effect to AMPAR/NMDAR EPSC ratio (Fig. 
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2.4C; WT: 1.77 ± 0.23 vs KO 2.19 ± 0.33; t(20) = 0.9733, p = 0.3426). Similar to KO 

mice, cumulative probability of inter-event interval (Fig. 2.4E; K–S test, n=550 and 360 

for WT and KO group, respectively, p = 0.4819, D=0.1408) and average frequency of 

mEPSC were unchanged in OE group compared to WT (Fig. 2.4F; WT: 0.69 ± 0.07 vs 

KO: 0.56 ± 0.10; t(12) = 1.036, p = 0.3206). However, KO mice exhibited significant 

leftward shift of cumulative probability of mEPSC amplitude (Fig. 2.4G; K–S test, n=550 

and 360 for WT and KO group, respectively, p = 0.0145, D=0.1065) and a reduced 

mEPSC amplitude compared to their WT counterparts (Fig. 2.4H; WT: 10.30 ± 0.83 vs 

KO: 8.29 ± 0.41; t(12) = 1.821, p = 0.0468). Together this further confirms that astrocytic 

ephrin-B1 negatively affects excitatory synaptic transmission in the developing 

hippocampus, such that loss ephrin-B1 in astrocytes enhances, but its overexpression 

reduces, excitatory responses in CA1 hippocampal neurons.  

 

Excessive excitatory synapse formation is observed in CA1 hippocampus of 

developing KO mice 

 Next, I examined whether loss of ephrin-B1 from astrocytes would also affect the 

number of excitatory synapses in CA1 hippocampus by co-immunostaining against 

presynaptic vGlut1 and postsynaptic PSD95 (Fig. 2.5A, B). I observed a significant 

increase in vGlut1-positive puncta (Fig. 2.5C; WT: 15.11 ± 0.92 vs KO: 19.19 ± 0.38; 

t(21) = 4.238, p = 0.0004),  PSD95-positive puncta (Fig. 2.5D; WT: 5.91 ± 0.55 vs KO: 

9.80 ± 1.11; t(17) = 2.801, p = 0.0123) and vGlut1/PSD95 co-localization (Fig. 2.5E; WT: 

5.69 ± 0.82; KO: 11.93 ± 1.06; t(51) = 3.784, p = 0.0004) in the SR layer of CA1 
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hippocampus of KO mice compared to WT. Further, dendritic spine density was 

significantly higher in KO compared to WT (Fig. 2.5G; WT: 6.65 ± 0.24 vs KO: 7.68 ± 

0.28; t(31) = 2.78, p = 0.0092). Together, my results suggest that the loss of astrocytic 

ephrin-B1 results in excessive excitatory synapse formation on excitatory CA1 neurons, 

which may contribute to enhanced excitability. 

 

Developmental astrocyte-specific deletion of ephrin-B1 does not affect synapse 

maturation. 

 To assess synapse maturation, spine morphology was measured. Spine length was 

comparable between WT and KO mice (Fig. 2.5H; WT: 3.33 ± 0.17 vs KO: 3.35 ± 0.16; 

t(31) = 0.0697, p = 0.9449). Interestingly, KO mice had a greater proportion of spines with 

smaller heads (0-0.5 um3; Fig. 2.5I; WT: 62.19 ± 2.28 vs KO: 76.41 ± 1.83; two-way 

ANOVA, Tukey’s post hoc test, p <0.0001) and a smaller percent of medium size spines 

(0.5-1.0 um3; Fig. 2.5I; WT:28.01 ± 1.30 vs KO: 20.36 ± 1.68; two-way ANOVA, 

Tukey’s post hoc test, p = 0.0162) but similar levels of large, mature spines (>1.0 um3; 

Fig. 2.5I; WT: 6.54 ± 0.68 vs KO: 4.31 ± 0.52; two-way ANOVA, Tukey’s post hoc test, 

p = 0.9617) compared to WT animals. In addition, the levels of synaptic AMPAR 

subunits GluA1 and GluA2/3 was analyzed in developing hippocampus of WT and KO 

mice. Crude synaptosomes were isolated from P28 hippocampi of WT and KO mice and 

analyzed with immunoblotting (Fig. 2.6A). Synaptic PSD95 levels (Fig. 2.6B; WT:1.11 ± 

0.13 vs KO: 0.97 ± 0.07, t-test; t(10) = 0.9338, p = 0.3724) and levels of AMPAR subunits 

GluA1 (Fig. 2.6C; WT: 0.96 ± 0.03 vs KO: 1.06 ± 0.06, t-test; t(10) = 1.085, p = 0.3036) 
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and GluA2/3 (Fig. 2.6D; WT: 1.16 ± 0.15 vs KO: 1.12 ± 0.12, t-test; t(10) = 0.1792, p = 

0.8613) were not significantly different between WT and KO mice. These results are 

consistent with similar AMPAR/NMDAR EPSC ratio that was observed in WT and KO 

mice (Fig. 2.3D), indicating no differences in the functional maturation of excitatory 

synapses between WT and KO mice.  

 

Inhibitory postsynaptic currents are reduced in CA1 neurons of astrocytic ephrin-

B1 KO mice while overexpression enhances inhibitory transmission in CA1 

hippocampus. 

 To determine if astrocytic ephrin-B1 affects inhibitory synapses, inhibitory post-

synaptic currents (IPSCs) were recorded from CA1 hippocampal neurons in P28 WT and 

KO mice using whole-cell voltage clamp electrophysiology (Fig. 2.7A). In the presence 

of NMDAR and AMPAR blockers, D-AP5 and NBQX, I observed a significant decrease 

in evoked IPSC amplitude in CA1 hippocampal neurons of KO mice compared to WT 

(Fig. 2.7B; WT: 513.62 ± 68.05 vs KO: 314.76 ± 80.56; t-test; t(20) = 1.9, p = 0.0360). My 

results show that loss of ephrin-B1 from astrocytes also affects inhibitory postsynaptic 

response in CA1 hippocampal neurons.  

 Conversely, to determine if overexpression astrocytic ephrin-B1 affects inhibitory 

synapses, inhibitory post-synaptic currents (IPSCs) were recorded from CA1 

hippocampal neurons in P28 WT and OE mice using whole-cell voltage clamp 

electrophysiology (Fig. 2.7C. I observed a significant increase in evoked IPSC amplitude 

in CA1 hippocampal neurons of OE mice compared to WT (Fig. 2.7D; WT: 479.58 ± 



65 

 

69.99 vs OE: 877.56 ± 180.06; t-test; t(19); = 2.135 p = 0.0460). My results show that 

overexpression of ephrin-B1 from astrocytes has opposing effects on inhibitory 

postsynaptic response in CA1 hippocampal neurons compared to deletion of astrocytic 

ephrin-B1.  

 

Changes in the PV-positive inhibitory neurons in CA1 hippocampus may contribute 

to impaired inhibition in KO mice. 

 To determine if astrocyte-specific deletion of ephrin-B1 affects the inhibitory 

drive onto CA1 hippocampal neurons, inhibitory synaptic sites were detected on GFP-

expressing dendrites of CA1 excitatory neurons with immunostaining against VGAT and 

gephyrin (Fig. 2.8A, B). I observed no effect of ephrin-B1 deletion from developing 

astrocytes on VGAT  (Fig. 2.8C; WT: 16.45 ± 0.81 vs KO: 11.54 ± 0.73; t-test; t(53) = 

1.586, p = 0.1186) and gephyrin puncta (Fig. 2.8D; WT:14.27 ± 1.10 vs KO: 13.85 ± 

0.89; t-test; t(53) = 1.945, p = 0.0571) along the dendrites of CA1 neurons in SR area of 

the hippocampus.  

However, I observed a decrease in the density of PV-positive (PV+) inhibitory 

neurons in the CA1 hippocampus of KO mice compared to WT mice in SO (Fig. 2.9B; 

WT: 10.18 ± 1.45 vs KO 5.47 ± 0.87; t(66) = 2.889, p = 0.0052), SP (Fig. 2.9B; WT: 20.02 

± 1.67 vs KO: 11.79 ± 0.92; t(66) = 4.595, p < 0.0001), and SR (Fig. 2.9B; WT: 2.76 ± 

0.70 vs KO 0.47 ± 0.12; t(66) = 4.727, p < 0.0001) layers of CA1 hippocampus. 

Interestingly, vGlut1-positive excitatory presynaptic boutons onto PV+ inhibitory 

neurons were also reduced in KO mice, specifically in the SO (Fig. 2.9D; WT: 21.82 ± 
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1.18 vs KO: 12.27 ± 0.93; t-test; t(48) = 5.536, p < 0.0001) and SP (Fig. 2.9D; WT: 21.03 

± 0.55 vs KO: 11.78 ± 0.81; t-test; t(67) = 6.349, p < 0.0001), but not in the SR (Fig. 2.9D; 

WT: 16.34 ± 3.53 vs KO: 15.06 ± 2.38; t-test; t(20) = 0.2142, p = 0.8325) layers of CA1 

hippocampus. The reduced excitatory drive onto PV+ inhibitory neurons in the CA1 

hippocampus may contribute to reduced number of PV expressing cells and lower 

inhibitory activity, resulting in an overall increase in E/I balance in astrocyte-specific 

ephrin-B1 KO mice.  

Interestingly, there was an overall increase in colocalization of VGAT and 

gephyrin (Fig. 2.10A, C; WT: 30.78 ± 2.61 vs KO: 51.91 ± 4.00; t-test; t(53) = 4.53, p < 

0.0001) and increased GAD65-positive puncta within the SR layer of CA1 hippocampus 

(Fig. 2.10B, D; WT: 5.19 ± 0.14 vs KO: 5.99 ± 0.21; t-test; t(21) = 3.139, p = 0.0050), 

which may indicate increased inhibition of inhibitory neurons within CA1 hippocampus. 

 

Astrocytic ephrin-B1 KO mice show impaired social behaviors, but no anxiety or 

hyperactivity and normal contextual learning. 

To examine the functional significance of the synaptic changes in the developing 

hippocampus, mouse behaviors, such as social novelty and preference, anxiety and 

hyperactivity, as well as repetitive behaviors and fear-associated memory were also 

evaluated in ephrin-B1 KO mice. Social novelty and social preference were assessed 

using a three-chamber test. Mice were placed in a cage containing two side chambers and 

were tested in two 10 min sessions. In session one, an unfamiliar stranger mouse (S1) 

was placed in one of the side chambers, with the other chamber remaining empty (Fig. 
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2.11A). WT mice spent significantly more time in the chamber with S1 than the empty 

chamber (two-way ANOVA, Tukey’s post hoc test, p <0.0001) or the middle chamber 

(two-way ANOVA, Tukey’s post hoc test, p = 0.0002); however, KO mice spent similar 

amount of time in each chamber, indicating impaired social preference (Fig. 2.11B). In 

session two, a novel mouse (S2) was placed in the empty chamber, while now familiar S1 

mouse was remained in the same chamber. The test assessed social preferences by 

measuring time that mouse spent with either the familiar mouse (S1) or a novel mouse 

(S2) (Fig. 2.11A). WT mice spent significantly more time in the chamber with the novel 

mouse S2 than the familiar mouse S1 (two-way ANOVA, Tukey’s post hoc test, p = 

0.0005) or the middle chamber (two-way ANOVA, Tukey’s post hoc test, p = 0.0080, 

Fig. 2.11C). However, KO mice spent the same amount of time in the chamber 

containing S1 mouse, S2 mouse, or the middle chamber, suggesting they could not 

discriminate between familiar and novel mouse.  

Anxiety and hyperexcitability was assessed using an open field test by 

determining the time mice spent in thigmotaxis (near the walls) and the average velocity 

of the mice. Both WT and KO mice exhibited similar time spent in thigmotaxis (Fig. 

2.11E; WT: 67.89 ± 3.24 vs KO: 66.14 ± 3.96; t-test, t(15) = 0.3455, p = 0.7345), 

indicating no changes in anxious behavior following ephrin-B1 KO in astrocytes. 

Average velocity across the entire test was also similar between WT and KO mice (Fig. 

2.11F; WT: 53.19 ± 1.73 vs KO: 49.98 ± 2.03; t-test, t(15) = 0.1.214, p = 0.2435). 

A fear-conditioning test was used to evaluate if loss of astrocytic ephrin-B1 in the 

developing hippocampus affects contextual hippocampal-dependent learning similar to 
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the adult hippocampus (Koeppen et al., 2018). In this paradigm, WT and KO were trained 

to associate an electric shock with a tone in a context (context A). Their ability to recall 

the context and tone was tested by measuring the amount of time freezing in context A 

without tone (context recall) and in context B with a tone (tone recall; Fig. 2.12A). Both 

WT and KO mice exhibited similar behaviors in all stages of the test, in habituation, 

training, context recall, context B without tone, and tone recall in context B (Fig. 2.12B-

G). Long-term memory was also not affected by loss of ephrin-B1, as both contextual and 

tone memory recall remained intact 7 days following the training (Fig. 2.12H-K). 

Interestingly, manual analysis of mouse behaviors during each test revealed KO mice 

exhibited increased digging behavior, particularly during portions of the test with no fear 

association in context A habituation (Fig. 2.12K; WT: 0 ± 0 vs KO: 1.85 ± 0.76; t-test, 

t(21) = 2.341, p = 0.0292), context B habituation(Fig. 2.12K; WT: 1.01 ± 0.64 vs KO: 9.26 

± 2.65; t-test, t(21) = 2.908, p = 0.0084), and context B recall without tone (Fig. 2.12K; 

WT: 0 ± 0 vs KO: 6.48 ± 2.35; t-test, t(21) = 2.64, p = 0.0153). Increased digging may be 

indicative of repetitive behavior (Kim et al., 2016). 

 

2.4 Discussion 

Interactions between neurons and astrocytes are essential for proper circuit 

formation, particularly during early postnatal development when synapses are rapidly 

forming and eliminated. The studies presented here suggest that astrocytic ephrin-B1 

regulates hippocampal excitatory/inhibitory balance by influencing excitatory synapse 

formation during early postnatal development. First, I found that loss of ephrin-B1 in 
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astrocytes enhances excitability of CA1 hippocampal neurons, suggesting the changes in 

excitatory/inhibitory balance. While I observed increased evoked AMPAR- and 

NMDAR-mediated responses and increased excitatory synapse numbers and dendritic 

spines density in CA1 neurons of KO mice, overexpression of astrocytic ephrin-B1 

resulted in reduced evoked AMPAR- and NMDAR-mediated EPSCs. Second, inhibitory 

transmission was decreased in CA1 neurons of KO mice, most likely due to lower density 

of PV-expressing inhibitory neurons and reduced excitatory innervation of PV cells. In 

contrast, enhanced inhibitory responses were recorded in CA1 neurons following ephrin-

B1 overexpression in developing astrocytes. Third, loss of astrocytic ephrin-B1 during 

early postnatal development impaired mouse social behaviors, while triggering repetitive 

behaviors such as digging. Together, these studies implicate astrocytic ephrin-B1 in 

maintaining excitatory/inhibitory balance in the hippocampus during early postnatal 

development. 

 During the first weeks of postnatal development, hippocampal neurons undergo 

substantial synaptic alterations. At birth (P0-4), synapse numbers are low and dendrites 

extend filopodial-like protrusions with immature synapses (Steward and Falk, 1991; Fiala 

et al., 1998). Astrocytes start populating hippocampus around embryonic age (E) 18 - P0 

(Miller and Gauthier, 2007; Reemst et al., 2016) and hippocampal astrocytes undergo 

significant changes during the first postnatal week (Yang et al., 2013; Reemst et al., 

2016). During the second and third weeks (P15-28) after birth, synapse numbers 

dramatically increase (Steward and Falk, 1991; De Felipe et al., 1997). By the end of 

third week, synapses are found primarily on dendritic spines of hippocampal pyramidal 
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neurons, which represent postsynaptic sites of structurally mature synapses (Boyer et al., 

1998). From the fourth week to adulthood, synapse formation is reduced allowing for 

maturation and refinement of synaptic circuits through synapse elimination. While 

hippocampus remains dynamic during in the adult brain, synaptic changes are less 

pronounced with overall average spine density and size remain constant (Steward and 

Falk, 1991; Harris et al., 1992; De Felipe et al., 1997). Coincident with synapse formation 

during early postnatal development, astrocytes begin to express specific synaptogenic 

proteins that can modulate synapse formation, maturation, and elimination. Expression of 

synapse-promoting proteins, such as thrombospondins and glypicans, is upregulated in 

astrocytes during the first two weeks of postnatal development (P0-14) and is 

downregulated in adult brain (Christopherson et al., 2005; Cahoy et al., 2008; Allen et al., 

2012). Previous in vitro studies suggest that astrocytic ephrin-B1 may be involved in 

synapse removal (Koeppen et al., 2018). Therefore, this study, I investigated the role of 

astrocytic ephrin-B1 during P14-P28 postnatal period of synapse maturation and 

refinement, during which synapse elimination exceeds synapse formation and astrocytes 

continue to divide and expand in numbers. During this time, astrocytes also differentiate 

into more mature ones, characterized by morphology, expression profile, and 

electrophysiological properties (Yang et al., 2013). 

 Eph/ephrin signaling has been shown to modulate synapse development both in 

vitro and in vivo (Ethell et al., 2001; Henderson et al., 2001; Takasu et al., 2002; 

Henkemeyer et al., 2003; Liebl et al., 2003). Eph/ephrin-B signaling is involved in both 

presynaptic and postsynaptic formation and function. Presynaptic ephrin-Bs, specifically 
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ephrin-B1 and B2, interact with postsynaptic EphB2 to induce formation of functional 

presynaptic release sites on axons (Kayser et al., 2006; McClelland et al., 2009). 

Postsynaptically, Eph/ephrin-B signaling can affect synaptic plasticity, spinogenesis, 

glutamate receptor recruitment, and synapse density (Dalva et al., 2000; Ethell et al., 

2001; Grunwald et al., 2001; Contractor et al., 2002; Henkemeyer et al., 2003; Grunwald 

et al., 2004; McClelland et al., 2010; Xu et al., 2011). Deletion of EphB1, 2, and 3 results 

in failure to form spines in vitro with development of abnormal, headless, or small-

headed spines in vivo (Henkemeyer et al., 2003). In addition, ephrin-B2 reduces the 

number of filopodia-like protrusions and increases the number of spines that appear more 

mature in neuronal cultures, indicating Eph/ephrin-B signaling may be involved in the 

maturation and stabilization of spines. Increased expression of mature synapses enhances 

neural function; indeed, loss of ephrin-B2 in neurons reduces synaptic transmission 

(Essmann et al., 2008), whereas overexpression of ephrin-B3 enhances synaptic function 

(Aoto et al., 2007). However, the mechanism of astrocyte-neuron Eph/ephrin-B signaling 

may differ from neuron-neuron signaling. In contrast to neuronal Eph/ephrin-B signaling, 

I observed enhanced excitatory synapse number and function with the loss of astrocytic 

ephrin-B1 and conversely, reduced excitatory synapse numbers following the 

overexpression of ephrin-B1. It is possible that astrocytic ephrin-B1 can inhibit synapse 

formation by interfering with the interactions between axon terminals of CA3 neurons 

and postsynaptic dendrites of CA1 neurons. Astrocytic ephrin-B1 can also induce 

removal of excess synapses via phagocytic mechanisms. Eph/ephrin-B signaling was 

recently implicated in phagocytic-like mechanism by mediating trogocytosis of 
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neighboring connected cells to achieve efficient membrane scission and engulfment 

(Gong et al., 2019). Trogocytosis via Eph/ephrinB signaling can occur in both the 

forward and reverse direction. As astrocytes are involved in synapse elimination via 

phagocytosis (Chung et al., 2013), astrocytic elimination of excess synapses may be 

mediated by Eph/ephrin signaling such that astrocytic ephrin-B1 may contact neuronal 

Eph triggering reverse signaling to allow for astrocytes to engulf unwanted synapses. 

Indeed other previous work in vitro shows involvement of astrocytic ephrin-B1 signaling 

in the engulfment of synaptosomes (Koeppen et al., 2018). Here I provide an evidence 

that astrocytic ephrin-B1 may be playing a similar role during early postnatal 

development in vivo. The loss of astrocytic ephrin-B1 promotes excitatory synapse 

formation and in turn enhances excitatory synaptic function. Interestingly, despite 

increased excitatory synapse formation, loss of ephrin-B1 in developing astrocytes does 

not affect AMPAR/NMDAR EPSC ratio and the levels of synaptic AMPARs, suggesting 

no changes in synapse maturation.  

 In addition, decreased inhibitory transmission in CA1 pyramidal neurons may 

also contribute to their enhanced excitability in astrocyte-specific ephrin-B1 KO mice. 

Astrocytes co-cultured with developing neurons have been shown to significantly 

increase GABAergic synaptogenesis (Hughes et al., 2010) and increase amplitude and 

density of GABAA currents (Liu et al., 1996; Elmariah et al., 2005). Interestingly, 

neuronal cell bodies that were in direct contact with astrocytes exhibited higher amplitude 

and density of GABAA current (Liu et al., 1996). The increase in number of inhibitory 

presynaptic terminals, frequency of mIPSCs, and synaptic localization of GABAA 
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receptor clusters was observed in neuronal co-cultures with astrocytes (Elmariah et al., 

2005), but was not mediated by astrocyte-derived thrombospondins (Hughes et al., 2010). 

My studies show that the loss of astrocytic ephrin-B1 in the developing hippocampus 

leads to decreased IPSCs in CA1 hippocampal neurons potentially due to decreased 

number of PV-expressing inhibitory neurons in CA1 hippocampus (Fig. 10). 

Additionally, I observed a reduced number of vGlut1+ excitatory pre-synaptic boutons on 

PV cells in CA1 hippocampus of KO mice, suggesting decreased excitatory drive onto 

PV-expressing neurons, which may further reduce inhibition of CA1 pyramidal neurons. 

Ephrin-B has been implicated in the development of inhibitory neurons in the 

hippocampus (Talebian et al., 2018). Deletion of ephrin-B1, B2, and B3 in inhibitory 

neurons reduces number of PV, somatostatin, neuropeptide Y, and reelin-positive 

inhibitory neurons in the CA1 hippocampus (Talebian et al., 2018). Deletion of ephrin-B 

during embryogenesis affects the emergence and migration of interneurons thereby 

reducing the number of interneurons and increasing the excitation of cortical networks 

(Talebian et al., 2017). Inhibitory neurons, in particular PV-expressing interneurons, are 

generated during embryonic development in two waves between E9-E12 and E12-E16 

from the medial ganglionic eminences (MGE) and caudal ganglionic eminences (CGE) 

(Butt et al., 2005; Miyoshi et al., 2010; Tricoire et al., 2011) and will invade the 

hippocampus by E14 (Tricoire et al., 2011). However, the expression of PV in 

interneurons is minimal until P12 and gradually increases until P30 (Nitsch et al., 1990; 

de Lecea et al., 1995). In addition, early studies in rats showed no evidence of inhibition 

prior to P18, after which it steadily increased to reach adult levels by P28 (Michelson and 
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Lothman, 1989). While excitatory responses in rat CA1 hippocampus were well 

established within 2 weeks following birth, the maturation of inhibitory processes was 

not evident until several weeks later. In my study, ephrin-B1 was deleted from astrocytes 

during P14-P28 period of PV cell maturation. As expression of PV is still increasing 

during this period in an activity dependent manner, the loss astrocytic ephrin-B1 may be 

affecting either (1) excitatory innervation of PV inhibitory neurons affecting the increase 

in PV expression or (2) the maturation of inhibitory neurons in the CA1 hippocampus 

during P14-P28 period. 

The exact role of Eph/ephrin signaling in interneurons is still unknown; further 

investigation is required to determine how Eph/ephrin signaling mediates interneuron 

maturation and function, and specifically how astrocytes may contribute to these 

mechanisms. Interestingly, ephrin-B signaling in astrocytes have been shown to regulate 

neurogenesis in the DG of the hippocampus (Ashton et al., 2012). This neurogenesis may 

be impaired in early postnatal development with the loss of astrocytic ephrin-B1 such that 

interneuron migration may be reduced resulting in decreased PV expression. Eph/ephrin 

signaling is essential for cell migration during hippocampal neurogenesis (Chumley et al., 

2007). EphB1 is found to regulate cell number, proliferation, and positioning of neural 

stem and progenitor cells in the DG (Chumley et al., 2007). However, ephrin-B1 

overexpression only in CA1 hippocampal astrocytes during P14-P28 period resulted in 

increased IPSCs recorded from CA1 neurons, suggesting that the changes that I observe 

in my study are independent of neuronal differentiation in DG. Therefore, astrocytic 
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ephrin-B1 may be essential in maintaining proper E/I balance by influencing PV cell 

development in CA1 hippocampus during P14-P28 period. 

 I report that the loss of astrocytic ephrin-B1 enhanced excitatory function while 

also reducing inhibitory function. This E/I imbalance manifested behaviorally by 

impaired sociability and increased repetitive behaviors. Aberrant synaptogenesis has been 

linked to several neurodevelopmental disorders, such as autism spectrum disorder and 

epilepsy (Huttenlocher and Dabholkar, 1997; Lillis et al., 2015; Shen et al., 2016). 

Additionally, PV interneurons have been shown to have tight control over excitatory cell 

firing rhythms as PV interneurons can generate highly synchronized and fast inhibitory 

patterns (Hu et al., 2014). PV-expressing cells receive excitatory inputs from all major 

afferents therefore can provide both feedforward and feedback inhibition. In the CA1 

hippocampus, PV neurons receive excitatory projections from CA3 cells, allowing for 

feedforward inhibition. This feedforward circuit restricts the magnitude and duration of 

afferent pyramidal cell excitatory postsynaptic potentials, thereby enhancing the temporal 

precision of pyramidal cell activation (Pouille and Scanziani, 2001). PV neurons also 

receive rhythmic feedback from excitatory cells, which provides temporal synchrony, 

which is necessary to generate network oscillations (Hu et al., 2014; Ognjanovski et al., 

2017). Loss of PV interneurons may further contribute to the E/I imbalance and impaired 

social preference seen in astrocyte-specific ephrin-B1 KO mice. Indeed, loss of PV 

interneurons results in behavioral changes in mice. PV-depleted mice display similar core 

autism symptoms, including reduced social interactions and ultrasonic vocalizations, 

increased repetitive and stereotyped patterns of behaviors, seen with impaired reversal 
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learning, and increased seizure susceptibility (Wohr et al., 2015). It is interesting to note 

these PV-depleted mice exhibited no impairments with motor function and no anxiety-

like or depression-like behaviors (Wohr et al., 2015). Blocking synaptic transmission of 

PV neurons specifically in the ventral hippocampus was also shown to impair social 

memory discrimination (Deng et al., 2019). My findings show that loss of astrocytic 

ephrin-B1 increased excitatory synaptogenesis and reduced PV expression in the CA1 

hippocampus, which coincided with reduced sociability and increased repetitive digging 

behaviors but had no effect on anxiety or motor function. Together, this suggests that 

targeting astrocytic ephrin-B1 may be a potential avenue to repair PV cell functions and 

restore E/I imbalances in neurodevelopmental disorders.  

 The studies presented here suggest that astrocytic ephrin-B1 regulates E/I balance 

in the CA1 hippocampus during early postnatal development. During P14-P28 postnatal 

period, astrocytic ephrin-B1 is negatively regulating excitatory synapse formation as 

deletion of ephrin-B1 in astrocytes results in increased excitation, while overexpression 

of ephrin-B1 in astrocytes decreases excitation of CA1 neurons. Astrocytic ephrin-B1 

may also affect inhibitory neuron maturation and function as loss of astrocytic ephrin-B1 

reduces density of PV-expressing inhibitory neurons in the CA1 hippocampus and in turn 

impairs inhibition of CA1 pyramidal neurons. Conversely, overexpression of ephrin-B1 

in astrocytes enhances inhibition of CA1 neurons. The deregulation of E/I balance in 

astrocyte-specific ephrin-B1 KO mice may contribute to observed changes in social 

behaviors of the mice. Not surprising, genetic studies have linked mutations associated 

with Eph/ephrin signaling with neurodevelopmental disorders, including autism spectrum 
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disorder (Sanders et al., 2012; Robichaux et al., 2014), characterized by dysfunctions in 

social interactions and repetitive behaviors, and increased seizure susceptibility. 

Imbalance of E/I balance is linked to many neurological diseases, including epilepsy and 

autism spectrum disorders (Gao and Penzes, 2015). Therefore, further understanding the 

role of astrocytic ephrin-B1 in establishing proper E/I balance during development may 

provide a potential target for treating neurodevelopmental disorders.  
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Figure Legends 

 
 

Figure 2.1 Deletion of astrocytic ephrin-B1 is achieved using a ERT2-CreGFAP mouse 

model. (A) Generation of ERT2-CreGFAPephrin-B1flox/y mice. ERT2-CreGFAP male mice 

were crossed with ephrin-B1flox/+ female mice to obtain ERT2-CreGFAPephrin-B1flox/y 

(KO) mice. Tamoxifen was intraperitoneally injected to allow for specific deletion of 

astrocytic ephrin-B1 during P14-19 period. (B) Confocal images of GFAP (red) and 

ephrin-B1 (green) immunolabeling in the CA1 hippocampus in WT and KO mice. 
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Figure 2.2 Deletion of astrocytic ephrin-B1 results in functional synaptic changes in 

early postnatal CA1 hippocampal neurons. (A) Timeline of tamoxifen injection; 50 mg 

of tamoxifen was intraperitoneally injected at P14 for five days, experiments were 

performed at P28, fourteen days after initial injection. Graph shows expression of ephrin-

B1 in hippocampal astrocytes of WT and KO mice. Expression of ephrin-B1 was 

significantly reduced in astrocytes of KO mice. (B-D) Input-output curves of CA1 

neuronal FV amplitude (B), fEPSP slope (C), and PS amplitude (D) as a function of 

increasing stimulation intensity of Schaffer collaterals in hippocampal slices from P28 

WT and KO mice. Deletion of astrocytic ephrin-B1 in early postnatal mice resulted in 

increased fEPSP slope (two-way ANOVA; stimulation intensity F(14, 386) = 41.58, p < 

0.0001 ; genotype F(1, 386) = 39.26, p < 0.0001) and PS amplitude (two-way ANOVA; 

stimulation intensity F(14, 510) = 42.41, p < 0.0001; genotype F(1, 510) = 64.18, p < 0.0001) 

following stimulation of Schaffer collaterals (n = 6-9 mice; two-way ANOVA followed 

by Bonferroni post-test). (E) Graph shows paired-pulse facilitation (PPF) of the fEPSPs 

in response to twin pulses administered with a 100 ms inter-pulse interval; KO mice 

showed increased facilitation at 100 ms (t-test; t(41) = 2.998, p = 0.0046). (F) Graph shows 

paired-pulse inhibition (PPI) of the PSs in response to twin pulses administered with a 10 

ms inter-pulse interval in WT and KO mice with no differences in PPI between the 

groups (t-test; t(18) = 1.382, p = 0.1839). (G) LTP magnitudes at 0-10, 30-40, and 50-60 

min after LTP induction in WT and KO groups with no differences between the groups 

(two-way ANOVA; time F(2, 72) = 1.101, p = 0.3381; genotype F(1, 72) = 0.6301, p = 

0.4299). Graph shows mean values and error bars represent SEM (n = 6-9 mice, student’s 

t-test). Error bars represent SEM; * p<0.05, **p<0.01. 
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Figure 2.3 Loss of astrocytic ephrin-B1 during early postnatal development enhances 

both AMPAR and NMDAR-mediated responses but AMPAR/NMDAR EPSC ratio is 

unaffected. (A) Whole cell recordings were performed by blind cell patching of 

pyramidal cells in the CA1 hippocampus (example of biocytin filled neuron). (B) 

Representative traces of AMPAR- and NMDAR-evoked responses in WT (gray) and KO 

(black) P28 mice. (C, D) Graphs show amplitude and corresponding ratio of AMPAR- 

and NMDAR-mediated currents (n = 10-11 cells, 6-7 mice). Evoked AMPAR- and 

NMDAR-mediated currents were significantly increased (t-test; AMPAR t(19) = 2.556l, p 

= 0.0193; NMDAR t(19) = 4.1, p = 0.0006); however, ratio was unchanged (t-test; t(12) = 

0.9743, p = 0.3491). (E) Representative traces of mEPSCs in P28 WT and KO mice; 

recorded in the presence of TTX and picrotoxin (n = 5 mice). (F) The cumulative 

distribution of mEPSC interevent-intervals shows no differences between WT and KO 

mice. (G) Average frequency of mEPSCs was not significantly different between WT and 

KO mice (t-test; t(9) = 1.259, p = 0.2398), indicating potentially no effect on pre-synaptic 

activity. (H) The cumulative distribution of mEPSC amplitude shows a significant 

rightward shift (higher mESPC amplitude across the distribution) for KO (black) mice 

compared to WT (gray; K–S test, n=190 and 160 for WT and KO groups respectively, p 

< 0.0001, D = 0.3119). (I) Average amplitude of mEPSCs was higher in KO compared to 

WT mice (t-test; t(9) = 2.208, p = 0.0273). Error bars represent SEM; * p<0.05, **p<0.01. 
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Figure 2.4 Overexpression of astrocytic ephrin-B1 in the developing hippocampus 

reduced evoked AMPAR- and NMDAR-mediated responses. (A) Representative traces 

of AMPAR- and NMDAR-evoked responses in WT (gray) and OE (dotted dark gray) 

P28 mice recorded in the presence of picrotoxin to block GABAergic inhibition. (B, C) 

Graphs show amplitude and corresponding ratio in AMPAR- and NMDAR-mediated 

currents (n = 11-14 cells, 5 mice). Evoked AMPAR and NMDAR-mediated currents were 

significantly decreased (t-test; AMPAR t(23) = 2.692, p = 0.0130; NMDAR t(20) = 3.573, p 

= 0.0019); however, ratio was unchanged (t-test; t(19) = 0.9733, p = 0.3426). (D) 

Representative traces of mEPSCs in P28 WT and OE mice; recorded in the presence of 

TTX and picrotoxin (n = 11-14 cells, 5 mice). (E) The cumulative distribution of mEPSC 

interevent-intervals in WT and OE mice (gray; K–S test, n = 550 for WT and 360 for OE 

groups respectively, p = 0.4819, D = 0.1408). (F) Average frequency of mEPSCs was not 

significantly different between WT and OE P28 mice (t-test; t(12) = 1.036, p = 0.3206), 

indicating potentially no effect on pre-synaptic activity. (G) The cumulative distribution 

of mEPSC amplitude shows a significant leftward shift (smaller mESPC amplitude across 

the distribution) for OE (dotted dark gray) mice compared to WT (gray; K–S test, n = 550 

for WT and 360 for OE groups respectively, p = 0.0145, D = 0.1065). (H) Average 

amplitude of mEPSCs was lower in OE compared to WT mice (t-test; t(12) = 1.821, p = 

0.0468). Error bars represent SEM; * p<0.05, **p<0.01. 

  



94 

 

 
  



95 

 

Figure 2.5 Early postnatal astrocyte-specific deletion of ephrin-B1 resulted in 

increased number of excitatory synapses in CA1 hippocampus. (A-B) Confocal images 

of vGlut1 (green) and PSD-95 (red) immunolabeling in SR and SLM areas of CA1 

hippocampus of WT and KO P28 mice (scale bar = 25 µm). (C-E) Graphs show density 

of vGlut1-positive puncta (C), PSD95-positive puncta (D), and vGlut1/PSD95 co-

localization (E) per 100 µm2 of SR and SLM areas in CA1 hippocampus of WT and KO 

mice (n=3-4 mice). KO mice showed a significant increase in the SR CA1 hippocampus 

in vGlut1-positive puncta (t-test; t(21) = 4.238, p = 0.0004), PSD95-positive puncta (t-test; 

t(17) = 2.801, p = 0.0123), and the colocalization of vGlut1 and PSD95 (t-test; t(51) = 

3.784, p = 0.0004). Graphs show mean values and error bars represent SEM; ***p<0.001, 

****p<0.0001. (F) Confocal images of CA1 neurons expressing GFP in the SR area of 

CA1 hippocampus of WT and KO mice (scale bar = 10 µ). (G-I) Graphs show average 

density of dendritic spines per 10 µm dendrite (G), average spine length (H), and spine 

volume (I). There was a significant increase in average dendritic spine density in KO 

mice compared to WT mice (t-test; t(31) = 2.78, p = 0.0092). There was a significantly 

increased proportion of dendritic spines with smaller heads (volume 0-0.5 µm3), a 

decreased percent of medium size spines (volume 0.5-1.0 µm3), and same percent of 

large, mature spines (volume >1.0 µm3) observed in KO mice compared to WT mice 

(two-way ANOVA, spine size F(2, 84) = 726.7, p < 0.0001; genotype F(1, 84) = 1.048, p = 

0.3090). Error bars represent SEM; *p < 0.05, **p < 0.01, ****p < 0.0001 
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Figure 2.6 Hippocampal synaptic AMPAR levels are similar between P28 WT and KO 

mice. (A) Western blots show levels of PSD-95, GAPDH, and AMPAR subunits (GluA1 

and GluA2/3) in synaptosomes isolated from hippocampus of P28 WT and KO mice. (B-

D) Graphs show mean ratios of synaptic PSD-95 to GAPDH (B), and GluA1 (C), or 

GluA2/3 (D) levels to PSD-95 levels in synaptosomes isolated from P28 hippocampus of 

WT and KO mice. AMPAR levels at hippocampal synapses are similar in P28 WT and 

KO mice. Error bars represent SEM. 
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Figure 2.7 Inhibition is altered in CA1 hippocampal neurons following deletion or 

overexpression of astrocytic ephrin-B1 during early postnatal development. (A) 

Representative traces showing evoked IPSCs recorded in CA1 pyramidal neurons from 

P28 WT (gray) and KO (black). (B) Graph shows average amplitude of evoked IPSCs (n 

= 12-14 cells). Amplitude of evoked IPSCs is significantly decreased in CA1 neurons of 

P28 KO mice compared to WT mice (t-test; t(20); = 1.90, p = 0.0360). (C) Representative 

traces showing evoked IPSCs recorded in CA1 pyramidal neurons from P28 WT (gray) 

and OE (dotted dark gray) recorded in the presence of D-AP5 and NBQX to block 

AMPAR- and NMDAR-mediated currents. (D) Graph shows average amplitude of 

evoked IPSCs (n = 10- 11 cells, 6 mice). Amplitude of evoked IPSCs was significantly 

decreased in CA1 neurons of P28 OE mice compared to WT mice (t-test; t(19); = 2.135 p 

= 0.0460). Error bars represent SEM; * p<0.05. 
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Figure 2.8 Inhibitory synaptic sites onto excitatory dendritic spines remain intact in 

KO developing mice. (A, B) Confocal images of the CA1 neurons expressing GFP 

(green) co-stained with VGAT (red) and gephyrin (purple) to visualize inhibitory 

synaptic sites on dendrites of CA1 hippocampal neurons (scale bar = 10 µm). (C) Graph 

shows colocalization of VGAT and GFP expressing dendritic spines (n = 2-4 mice). (D) 

Graph shows colocalization of gephyrin and GFP expressing dendritic spines. 

  



99 

 

 
 

Figure 2.9 Parvalbumin inhibitory neurons are affected by the loss of astrocytic 

ephrin-B1 during postnatal development. (A) Confocal images of PV-expressing cells 

(red) with DAPI (blue) to indicate CA1 hippocampal layers, SO, SP, and SR. (B) Graph 

shows density PV-expressing neurons in SO, SP, and SR layers of CA1 hippocampus. 

KO mice exhibited decreased density of PV-expressing inhibitory neurons in all three 

layers (t-test; SO t(66) = 2.889, p = 0.0052; SP t(66) = 4.595, p < 0.0001; SR t(66) = 4.727, p 

< 0.0001). (C) Confocal images of vGlut1 (green) and PV-expressing cells (red) in the 

SO, SP, and SR layers of the CA1 hippocampus (scale bar = 25 um). (D) Graph shows 

colocalization of vGlut1 puncta and PV immunoreactivity in the SO, SP, and SR layers of 

the CA1 hippocampus (n = 3 mice). KO mice exhibit decreased excitatory vGlut1-

positive boutons on PV-expressing inhibitory neurons in the SO (t-test; t(48) = 5.536, p < 

0.0001) and SP (t-test; t(67) = 6.349, p < 0.0001) of CA1 hippocampus. 
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Figure 2.10 Inhibitory synapse number is increased with astrocytic ephrin-B1 deletion 

during early postnatal development. (A) Confocal images of CA1 SR region of 

hippocampus visualizing co-stain with VGAT (red) and gephyrin (blue) inhibitory 

synaptic sites (scale bar = 20 µm) (B) Confocal images of GAD65 (red) immunolabeling 

in SR and SLM areas of CA1 hippocampus of WT and KO P28 mice (scale bar = 25 µm). 

(C) Graph shows colocalization of VGAT and gephyrin in CA1 hippocampus; KO mice 

show significantly higher colocalization of VGAT and gephyrin (t-test; t(53) = 4.53, p < 

0.0001). (D) Graph shows density of GAD65 puncta in the SR and SLM regions of the 

hippocampus. (n = 3 mice). GAD65 expression is significantly increased in P28 KO mice 

(t-test; t(21) = 3.139, p = 0.0050). Error bars represent SEM; **p<0.01, ****p<0.0001. 
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Figure 2.11 Ablation of astrocytic ephrin-B1 during early postnatal development 

affected mouse social behaviors. (A) Diagram of three-chamber test for social preference 

and social novelty. Mice were placed in the middle chamber containing two side 

chambers and were tested in two 10 min sessions. During social preference test, an 

unfamiliar stranger mouse (S1) was placed in one of the side chambers, with the other 

chamber remaining empty. During social novelty test, an unfamiliar stranger mouse (S1) 

was remaining in the side chamber, while a novel mouse (S2) was placed in the empty 

chamber. (B) Graph shows time spent in either three chambers during social preference 

test. WT mice prefer spending time with S1 mouse compared to time in the middle (two-

way ANOVA, Tukey’s post hoc test, p = 0.0002) or empty chamber (two-way ANOVA, 

Tukey’s post hoc test, p <0.0001). KO mice show impaired sociability and spend the 

same amount of time in each chamber. (C) Graph shows time spent in each chamber 

during social novelty test. WT spend significantly more time with S2 mouse than with 

familiar S1 mouse (two-way ANOVA, Tukey’s post hoc test, p = 0.0005), or in the 

middle chamber (two-way ANOVA, Tukey’s post hoc test, p = 0.0080), indicating 

normal social memory. KO mice spend the same amount of time in S1, middle, or S2 

chambers. (D) Schematics of open field test; during testing animals were allowed to 

freely explore the open field for 10 min while time spent in thigmotaxis and average 

velocity were measured. (E) Graph shows percent time spent in thigmotaxis with no 

significant differences between WT and KO mice (t-test, t(15) = 0.3455, p = 0.7345). (F) 

Graph shows average velocity of WT and KO mice (t-test, t(15) = 0.1.214, p = 0.2435). 
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Figure 2.12 Contextual memory is unaffected by the loss of astrocytic ephrin-B1 in 

developing hippocampus; however, ablation may cause increased repetitive behaviors. 

(A) Diagram of contextual fear learning paradigm; mice were habituated to contexts A 

and B for 10 min on day 1. On day 2 mice were placed in Context A and received 5 

random 0.5-0.7 mA foot shocks for 2 s after a 30 s tone at 70 KHz. On day 3 mice were 

placed in Context A for 5 min; 1 h later mice were placed in Context B for 6 min and 

exposed to a 70 dB tone for the last 3 min. (B-G) Fear conditioning behavior during 

habituation in contexts A and B (B, C), training (D), and context A (E), context B without 

tone (F), and context B with tone (G) recall in P28 mice (n = 11 mice). (H-J) 7 d 

following recall test, animals are tested for long-term memory retention of contextual 

memory (H), context B without tone (I), and cued auditory memory (J). (K-L) Manual 

analysis of characteristic mouse behaviors during each behavior test: stretching/attending 

(SAP), freezing, scanning, rearing, and in motion. KO mice exhibit increased digging 

repetitive-like behaviors. Error bars represent SEM; * p<0.05. 
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Figure 2.13 Model schematic of hippocampal circuitry in WT and KO mice. (A) 

Deletion of astrocytic ephrin-B1 affects E/I balance in the hippocampus by enhancing 

excitatory synaptogenesis onto CA1 pyramidal cells and reducing PV expression. 

Increased synapse formation of excitatory synapses induces increased excitatory function 

while reduction of PV-expressing neurons decreases inhibitory function onto CA1 

pyramidal cells, thereby causing overall enhanced excitatory activity in the CA1 

hippocampal pyramidal cells. 
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Chapter 3 : Astrocytic ephrin-B1 is involved in excitatory 

synapse maintenance in the adult hippocampus 
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Abstract 

Astrocyte derived factors can control synapse formation and functions, making 

astrocytes an attractive target for regulating neuronal circuits and associated behaviors. 

Abnormal astrocyte-neuronal interactions are also implicated in neurodevelopmental 

disorders and neurodegenerative diseases associated with impaired learning and memory. 

However, little is known about astrocyte-mediated mechanisms that regulate learning and 

memory. Here, I propose astrocytic ephrin-B1 as a regulator of synaptogenesis in adult 

hippocampus. I found that astrocyte-specific ablation of ephrin-B1 in male mice triggers 

an increase in the density of immature dendritic spines and excitatory synaptic sites in the 

adult CA1 hippocampus. However, the prevalence of immature dendritic spines is 

associated with reduced number of mature spines and decreased evoked postsynaptic 

firing responses in CA1 pyramidal neurons, suggesting impaired maturation of these 

newly formed and potentially silent synapses or increased excitatory drive on the 

inhibitory neurons resulting in the overall decreased postsynaptic firing. My results 

suggest that astrocytic ephrin-B1 may compete with neuronal ephrin-B1 and mediate 

excitatory synapse elimination through its interactions with neuronal EphB receptors. My 

findings demonstrate that astrocytic ephrin-B1 regulates synaptogenesis by restricting 

new synapse formation in the adult hippocampus. 
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3.1 Introduction 

Hippocampal circuits are highly plastic allowing for their essential role in the 

formation of new memories and life-long learning ((Milner et al., 1998; Neves et al., 

2008). However, it is unclear how the circuits are regulated at the level of individual 

synapses. Neural activity can regulate synaptic strength, balancing between Hebbian and 

homeostatic type plasticity. In Hebbian plasticity, increased neural activity can increase 

synaptogenesis, and can be seen in adulthood (Zito and Svoboda, 2002). While 

homeostatic plasticity indicates that synapse form will occur if neural activity falls below 

a homeostatic set-point while activity exceeding the set-point will decrease the number of 

synapses (Butz and van Ooyen, 2013; Turrigiano, 2017). Formation of synapses can 

introduce either functional synapses or non-function, silent synapses, potentially allowing 

for circuit modification. Silent synapses contain NMDAR but not functional AMPARs; 

therefore, postsynaptically these synapses are silent at resting membrane potentials. 

Unsilencing with the recruitment of AMPARs can be achieved by potentiating synaptic 

transmission such that, in an activity-dependent manner, activation of NMDAR leads to 

appearance of functional AMPARs (Malenka and Nicoll, 1999; Malinow et al., 2000; 

Liao et al., 2001). During acquisition of new memories, hippocampal synapses undergo 

activity-dependent growth, elimination or maturation in a synapse-specific manner. In 

particular, CA1 hippocampal neurons have been implicated in contextual learning 

(Strekalova et al., 2003), which triggers a recruitment of AMPARs to specific dendritic 

domains of CA1 neurons (Matsuo et al., 2008), whereas ablation of synaptic NMDARs in 

the CA1 hippocampus was reported to impact learning (Tsien et al., 1996). 
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A single astrocyte can come into close association with approximately 2,000,000 

synapses (Bushong et al., 2002); this close association allows for astrocytes to regulate 

synaptic formation, maturation, and pruning. Two methods by which astrocytes affect 

synapse is through either (a) secretion-factors or (b) contact-mediated factors. Several 

astrocyte-secreted factors, such as thrombospondin-1 (TSP-1), glypican, and hevin, have 

been shown to affect synapse formation and function by affecting synapse structure and 

recruiting of AMPARs (Ullian et al., 2001; Christopherson et al., 2005; Eroglu et al., 

2009; Kucukdereli et al., 2011; Allen et al., 2012). Direct contact of astrocytes to 

synapses has also been shown to regulate synapse formation; neurons directly contacting 

astrocytes express robust synaptogensis, whereas neurons treated with only astrocyte-

conditioned media formed fewer synapses (Ullian et al., 2001). In addition, astrocytes has 

been implicated to regulate synapse elimination via phagocytosis during synapse 

development (Lauterbach and Klein, 2006; Eroglu and Barres, 2010; Chung et al., 2013), 

allowing for refinement of functional circuits with increased neuronal transmission 

efficiency (Cowan et al., 1984; Luo and O'Leary, 2005). The hippocampus maintains a 

high level of synaptic plasticity in the adult brain, therefore can undergo synapse 

formation or elimination based on fluctuations of neuronal activity (Yasumatsu et al., 

2008). Astrocytic pruning may contribute to persistent synaptic plasticity in the adult 

hippocampus by maintaining and refining neural circuits during learning and memory 

formation. Indeed, electron microscopy studies revealed neuronal debris in adult 

hippocampal astrocytes (Spacek and Harris, 2004). 
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Eph/ephrin signaling has been implicated in synapse formation and remodeling 

(Cowan and Henkemeyer, 2001; Ethell et al., 2001; Henderson et al., 2001; Takasu et al., 

2002; Henkemeyer et al., 2003; Grunwald et al., 2004; Kayser et al., 2006; Segura et al., 

2007; Kayser et al., 2008; Nikolakopoulou et al., 2016). Ephrin-B1 is a membrane-bound 

protein that acts as a ligand for EphB receptors. EphB/ephrin-B interactions activate 

bidirectional signaling in both cells expressing EphB receptor and ephrin-B (Bush and 

Soriano, 2009; Sloniowski and Ethell, 2012; Xu and Henkemeyer, 2012). Expression of 

ephrin-B1 is found in both astrocytes and neurons (Wang et al., 2005; Nikolakopoulou et 

al., 2016). However, how ephrin-B1 expression in astrocytes may influence synapse 

formation and maintenance is still unclear.  

In vivo studies have demonstrated that astrocyte-specific ephrin-B1 deletion in the 

adult hippocampus of ERT2-CreGFAPephrin-B1flox/y (KO) mice triggers an increase in the 

number of synaptic sites and immature dendritic spines in CA1 hippocampus (Koeppen et 

al., 2018). However, my studies show despite the increase in synapse numbers, there is 

reduced postsynaptic firing responses in the CA1 hippocampus and decreased number of 

functionally mature excitatory synapses. Astrocytic ephrin-B1 may compete with 

neuronal ephrin-B1 and trigger astrocyte-mediated elimination of EphB receptor-

containing synapses via trans-endocytosis. Indeed, a deletion of synaptic EphB receptors 

impairs the ability of astrocytes expressing functional ephrin-B1 to engulf synaptosomes 

(Koeppen et al., 2018). My results suggest that astrocytic ephrin-B1 regulates synapse 

maintenance by restricting synapse formation in the adult hippocampus.  
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3.2 Materials & Methods 

3.2.1 Mice 

B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J (ERT2-CreGFAP, RRID: 

IMSR_JAX:012849) male mice were crossed with 129S-Efnb1tm1Sor/J female mice 

(ephrin-B1flox/+, RRID: IMSR_JAX:007664) to obtain ERT2-CreGFAPephrin-B1flox/y (KO), 

or ERT2-CreGFAP (WT) male mice. Adult WT and KO littermates received tamoxifen 

intraperitoneally (IP; 1 mg in 5 mg/ml of 1:9 ethanol/sunflower seed oil solution) once a 

day for 7 consecutive days (Fig. 1A). I did not detect any changes in ephrin-B1 levels in 

astrocytes or neurons in ERT2-CreGFAPephrin-B1flox/y non-injected or injected with 

sunflower seed oil without tamoxifen as previously reported (Nikolakopoulou et al., 

2016). Ephrin-B1 immunoreactivity was analyzed in ERT2-CreGFAPephrin-B1flox/y (KO) 

and ERT2-CreGFAP (WT) mice (Fig. 1B). Astrocyte-specific Cre expression was 

confirmed in tamoxifen-treated ERT2-CreGFAP using Rosa-CAG-LSL-tdTomato reporter 

mice (CAG-tdTomato, RRID:IMSR_JAX:007909; Fig. 1C). Ephrin-B1 

immunoreactivity was observed in cell bodies and dendrites of CA1 neurons but not 

hippocampal astrocytes of tamoxifen-treated KO mice (Fig. 1C-G). There were no 

changes in ephrin-B1 levels in astrocytes and neurons of untreated and tamoxifen-treated 

WT animals. Genotypes were confirmed by PCR analysis of genomic DNA isolated from 

mouse tails. Mice were maintained in an AAALAC accredited facility under 12-h 

light/dark cycle and fed standard mouse chow. All mouse studies were done according to 

NIH and Institutional Animal Care and Use Committee guidelines.  
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3.2.2 Synaptosome Purification 

Synaptosome purification was performed as previously described (Hollingsworth 

et al., 1985). Hippocampal tissues from adult WT or KO mice were homogenized in 1 ml 

synaptosome buffer (124 mM NaCl, 3.2 mM KCl, 1.06 mM KH2PO4, 26 mM NaHCO3, 

1.3 mM MgCl2, 2.5 mM CaCl2, 10 mM Glucose, 20 mM HEPES). Homogenates were 

filtered through a 100 μm nylon net filter (NY1H02500, Millipore) and 5 μm nylon 

syringe filter (SF15156, Tisch International). Homogenate flow through was collected 

and synaptosomes were spun down at 10,000 g, 4oC, for 30 min. Synaptosomes were 

resuspended in 800 μl synaptosome buffer. To confirm synaptosome enrichment, levels 

of synapsin-1, PSD95, and histone deacetylase (HDAC I) were analyzed in tissue 

homogenates and synaptosome fractions with western blot analysis. 

 

3.2.3 Western Blot Analysis 

Tissue homogenate or purified synaptosome samples were centrifuged at 10,000 

g, 4oC, for 30 min, pellets were re-suspended in lysis buffer (50 mM Tris, 100 mM NaCl, 

2% TritonX-100, 10 mM EDTA,) containing 2% protease inhibitor cocktail (P8340, 

Sigma-Aldrich) and incubated for 2 h at 4oC. Samples were added to 2X Laemmli Buffer 

(S3401, Sigma-Aldrich) and run on an 8-16% Tris-Glycine Gel (EC6045BOX, 

Invitrogen). Protein samples were transferred onto a nitrocellulose blotting membrane 

(10600007, GE Healthcare). Blots were blocked with 5% milk in TBS (10 mM Tris, 150 

mM NaCl, pH 8.0) followed by immunostaining with mouse anti-PSD95 (1.65 μg/ml, 

Invitrogen Cat# MA1-045, RRID: AB_325399), rabbit anti-GluA1 (1:100, Millipore 
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Cat# AB1504, RRID: AB_2113602), rabbit anti-GluA2/3 (0.1 μg/ml, Millipore Cat# 

AB1506, RRID: AB_90710), rabbit anti-HDAC I (0.40 μg/ml, Santa Cruz 

Biotechnologies Cat# sc-7872, RRID: AB_2279709), rabbit anti-synapsin-1 (0.2 μg/ml, 

Millipore Cat# AB1543P, RRID: AB_90757), or mouse anti-GAPDH (0.2 μg/ml, 

Thermo Fisher Scientific Cat# 39-8600, RRID:AB_2533438) antibodies in 0.1% tween 

20/TBS at 4oC for 16 h. Secondary antibodies used were HRP conjugated donkey anti-

mouse IgG (Jackson ImmunoResearch Cat#715-035-150, RRID: AB_2340770) or HRP 

conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Cat# 111-035-003, RRID: 

AB_2313567). Blots were incubated in ECL 2 Western Blotting Substrate (Pierce Cat# 

80196) and a signal was collected with CL-XPosure film (34090, Pierce). Band density 

was analyzed by measuring band and background intensity using Adobe Photoshop 

CS5.1 software (RRID: SCR_014199). Statistical analysis was performed with a one-way 

ANOVA followed by Tukey post-hoc analysis using GraphPad Prism 6 software (RRID: 

SCR_002798), data represent mean ± SEM.  

 

3.2.4 Extracellular Field Recordings 

Adult mice (P90-110) were used for electrophysiological experiments two weeks 

after the first tamoxifen injection. Animals were deeply anesthetized with isoflurane and 

decapitated. The brains were rapidly removed and immersed in ice-cold artificial 

cerebrospinal fluid (ACSF) with high Mg2+ and sucrose concentration containing 3.5 mM 

KCl, 1.25 mM NaH2PO4, 20 mM D(+)-glucose, 185 mM sucrose, 26 mM NaHCO3, 10 

mM MgCl2 and 0.50 mM CaCl2 with a pH of 7.4 and saturated with 95% O2/5% CO2. 



114 

 

Transverse hippocampal slices (350 µm) were prepared by using a vibrating blade 

microtome (LeicaVT1000s, Leica Microsystems; Buffalo Grove, IL, USA) in ice-cold 

slicing solution bubbled with 95% O2/5% CO2. Slices were then transferred into a 

holding chamber containing oxygenated ACSF (124 mM NaCl, 3.5 mM KCl, 1.25 

mM NaH2PO4, 10 mM D(+)-glucose, 26 mM NaHCO3, 2 mM MgCl2, and 2 mM CaCl2 

with a pH of 7.4) for 1 h at 33°C. Slices were then transferred to a submersion recording 

chamber continually perfused with oxygenated ACSF at a flow rate of 1 ml/min. Slices 

are allowed to equilibrate for approximately 10 min to reach a stable baseline response 

prior to running experimental protocols. Glass microelectrodes (tip resistance 1-3 MΩ, 

filled with 3 M NaCl) were positioned in the CA1 SP and SR area for extracellular 

recording. Synaptic responses were evoked by stimulating Schaffer collaterals with a 

bipolar tungsten electrode (WPI, Sarasota, FL, USA). Potentials were amplified 

(Axoclamp-2B, Molecular Devices, Sunnyvale, CA), digitized at a sampling rate of 10 

kHz and analyzed offline using pClamp (Molecular Devices) software. All 

electrophysiological responses were digitally filtered at 1 kHz low-pass filter to improve 

signal-to-noise ratio. 

Dendritic potentials typically consisted of a small presynaptic fiber volley (FV) 

followed by a negative field excitatory postsynaptic potential (fEPSP). The amplitude of 

the FV reflects the depolarization of the presynaptic terminals and the fEPSP slope 

reflects the magnitude of the postsynaptic dendritic depolarization. Postsynaptic neuronal 

firing is represented by the amplitude of the population spike (PS). PSs were calculated 
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as the voltage difference between two positive peaks and the most negative peak of the 

trace.  

Several protocols were conducted to test for functional changes. To examine basal 

synaptic transmission, input-output (I/O) curves were generated by incrementally 

increasing stimulation intensity, beginning at 0.15 mA and increasing stimulation by 0.15 

mA until maximal somatic PS amplitudes were reached. The maximal PS amplitude was 

regarded as maximal neuronal output. Maximal fEPSP slope and maximal PS response 

were determined, along with 30-50% of maximal fEPSP slope and PS. Paired-pulse 

facilitation (PPF) was used to test for changes in presynaptic glutamate release 

probability. PPF was evoked by two stimuli at 30% of maximal fEPSP slope. The two 

stimuli were separated by varying time differences (or interpulse intervals): 20, 50, 100, 

200, or 400 ms. The second fEPSP was typically facilitated; PPF was calculated from the 

ratio of fEPSP2/fEPSP1 slope. To elicit paired-pulse inhibition (PPI), two stimuli were 

provided at 100% of max PS response and at inter-pulse intervals of 6, 10, 20, 50, 100, or 

200 ms. PPI was calculated from PS2/PS1 amplitude ratio. For long-term potentiation 

(LTP), Schaffer collaterals were first stimulated to evoke 30% maximal fEPSP slope for 

at least 10 min to obtain baseline response. LTP was then induced by the stimulation of 

Schaffer collaterals with 2 trains of 100 pulses at 100 Hz, 20 s apart. LTP was sampled at 

30 s intervals for 60 min post stimulation and potentiation was calculated by dividing the 

average slope of post-induction responses by the average slope of pre-induction baseline 

responses.  
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 For electrophysiological data, I used two-way ANOVA followed by Bonferroni 

test to evaluate the effects of astrocytic ephrin-B1 deletion on the I/O curves, PPF, PPI, 

and LTP. In all electrophysiological recordings, the data represent mean ± SEM. 

 

3.2.5 Whole-Cell Patch Clamp Electrophysiology 

Adult mice (P90-110) were used for electrophysiological experiments two weeks 

after the first tamoxifen injection. Animals were deeply anesthetized with isoflurane and 

decapitated. The brains were rapidly removed and immersed in ice-cold artificial 

cerebrospinal fluid (ACSF) with high Mg2+ and sucrose concentration containing the 

following (in mM): 87 NaCl, 75 sucrose, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 1.25 NaH2PO4, 25 

NaHCO3, 10 glucose, 1.3 ascorbic, acid, 0.1 kynurenic acid, 2.0 pyruvate, and 3.5 MOPS 

with a pH of 7.4 and saturated with 95% O2/5% CO2. Transverse hippocampal slices (350 

µm) were prepared by using a vibrating blade microtome (Campden 5100mz-Plus, 

Campden Instruments Ltd.) in ice-cold slicing solution bubbled with 95% O2/5% CO2. 

Slices were then transferred into a holding chamber containing oxygenated ACSF (in 

mM; 125 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 15 

glucose 3.5 MOPS with a pH of 7.4) for 1 h at 33°C. Slices were then transferred to a 

submersion recording chamber continually perfused with oxygenated ACSF at a flow rate 

of 1 ml/min. Slices are allowed to equilibrate for approximately 10 min to reach a stable 

baseline response prior to running experimental protocols. 

Whole-cell patch experiments were done blind as described in by Castañeda-

Castellanos et al. (Castaneda-Castellanos et al., 2006). Electrical stimuli (0.1 Hz) were 
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delivered through a bipolar, Teflon®-coated tungsten electrode placed in the CA3 

Schaffer collaterals and close proximity to the recording electrode. Tight-seal whole-cell 

recordings were obtained using pipettes made from borosilicate glass capillaries pulled 

on a Narishige PC-10 vertical micropipette puller (Narishige, Tokyo, Japan). Pipette 

resistance ranged from 3 MΩ to 5 MΩ, filled with an internal solution containing (in 

mM) 130 CsOH, 130 D‐gluconic acid, 0.2 EGTA, 2 MgCl2, 6 CsCl, 10 Hepes, 2.5 ATP‐

Na, 0.5 GTP‐Na, 10 phosphocreatine and 0.1% Biocytin for cellular post labeling, pH 

adjusted to 7.2-7.3 with CsOH, osmolarity adjusted to 300-305 mOsm with ATP-Na. 

Neurons were voltage-clamped at either -70 mV to measure AMPAR evoked responses 

or +40mV to measure NMDA receptor evoked responses. 1 µM tetrodotoxin was added 

to isolate mEPSC responses. All excitatory postsynaptic currents (EPSCs) were recorded 

in the presence of 50 µM picrotoxin, a GABAA receptor antagonist, to block GABAA-

mediated currents. To measure inhibitory postsynaptic currents (IPSCs), neurons were 

voltage-clamped at 0 mV with 10 µM NBQX, an AMPA receptor antagonist, and 50 µM 

D-AP5, a NMDA receptor antagonist. EPSCs and IPSCs were recorded using an EPC-9 

amplifier (HEKA Elektronik, Lambrecht, Germany), filtered at 1 kHz, digitized at 10 

kHz, and stored on a personal computer using pClamp 10.7 software (Molecular Device) 

to run analysis. The series resistance was <25 MΩ and was compensated. Both series and 

input resistance were monitored throughout the experiment by delivering 5 mV voltage 

steps. If the series resistance changed more than 20% during the course of an experiment, 

the data was discarded. AMPA, NMDA-mediated EPSCs, IPSCs evoked responses, 

mEPSCs, and mIPSCs were analyzed by Clampfit 10.7 software (Molecular Device). All 
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averaged data were presented as means ± SEM. Statistical significance was determined 

by the Student's t-test using Prism 7.0 software (Graph Pad Software, Avenida, CA). 

  

3.3 Results 

It has been previously shown that the loss of astrocytic ephrin-B1 in adult mice 

resulted in increased excitatory synapses that appear to be immature (Koeppen et al., 

2018); however, the effect of astrocytic ephrin-B1 on neuronal function was not explored. 

To determine if the increase in immature excitatory synapses due to loss of astrocytic 

ephrin-B1 does result in functionally immature synapses, synaptic AMPAR levels were 

analyzed in addition to measuring AMPAR and NMDAR evoked responses and mEPSCs 

at hippocampal pyramidal cells in the CA1. Inhibitory responses were recorded as well to 

confirm that astrocytic ephrin-B1 affects only excitatory synapses in the adult animal.  

Experiments was performed in adult (P90-110) mice following tamoxifen-induced 

deletion of ephrin-B1 from astrocytes in ERT2-CreGFAPephrin-B1flox/y mice. Adult ERT2-

CreGFAP (WT) and ERT2-CreGFAPephrin-B1flox/y (KO) male littermates received 

tamoxifen intraperitoneally (IP; 1 mg in 5mg/ml of 1:9 ethanol/sunflower seed oil) once a 

day for 7 days and analyzed 2 weeks after the first tamoxifen injection (Fig. 3.1A). 

Ephrin-B1 immunoreactivity was selectively disrupted in hippocampal astrocytes (Fig. 

3.1B), but not neurons, of tamoxifen-treated KO as compared to tamoxifen-treated WT 

mice (Fig. 3.1B-G). Astrocyte-specific Cre expression was confirmed in tamoxifen-

treated ERT2-CreGFAP mice using Rosa-CAG-LSL-tdTomato reporter (Fig. 3.1C). 
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Astrocyte-specific deletion of ephrin-B1 in the adult hippocampus triggers 

formation of synapses with reduced levels of AMPA receptors 

To assess synapse maturation, I determined the levels of synaptic AMPAR 

subunits GluA1 and GluA2/3 in the adult hippocampus of WT and KO mice. Crude 

synaptosomes were isolated from P90-P120 hippocampi of WT and KO mice following 

tamoxifen treatment and analyzed with immunoblotting (Fig. 3.2A). A significant 

increase in synaptic PSD95 levels was observed in KO compared to WT group (Fig. 

3.2D), most likely due to an overall increase in excitatory synapse number (Koeppen et 

al., 2018). However, I observed a significant decrease in the AMPAR/PSD95 ratio by 

assessing synaptic levels of AMPAR subunits GluA1 (Fig. 3.2B) and GluA2/3 (Fig. 

3.2C). This is consistent with the increase in the proportion of immature dendritic spines 

with small heads (Koeppen et al., 2018) observed in KO mice as compared to WT mice, 

suggesting that some of the PSD95-positive synaptic sites may be potentially silent and 

are lacking AMPARs. 

 

Impaired postsynaptic excitability is observed in CA1 hippocampal neurons 

following astrocyte-specific deletion of ephrin-B1. 

Increased numbers of excitatory synapses may suggest an overall increase in 

excitatory drive in the CA1 hippocampus. Although greater in numbers, dendritic spines 

were structurally less mature in KO mice, showing a decrease in the proportion of 

dendritic spines with larger heads as compared to WT mice (Koeppen et al., 2018). 

Therefore, I next tested the excitability of CA1 hippocampal neurons in acute 
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hippocampal slices from adult KO and WT mice. To assess the effects of astrocytic 

ephrin-B1 deletion on basal synaptic transmission in CA1 hippocampus, synaptic 

responses were evoked in CA1 neurons by stimulating Schaffer collaterals with 

incrementally increased stimulation intensities. Input/output curves were generated by 

plotting presynaptic FV amplitude, postsynaptic fEPSP slope, or somatic population 

spike (PS) amplitude as a function of increasing stimulation intensity (Fig. 3.3B-D, Table 

3.1). Surprisingly deletion of astrocytic ephrin-B1 did not affect presynaptic excitability, 

as I found no differences in the amplitude of the presynaptic FV between WT and KO 

groups (Fig. 3.3B). Although fEPSPs were not statistically different between the groups 

with potential trend towards reduced postsynaptic responses in KO animals as compared 

to WT group (Fig. 3.3C), there was a significant decrease in PS amplitude (Fig. 3.3D). In 

spite a decrease in baseline excitability, short-term plasticity was also unaffected by the 

deletion of astro-ephrin-B1, as I found no changes in PPF (Fig. 3.3E) and PPI (Fig. 3.3F) 

responses between WT and KO groups. NMDAR-dependent LTP was also unaffected 

following astrocytic ephrin-B1 deletion, as I observed similar potentiation at 0-10 min, 

30-40 min, and 50-60 min post stimulation of Schaffer collaterals with 2 trains of 100 

pulses in both WT and KO hippocampal slices (Fig. 3.3G).  

Taken together my findings show that despite the increase in the number of 

excitatory synapses, CA1 pyramidal neurons showed a decrease in postsynaptic firing 

following astrocyte-specific deletion of ephrin-B1 in the adult hippocampus, suggesting 

impaired maturation of these newly formed and potentially silent synapses or increased 
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excitatory drive on the inhibitory neurons resulting in the overall decreased postsynaptic 

firing.  

 

Whole-cell patch clamp reveals impaired AMPAR evoked responses in adult KO 

mice. 

 To resolve if loss of astrocytic ephrin-B1 induces formation of functionally 

immature synapses or increases excitatory drive onto inhibitory neurons, AMPAR and 

NMDAR responses were measured. Functionally immature synapses will have decreased 

AMPAR function and can be calculated by the ratio of AMPAR to NMDAR evoked 

responses. The AMPAR/NMDAR ratio gives a measure of the relative expression of 

AMPAR and NMDAR at the synapse. To calculate ratio of AMPAR and NMDAR on 

hippocampal pyramidal neurons, I measured AMPAR-mediated currents at -70 mV and 

NMDAR-mediated currents at +40 mV (Fig. 3.4B, C). AMPAR-mediated currents were 

significantly decreased in KO mice; however, NMDAR-mediated currents were not 

different between KO and WT mice (Fig.3.4C). The calculated AMPA/NMDA ratio 

shows that KO mice indeed have decreased AMPAR to NMDAR-mediated currents (Fig. 

3.4D), indicating reduced AMPAR functionally and confirming the CA1 hippocampal 

pyramidal cells are indeed functionally immature.  

 The increase in functionally immature synapses following adult deletion of 

astrocytic ephrin-B1 is confirmed further by decreased frequency of mEPSCs (Fig. 3.4G) 

potentially due to decreased number contributing, mature synapses. Although average 

amplitude of mEPSC was not different between KO and WT mice (Fig. 3.4F), amplitude 
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distributions were skewed to smaller amplitudes in KO mice (Fig. 3.4H-I), potentially 

indicating decreased synaptic AMPAR expression is decreased in KO mice.  

 

Inhibitory synapses are unaffected by the loss of astrocytic ephrin-B1 

 Inhibitory synapse activity on hippocampal CA1 pyramidal cells was measured at 

0 mV in the presence of NBQX and D-AP5 to block AMPAR- and NMDAR-mediated 

currents, respectively. Evoked IPSCs was not significantly different between KO and WT 

mice (Fig. 3.5A-B), indicating that inhibitory synapses are not affected by astrocytic 

ephrin-B1 deletion. 

  

3.4 Discussion 

Hippocampal circuits are plastic by nature and underlies life-long learning and 

memory formation, reflected by ongoing synapse pruning and restructuring and is 

required for maintain synaptic homeostasis in the adult hippocampus (Maletic-Savatic et 

al., 1999; Spacek and Harris, 2004; Stevens et al., 2007; Schafer and Stevens, 2010; 

Paolicelli et al., 2011). Maintenance of synapse number can be regulated by formation of 

new synapses or removal of weak, potentially silent, synaptic connections and allowing 

for an opportunity for new connections to form. Together with previous work, I 

demonstrate here the role of astrocytes in maintaining hippocampal circuits in the adult 

mouse brain via astro-ephrin-B1, acting as a regulator of synaptic homeostasis in the 

adult hippocampus. My findings are consistent with the role of astro-ephrin-B1 as a 

negative regulator of synapse formation in the adult hippocampus, as astrocyte-specific 
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ablation of ephrin-B1 in adult mice triggers an increase in excitatory synapses that are 

functionally immature. These effects appear to be specific to excitatory changes as there 

was no changes to inhibitory function on hippocampal CA1 pyramidal cells with 

astrocytic ephrin-B1 loss. However, there may be effects on excitatory inputs onto 

inhibitory circuits as excitatory synapse formation can occur on both excitatory and 

inhibitory neurons. There may be increased excitatory drive onto inhibitory interneurons 

that may contribute to memory formation and recall. These results establish that 

astrocytic ephrin-B1 has a fundamental role in the formation of excitatory hippocampal 

synapses.  

Ephrin-Bs bind to EphB receptors which are highly expressed on pre-synaptic 

CA3 fibers, specifically EphB1 and EphB2 receptors, and contact CA1 dendrites 

expressing ephrin-B ligands (Liebl et al., 2003; Grunwald et al., 2004). Astrocytic ephrin-

B1 may interact with CA3 pre-synaptic EphB receptors and restrict the formation of new 

CA3 to CA1 connections by interfering with the interactions between pre-synaptic EphB 

receptors and dendritic ephrin-B, whereas reduced expression of astrocytic ephrin-B1 

may promote synapse formation. Eph/ephrin signaling is implicated in synaptic 

development, function, and plasticity. Pre-synaptic EphB1 and EphB2 localized in CA3 

axon terminals have been shown to serve as a ligand mediating trans-synaptic signaling 

and can induce either elimination/pruning at developing dendrites or spine 

maturation/synapse formation depending on interactions with either Grb4, Pick1, and 

syntenin (Xu et al., 2011). EphB receptors are also expressed post-synaptically on the 

dendrites of CA1 neurons and has been implicated in synapse development both in vitro 



124 

 

and in vivo (Ethell et al., 2001; Henderson et al., 2001; Takasu et al., 2002; Henkemeyer 

et al., 2003; Liebl et al., 2003). Loss of EphB receptors, specifically EphB1, B2, and B3, 

results in defects in spine formation. EphB1/EphB2-deficient neurons will expression 

increased protrusions of long, thin filopodia-like dendritic spines while triple EphB 

mutant mice will show decreased spine density and formation of abnormal headless or 

small-headed spines (Henkemeyer et al., 2003), potentially indicating that EphBs are 

essential for spine formation in hippocampal neurons. Post-synaptic EphB receptors has 

been shown to both clustering and recruitment of NMDARs and AMPARs to the 

postsynaptic sites (Dalva et al., 2000; Takasu et al., 2002; Kayser et al., 2006; Nolt et al., 

2011; Hussain et al., 2015).  

Astrocytic ephrin-B1 may also influence post-synaptic functions by disrupting 

post-synaptic EphB signaling; and I would expect an increase in synaptic strength in the 

adult hippocampus following the deletion of ephrin-B1 from astrocytes. Interestingly, 

despite an increase in synapse numbers, I observed reduced postsynaptic firing responses 

in the CA1 hippocampus of astrocyte-specific ephrin-B1 KO mice. Deletion of astro-

ephrin-B1 in adult hippocampus had no effect on presynaptic fiber volley responses, but 

significantly reduced population spike amplitude in CA1 neurons following the 

stimulation of Schaffer collaterals. The postsynaptic nature of the observed changes is 

further supported by the fact that PPF is not affected by the deletion of astro-ephrin-B1, 

suggesting that the presynaptic release of glutamate is normal, while the population spike 

amplitude, or the postsynaptic neural firing strength, is reduced in astro-ephrin-B1 KO as 

compared to WT mice.  
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Despite the increase in synapse formation, synaptic strength is dictated by more 

than synapse number, as newly formed synapses may be initially post-synaptically silent 

characterized by the presence of NMDA but absence of AMPA receptors (Durand et al., 

1996; Isaac, 2003). The abundance of immature silent synapses may explain the reduced 

postsynaptic responses observed in astro-ephrin-B1 KO mice in spite of the increase in 

the total number of synapses. Indeed, deletion of astro-ephrin-B1 resulted in a two-fold 

decrease in the synaptic levels of AMPARs. Neuronal ephrin-Bs have been found to 

stabilize and recruit both AMPA and NMDA receptors. Activation of ephrin-B2 signaling 

in cultured neurons have been shown to decrease AMPA receptor internalization by 

interacting with GRIP1, thereby stabilizing AMPA receptors and retention at the surface 

(Essmann et al., 2008). In addition, activation EphB2 enhances NMDA receptor function 

by clustering NMDA receptors and directly recruiting NR1 and associated subunits, such 

as NR2A-B (Dalva et al., 2000; Takasu et al., 2002). My results suggest that the loss of 

ephrin-B1 may lead to impaired ability of ephrin-B1 KO astrocytes to prevent an 

excessive formation of immature synapses in the adult hippocampus that may also 

compete for synaptic proteins with existing synapses. 

Indeed, loss of astrocytic ephrin-B1 results in functionally immature excitatory 

synapses indicated by decreased AMPAR/NMDAR evoked response ratio and decreased 

frequency of mEPSCs. AMPA/NMDA amplitude ratio provides a rough indication of 

AMPA-silent synapses; if there is decreased AMPA/NMDA ratio response, then there is 

less functional contribution of AMPA to NMDA activity; with NMDA-mediated 

responses being similar between both WT and KO mice. mEPSC frequency was also 
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decreased with loss of astrocytic ephrin-B1 and may due to (i) decreased number of 

synapses contributing to these synapses or (ii) due to changes in spontaneous 

neurotransmitter release probability (Turrigiano et al., 1998). Despite the increase 

number of synapses, there is a decrease in frequency in astrocytic ephrin-B1 ablated mice 

potentially indicating functionally silent synapses. Pre-synaptically, there may be similar 

levels of quantal units of neurotransmitters released as amplitude of mEPSC was similar 

in WT and KO mice; however, there may be increased post-synaptic functional sites. 

Astrocytic ephrin-B1 may be maintaining the types of synapses formed; acting as a 

negative regulator on non-functional, immature excitatory synapses. Similarly, loss of 

neuronal ephrin-B3 results in reduced frequency but not amplitude of mEPSCs with an 

increase in dendritic spines (Xu et al., 2011).  

Inhibitory function may also be affected by the loss of astrocytic ephrin-B1. The 

decrease in evoked postsynaptic firing of pyramidal cells with unchanged presynaptic and 

only trending, but not statistically significant, decrease of postsynaptic fEPSPs may 

indicate a larger role of inhibition. Increased excitatory input on inhibitory neurons and 

potentially an increased perisomatic inhibitory drive of CA1 pyramidal neurons may 

result in the overall decreased postsynaptic firing (Miles et al., 1996). This inhibitory 

drive can be mediated by PV-positive interneurons, which are activated by CA3 

pyramidal neurons (Ylinen et al., 1995; Tukker et al., 2007; Oren et al., 2010) and play an 

important role in strengthening contextual memory (Donato et al., 2013; Donato et al., 

2015). However, IPSC evoked responses were similar between WT and KO adult mice 

indicating no role of astrocytic ephrin-B1 on inhibitory synapse function. This is further 
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confirmed with morphological data; GAD65 puncta was similar in both WT and KO 

mice (Koeppen et al., 2018).  

In contrast to ephrin-B1, glial expression of ephrin-A3 was shown to regulate 

glutamate transport in the hippocampus (Carmona et al., 2009; Filosa et al., 2009), 

potentially affecting excitatory activity at hippocampal pyramidal cells. Indeed, astrocytic 

ephrin-A3 can regulate synaptic functions through its interaction with synaptic EphA4 

(Murai et al., 2003; Carmona et al., 2009; Filosa et al., 2009). Ephrin-A3 null mice 

exhibited impaired LTP (Filosa et al., 2009) potentially due to decrease glutamate 

available as GLT1 and GLAST levels, which play an essential role in glutamate 

homeostasis and modulation of hippocampal circuits, are increased levels in ephrin-A3 

null mice (Carmona et al., 2009). In addition, loss of EphA4 results in spine irregularities 

as EphA4 may be responsible for spine retraction. It should be noted that EphA4 is highly 

promiscuous and can bind to both ephrin-As and ephrinBs (Bowden et al., 2009; Qin et 

al., 2010), whereas ephrin-B1 preferentially interacts with B type Eph receptor. The 

increased formation of new synapses following astrocyte-specific deletion of ephrin-B1 

was not observed in ephrin-A3 KO mice (Carmona et al., 2009) indicating a different role 

of ephrin-B1 in astrocytes.  

 In summary, my studies demonstrate that astrocyte specific ephrin-B1 is a 

negative regulator of synaptogenesis by maintaining excitatory glutamatergic synapses in 

the adult hippocampus Therefore, astrocytic ephrin-B1 may be a potential target to 

manipulate new synapse formation or potentially prevent synapse loss in 

neurodegenerative diseases. Further understanding the role of astrocytic ephrin-B1 in 
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synaptogenesis may also provide insights into astrocyte-specific mechanisms underlying 

abnormal synapse development in neurodevelopmental and learning disorders.  
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Figure 3.1 Tamoxifen-induced deletion of ephrin-B1 in adult hippocampal astrocytes. 

(A) Adult male ERT2-CreGFAP and ERT2-CreGFAPephrin-B1flox/y littermates (P90-110) 

were intraperitoneally (IP) injected with 1 mg of tamoxifen once a day for 7 consecutive 

days. Immunohistochemistry, spine labeling, electrophysiology, and behavior tests were 

performed 14 days after first injection. (B) Astrocytic ephrin-B1 immunoreactivity was 

significantly reduced in the hippocampus of KO as compared to WT mice (n=3 mice, t-

test, * p<0.05). (C) Max projection confocal images of the CA1 hippocampus in 

tamoxifen injected ERT2-CreGFAPstopfloxtdTomato mice show tdTomato expression in 

astrocytes of stratum radiatum (SR), but not in CA1 neurons of the stratum pyramidal 

(SP) area. Ephrin-B1 immunoreactivity was detected in cell bodies (green, SP) and 

dendrites (green, SR) of CA1 neurons but not in tdTomato-positive astrocytes (red). Low 

magnification scale bar = 100 µm; high magnification scale bar = 20 µm (D-E) Max 

projection confocal images show GFAP (red) and ephrin-B1 (green) immunoreactivity in 

the CA1 hippocampus. Scale bar = 100 µm (F-G) High magnification images show 

ephrin-B1 immunoreactivity in astrocytes of WT but not KO mice. Ephrin-B1 is detected 

in dendrites of CA1 neurons verifying that deletion of ephrin-B1 is specific to astrocytes. 

Scale bar = 25 µm 
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Figure 3.2 Synaptic AMPAR levels are decreased following loss of astrocytic ephrin-B1 

in adult mice. (A) Western blots show levels of AMPAR subunits (GluA1 and GluA2/3), 

PSD95 and GAPDH in synaptosomes isolated from the hippocampus of WT and KO 

adult mice. (B-D) Graphs show ratios of synaptic GluA1 or GluA2/3 levels to PSD95 

levels and PSD95 to GAPDH ratios in synaptosomes isolated from the hippocampus of 

WT and KO. Graphs show individual values (marked by x), mean values and error bars 

represent SEM (n=5 mice per group, t-test, *p<0.05). There was a significant increase in 

synaptic PSD95 levels in naïve KO compared to WT (WT: 1.252 ± 0.204 vs KO: 5.058 ± 

1.895, t(8) = 2.505, p=0.0366). However, there was a significant decrease in 

AMPAR/PSD95 ratio assessed by synaptic GluA1 (WT: 1.04 ± 0.13 vs KO: 0.65 ± 

0.079, t(8) =2.564, p= 0.0335, t-test) and GluA2/3 subunits (WT: 1.01 ± 0.15 vs KO: 

0.54 ± 0.09, t(8) =2.687, p=0.0276). 
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Figure 3.3 Functional synaptic changes in CA1 hippocampal neurons of astrocyte-

specific ephrin-B1 KO adult mice. (A) Schematics of hippocampal circuit showing the 

placement of electrodes for extracellular stimulation and field potential recordings with 

the examples of stereotypical responses after stimulation. (B-D) Input-output curves were 

generated by plotting the amplitude of fiber volley (FV) presynaptic responses (B), 

fEPSP slope for postsynaptic dendritic responses (C), and population spike (PS) 

amplitude for postsynaptic neuronal responses (D) of CA1 hippocampal neurons as a 

function of the stimulation intensity of Schaffer collaterals in acute hippocampal slices 

from WT and KO adult mice. (B) There were no significant differences in pre-synaptic 

responses between the groups (n=6-8 mice, genotype × stimulation intensity interaction, 

F(1, 112) = 1.072, p=0.3027, two-way ANOVA followed by Bonferroni post-test). (C) 

Overall, fEPSP slope was not significantly different in KO animals compared to 

WT+TAM group with a trend towards lower fEPSPs in KO group (n=6-8 mice, genotype 

× stimulation intensity interaction, F(18, 153) = 1.057, p=0.4007, two-way ANOVA 

followed by Bonferroni post-test). (D) Population spike amplitude was significantly 

reduced in KO+TAM mice as compared to WT mice (n=6-8 mice, genotype × 

stimulation intensity interaction, F(9, 99) = 4.882, p<0.001, two-way ANOVA followed 

by Bonferroni post-test; *p<0.05). (E) Graph shows that fEPSP responses were facilitated 

following the second stimulus as compared to first stimulus at 100 ms stimulation 

interval in both WT and KO mice with no differences in PPF between the groups. Graphs 

show mean values and error bars represent SEM (n=6-8 mice, student’s t-test). (F) Graph 

shows that the changes in PS amplitude between first and second stimulus at 6 ms 

stimulation interval were not significantly different between WT and KO groups. Graphs 

show mean values and error bars represent SEM (n=6-8 mice, student’s t-test). (G) Graph 

shows that the potentiation was maintained 50-60 min after LTP induction in both WT 

and KO groups with no differences between the groups. Graph shows mean values and 

error bars represent SEM (n=6-8 mice, student’s t-test). 
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Figure 3.4 Loss of astrocytic ephrin-B1 results in functionally immature excitatory 

synapses. (A) Whole cell recordings were performed by blind cell patching of pyramidal 

cells in the CA1 hippocampus (example of biocytin filled neuron). (B) Representative 

traces from whole-cell voltage-clamp recordings showing AMPAR- and NMDAR- 

mediated currents recorded in CA1 pyramidal neurons from adult WT (blue) and KO 

(red). (C, D) Amplitude and corresponding ratio of evoked AMPAR- and NMDAR-

mediated currents (n=14-17 cells, 9-10 mice). Evoked AMPAR-mediated currents were 

significantly reduced in adult KO mice. (E) Representative 30s traces of mESPC in adult 

WT and KO; recorded in TTX and picrotoxin (n=6 mice). (F, G) Graphs show average 

amplitude (F) and average frequency (G) in WT and KO mice. (H) Distribution of 

mEPSC amplitudes between WT and KO mice (I) Cumulative probability curve of 

mEPSC amplitude in WT and KO mice. Error bars represent SEM; *p<0.05. 
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Figure 3.5 Astrocytic ephrin-B1 does not affect inhibitory synapses on hippocampal 

pyramidal CA1 neurons. (A) Representative traces showing evoked IPSCs recorded in 

CA1 pyramidal neurons from adult WT (blue) and KO (red). (B) Graph shows average 

amplitude of evoked IPSCs; KO mice had comparable evoked IPSC amplitude to WT 

mice, indicating astrocytic ephrin-B1 may not affect the functionality of inhibitory 

synapses (n=13-14 cells, 6 mice). Error bars represent SEM; *p<0.05. 
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Figure 3.6 Astrocytic ephrin-B1 is a negative regulator of excitatory synapse 

formation. (A) Model detailing normal maintenance and loss of astrocytic ephrin-B1 

during adulthood on formation of excitatory synapses. During normal maintenance, 

astrocytic ephrin-B1 is a negative regulator of synapse formation; astrocytic ephrin-B1 

may be contacting unnecessary synapses and pruning these synapses away. Loss of 

astrocytic ephrin-B1 results in increased formation of immature synapses, resulting in 

reduced excitatory responses. 
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Table 3.1 Electrophysiological characteristics of CA1 hippocampal neurons in ERT2-

CreGFAP and ERT2-CreGFAPephrin-B1flox/y mice treated with tamoxifen. Table contains 

mean values and SEM of input-output curve. FV: F(1, 112) = 1.072, p=0.3027; EPSP: 

F(18, 153) = 1.057, p=0.4007; PS: F(9, 99) = 4.882, p<0.001, two-way ANOVA 

followed by Bonferroni multiple-comparison post-test; n = 6-8 mice. 

 

Input-Output 

 WT KO 

SI 

(mA) 

FV (mV) EPSP 

(ms/mV) 

PS (mV) FV (mV) EPSP 

(ms/mV) 

PS (mV) 

 0.15 0.00 ± 

0.00 

0.00 ± 0.00 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 0.00 0.00 ± 

0.00 

0.30 0.09 ± 

0.01 

0.28 ± 0.03 0.00 ± 

0.00 

0.11 ± 

0.03 

0.21 ± 0.5 0.04 ± 

0.03 

0.45 0.31 ± 

0.03 

0.81 ± 0.07 1.67 ± 

0.56 

0.31 ± 

0.07 

0.60 ± 0.10 1.11 ± 

0.30 

0.60 0.49 ± 

0.04 

1.09 ± 0.07 3.67 ± 

0.43 

0.49 ± 

0.08 

0.85 ± 0.07 2.38 ± 

0.39 

0.75 0.59 ± 

0.05 

1.21 ± 0.08 4.50 ± 

0.34 

0.63 ± 

0.08 

0.99 ± 

0.05* 

3.18 ± 

0.31* 

0.90 0.67 ± 

0.05 

1.25 ± 0.08 4.91 ± 

0.27 

0.74 ± 

0.09 

1.07 ± 0.04 3.55 ± 

0.25* 

1.05 0.74 ± 

0.05 

1.31 ± 0.12 5.14 ± 

0.25 

0.81 ± 

0.10 

1.07 ± 0.05 3.75 ± 

0.26* 

1.20 0.79 ± 

0.05 

1.39 ± 0.14 5.34 ± 

0.20 

0.90 ± 

0.11 

0.13 ± 0.06 3.93 ± 

0.26* 

*p<0.05 depicts significance changes between WT and KO groups 
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Chapter 4 : Astrocytic ephrin-B1 regulates synapse formation 

during learning and memory 
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Abstract 

Astrocytes play a fundamental role in synapse formation, pruning and plasticity, 

which are associated with learning and memory. However, the role of astrocytes in 

learning and memory is still largely unknown. Previous studies in the lab have showed 

that astrocyte-specific ephrin-B1 knock-out (KO) enhanced but ephrin-B1 overexpression 

(OE) in hippocampal astrocytes impaired contextual memory recall following fear 

conditioning. The goal of this study was to understand the mechanism by which 

astrocytic ephrin-B1influences learning; specifically, learning-induced remodeling of 

synapses and dendritic spines in the CA1 hippocampus using fear-conditioning paradigm. 

While I found a higher dendritic spine density and clustering on c-Fos-positive (+) 

neurons activated during contextual memory recall in both wild-type (WT) and KO mice, 

overall spine density and mEPSC amplitude were increased in CA1 neurons of KO 

compared to WT. In contrast, ephrin-B1 overexpression in hippocampal astrocytes 

impaired dendritic spine formation and clustering, specifically on c-Fos(+) neurons, 

coinciding with an overall decrease in vGlut1/PSD95 co-localization. Although astrocytic 

ephrin-B1 influenced learning-induced spine formation, the changes in astrocytic ephrin-

B1 levels did not affect spine enlargement as no genotype differences in spine volume 

were observed between trained WT, KO and OE groups. My results suggest that a 

reduced formation of new spines rather than spine maturation in activated CA1 

hippocampal neurons is most likely responsible for impaired contextual learning in OE 

mice due to abundantly high ephrin-B1 levels in astrocytes. The ability of astrocytic 

ephrin-B1 negatively influence new spine formation during learning can potentially 
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regulate new synapse formation at specific dendritic domains and underlie memory 

encoding. 
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4.1 Introduction 

Hippocampal circuits are known for their plastic nature and play an important role 

in the formation of new memories and life-long learning (Milner et al., 1998; Neves et 

al., 2008). Contextual fear learning and retrieval relies on the hippocampus, particularly 

the CA1 region. This hippocampal-dependent learning requires activation of CA1 

pyramidal neurons (Strekalova et al., 2003; Goshen et al., 2011), and promotes the 

growth and maturation of hippocampal synapses. Indeed, maturation of dendritic spines 

has been shown to be activity dependent, allowing for the recruitment of AMPARs and 

an increase in spine volume (Matsuo et al., 2008). In addition to promoting synapse 

maturation, experience has also been shown to modify hippocampal circuits through 

selective formation or removal of synapses (Lichtman and Colman, 2000; Draft and 

Lichtman, 2009; Holtmaat and Svoboda, 2009; Sala and Segal, 2014; Segal, 2017). 

Therefore, experience and learning can profoundly impact spine turnover rates (Yang et 

al., 2008; Holtmaat and Svoboda, 2009; Fu et al., 2012; Lai et al., 2012; Sala and Segal, 

2014; Segal, 2017). Additionally, learning-induced spine changes are associated with 

selective spine clustering and formation of “hot spots” on dendrites (Fu et al., 2012; 

Frank et al., 2018; Lai et al., 2018), which are suggested to allow for efficient storage of 

information (Hayashi-Takagi et al., 2015; Frank et al., 2018). Most research has focused 

on neuron-neuron interactions; however, little is known about astrocyte-derived signals 

that regulate the synaptic remodeling during learning and memory.  

Astrocytes play a critical role in maintaining, supporting, and directly modulating 

neuronal activity and function. Astrocytic processes encapsulate synapses allowing for 
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astrocytes to communicate with neurons. The interactions between astrocytes and 

synapses can regulate synaptogenesis and pruning, synaptic transmission and plasticity 

(Araque et al., 1999; Clarke and Barres, 2013; Chung et al., 2015; Allen and Eroglu, 

2017). As these synaptic changes underlie the acquisition, retention, and retrieval of 

memory, astrocytes are well positioned to influence learning and memory (Nishiyama et 

al., 2002; Newman et al., 2011; Suzuki et al., 2011; Tadi et al., 2015; Gao et al., 2016; 

Adamsky et al., 2018). Activation of hippocampal astrocytes was recently suggested to 

enhance synaptic potentiation and acquisition of contextual fear memory (Adamsky et al., 

2018). Astrocytes are also shown to regulate synapse formation, recruitment of 

AMPARs, and modulating synaptic functions through the release of gliotransmitters, 

such as glutamate (Fellin et al., 2004), thrombospondin (Christopherson et al., 2005), 

glypican (Allen et al., 2012), D-serine (Henneberger et al., 2010), and lactate (Alberini et 

al., 2018). Besides gliotransmission, astrocytes can communicate and affect synaptic 

functions through contact-mediated factors. Astrocytic contacts with neurons can direct 

synaptogenesis (Hama et al., 2004; Garrett and Weiner, 2009) and synapse elimination 

(Chung et al., 2013), which may allow for the refinement of memories.  

Trans-synaptic Eph/ephrin-B interactions promote postsynaptic dendritic spine 

formation and maturation during development (Henderson et al., 2001; Henkemeyer et 

al., 2003; Kayser et al., 2006) and high levels of EphB receptors and ephrins are retained 

in the adult hippocampus (Grunwald et al., 2001; Liebl et al., 2003). Furthermore, the 

loss of EphA4 and EphB2 receptors are reported to affect associative memory in mice 

(Gerlai et al., 1999; Halladay et al., 2004; Willi et al., 2012; Dines et al., 2015). 
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Interestingly, EphB2 loss affects both short and long-term contextual fear conditioning 

memory formation, but only long-term memory depends on EphB2 forward signaling 

(Dines et al., 2015). Disruption of ephrin-B reverse signaling in neurons was also 

implicated in impaired hippocampal-dependent learning and memory in EphB2 KO mice 

(Grunwald et al., 2001). In addition, ephrin-B2 expression is upregulated in CA1 neurons 

but not the cortex or amygdala following fear conditioning without changes in levels of 

EphA4 receptor (Trabalza et al., 2012). While ephrin-B2 can activate both EphA4 and 

EphB receptors, ephrin-B1 is known for its high affinity for EphB but not EphA4 

receptors. Deletion of neuronal ephrin-B1 was also responsible for impaired contextual 

recall in ephrin-B1 KO mice following fear conditioning (Arvanitis et al., 2014). 

Mutations in the efnb1 gene that encodes ephrin-B1 are associated with 

CranioFrontalNasal Syndrome, characterized by hypertelorism, frontonasal dysplasia, 

coronal craniosynostosis and mild learning disability (Twigg et al., 2004; Wieland et al., 

2004). However, little is known about the role of astrocytic ephrin-B1. It was previously 

reported that deletion and overexpression of astrocytic ephrin-B1 in the adult CA1 

hippocampus affects contextual memory (Koeppen et al., 2018), but the mechanism is 

still not clear.  

My new findings suggest that astrocytic ephrin-B1 influences hippocampal-

dependent contextual memory by regulating new dendritic spine formation and clustering 

on hippocampal neurons activated during memory recall, without affecting spine 

maturation. While I found that both wild type (WT) and astrocytic ephrin-B1 knock-out 

(KO) mice showed a significant increase in dendritic spine density and clustering on 
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activated c-Fos(+) neurons as compared to c-Fos(-) neurons following contextual recall, 

dendritic spine density remained higher in trained KO compared to WT, which coincided 

with a greater vGlut1/PSD95 co-localization and enhanced excitatory postsynaptic 

currents (EPSCs) in CA1 neurons of KO mice.  In contrast, astrocytic ephrin-B1 

overexpressing (OE) mice showed no increase in dendritic spine density and clustering 

on c-Fos(+) neurons compared to c-Fos(-) neurons, which coincided with an overall 

decrease in vGlut1/PSD95 co-localization. However, changes of ephrin-B1 levels in 

astrocytes did not affect spine enlargement, as no genotype differences in spine volume 

were observed between trained WT, KO and OE groups. My results suggest that the 

deficits in dendritic spine formation and clustering, but not spine maturation, may 

underlie impaired contextual memory recall in OE mice. These studies implicate 

astrocytic ephrin-B1 as a negative regulator of synapse formation in the activated 

hippocampal neurons during learning, which can influence contextual memory. Future 

studies will determine whether activity-dependent up-regulation or down-regulation of 

ephrin-B1 levels in selective astrocytes controls addition or removal of synapses on 

specific neurons or dendrites, which may potentially underlie memory encoding. 

 

4.2 Materials & Methods 

4.2.1 Mice 

All animal care protocols and procedures were approved by the UC Riverside 

Animal Care & Use Program and done according to NIH and Institutional Animal Care 

and Use Committee guidelines; animal welfare assurance number A3439-01 is on file 
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with the Office of Laboratory Animal Welfare (OLAW). Mice were maintained in an 

AAALAC accredited facility under 12-h light/dark cycle and fed standard mouse chow. 

ERT2-CreGFAP male mice (B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J, RRID: 

IMSR_JAX:012849) were crossed with ephrin-B1flox/+ female mice (129S-Efnb1tm1Sor/J, 

RRID: IMSR_JAX:007664) to obtain ERT2-CreGFAPephrin-B1flox/y (KO) or ERT2-

CreGFAPephrin-B1+/y (WT) male mice. Postnatal day (P) 70-90 adult WT and KO 

littermates received intraperitoneal (IP) injection of tamoxifen (TAM) (1 mg in 5 mg/ml 

of 1:9 ethanol/sunflower seed oil solution) once a day for 7 consecutive days. There were 

no detectable changes in ephrin-B1 levels in astrocytes or neurons of tamoxifen-injected 

WT mice (not shown). In tamoxifen-treated KO mice, ephrin-B1 immunoreactivity was 

observed only in neuronal cell bodies and dendrites of the CA1 hippocampus, but was 

significantly reduced by three fold in hippocampal astrocytes as previously reported 

(Nikolakopoulou et al., 2016; Koeppen et al., 2018). Genotypes were confirmed by PCR 

analysis of genomic DNA isolated from mouse tails.  

 

4.2.2 Stereotaxic Microinjections 

Expression of ephrin-B1 and tdTomato was induced in hippocampal astrocytes 

via adeno-associated viruses (AAV7) containing AAV7.GfaABC1D.ephrin-B1.SV40 

(AAV-ephrin-B1; viral titer at 7.56 X 1012 viral particles/ml) or 

AAV7.GfaABC1D.tdTomato.SV40 (AAV-tdTomato; viral titer at 4.46 X 1012 viral 

particles/ml), respectively (both obtained from UPenn Vector Core, 

http://www.med.upenn.edu/gtp/vectorcore). Viral particles (VP) were concentrated with 
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Amicon ultra-0.5 centrifugal filter (UFC505024, Sigma-Aldrich), which was pretreated 

with 0.1% Pluronic F-68 non-ionic surfactant (24040032, Thermo Fisher). Mice were 

anesthetized with IP injections of ketamine/xylazine mix (80 mg/kg ketamine and 10 

mg/kg xylazine). To ensure for adequate anesthesia, paw pad pinch test, respiratory 

rhythm, righting reflex, and/or loss of corneal reflex were assessed. Adult P70-90 Thy1-

EGFP mice (RRID: IMSR_JAX: 007788) received craniotomies (1 mm in diameter) and 

VPs were stereotaxic injected into the dorsal hippocampus (2.5 mm posterior to bregma, 

1.0 mm lateral to midline, and 1.2 mm from the pial surface). Control mice were 

bilaterally injected with 2 µl of 1.16 X 1013 VP/ml AAV-tdTomato, and experimental 

animals received bilateral injection of 1 µl of 3.78 X 1013 VP/ml AAV-ephrin-B1 + 1 µl 

of 2.32 X 1013 VP/ml AAV-tdTomato. Post-surgery, mice received 0.3 ml of 

buprenorphine by subcutaneous injection every 8 h for 48 h, as needed for pain. Animals 

were allowed to recover for 14 days prior to fear conditioning tests and/or 

immunohistochemistry. There was a significant four-fold increase in ephrin-B1 

immunoreactivity in CA1 hippocampal astrocytes of mice injected with AAV-ephrin-B1 

+ tdTomato (OE) compared to AAV-tdTomato (WT) as previously reported (Koeppen et 

al., 2018).  Mice showing bilateral hippocampal tdTomato expression were used for the 

analysis.  

  

4.2.3 Fear Conditioning 

A fear-conditioning paradigm was used to assess hippocampal dependent 

contextual learning as previously described (Anagnostaras et al., 2001; Koeppen et al., 
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2018). Two contexts were used to test contextual memory. Context A was an 18 X 18 cm 

rectangular clear plexiglass box with 16-grated steel bar flooring; trials in context A were 

in white light and the scent of Quatricide TB. Context B was in a cylinder with a diameter 

of 15 cm and a height of 20 cm with 2.5 X 2.5 cm, with checkered black and white walls; 

trials in context B were in altered light with fresh litter and the scent of Windex. Animals 

were allowed to acclimate in the behavioral room for 30 min before each testing day and 

handled for 2 min for 5 days prior to testing. On day one, the test mouse was placed in 

context A and habituated to the chamber for 10 min, 1 h after context A mice were 

habituated to context B for 10 min. The mouse was removed and separated from its home 

cage until all mice in that cage were habituated to both contexts. On day two, test mice 

were trained to associate an unconditioned stimulus (US; 0.6 mA scrambled foot shock) 

with a conditioned stimulus (CS; 9 kHz, 70 dB tone) in context A. Initially, test mice 

were placed in context A and given 3 minutes for habituation, then followed by a 30 s 

tone (CS), which co-terminated with a 2 s foot shock (US). The CS-US pairing occurred 

five times, with a pseudorandom interval between pairings. The test mouse, again, was 

removed and separated from its home cage until all mice in that cage were trained. On 

day three, animals were tested for their associated memory of the context (in context A) 

and of the CS tone (in context B). For contextual recall, mice were placed in context A 

for 5 min with no sound and returned to home cage for 1 h before testing context B. For 

tone recall test, mice were placed in context B for a total of 6 min, with the CS tone 

playing for the final 3 min. Control mice were taken directly from their home cage in the 

vivarium and immediately perfused and did not undergo the fear conditioning paradigm. 
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For dendritic spine analysis and immunohistochemistry, 3-4 animals were euthanized and 

perfused 1 h after context A contextual recall only. Animals undergoing both context A 

and context B recall were euthanized and perfused 1 h after context B tone recall. 

Freezing behavior was measured as a percentage of time freezing using TopScan 

Software. GraphPad Prism 6 software (RRID: SCR_002798) was used to perform a one-

way ANOVA followed by Tukey’s post hoc analysis or t-test when appropriate, data 

represent mean ± SEM.  

 

4.2.4 Immunohistochemistry 

Animals were anesthetized with isoflurane and transcardially perfused first with 

0.9% NaCl, followed by fixation with 4% paraformaldehyde (PFA) in 0.1 M phosphate-

buffered saline (PBS), pH 7.4. Brains were post-fixed overnight with 4% PFA in 0.1 M 

PBS and sectioned into 100 µm coronal slices with a vibratome. Excitatory presynaptic 

boutons were labeled by immunostaining against vesicular glutamate transporter 1 

(vGlut1) using rabbit anti-vGlut1 antibody (0.25 mg/ml, Invitrogen Cat# 482400, RRID: 

AB_2533843), postsynaptic sites were identified with mouse anti-postsynaptic density-95 

(PSD95) antibody (1.65 µg/ml, Invitrogen Cat# MA1-045, RRID: AB_325399). 

Inhibitory sites were detected with mouse anti-glutamic acid decarboxylase 65 (GAD65) 

antibody (10 µg/ml, BD Pharmingen Cat# 559931, RRID: AB_397380). Parvalbumin 

(PV)-positive cells were identified with mouse anti-PV antibody (6 µg/ml, Sigma-Aldrich 

Cat# P3088, RRID: AB 477329). Activated neurons were detected with anti-c-Fos 

antibodies (40 g/ml, Invitrogen Cat# PA1-37437, RRID: AB_1073599). The secondary 
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antibodies used were Alexa Fluor 594-conjugated donkey anti-mouse IgG (4 mg/ml, 

Molecular Probes Cat# A-21203, RRID: AB_141633), Alexa Fluor 647-conjugated 

donkey anti-rabbit IgG (4 mg/ml, Molecular Probes Cat# A-31573, RRID: 

AB_2536183), Alexa Fluor 647-conjugated donkey anti-goat IgG (4 mg/ml, Molecular 

Probes Cat# A-21447, RRID: AB_141844), or Alexa Fluor 488-conjugated donkey anti-

goat IgG (4 mg/ml, Molecular Probes Cat# A-11055, RRID: AB_2534102). Sections 

were mounted on slides with Vectashield mounting medium containing DAPI (Vector 

Laboratories Inc. Cat# H-1200, RRID: AB_2336790). 

 

4.2.5 Dendritic Spine Analysis 

Dendritic spines were identified with GFP using transgenic Thy1-GFP-M mice 

(Tg(Thy1-EGFP)MJrs/J, RRID: IMSR_JAX:007788) for ephrin-B1 OE condition and 

Diolistic approach (Henkemeyer et al., 2003) in ephrin-B1 KO mice. Animals were 

anesthetized with isoflurane and transcardially perfused initially with 0.9% NaCl, 

followed by fixation with 4% PFA in 0.1 M PBS, pH 7.4. Brains were post-fixed for 2 h 

in 4% PFA in 0.1 M PBS, and 100 m coronal sections were cut with a vibratome. 

Dendritic spines were labeled in ephrin-B1 KO mice and their WT counterparts using a 

DiOlistic approach (Henkemeyer et al., 2003) using fluorescent lipophilic dye 1,1’-

dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate (DiO, D3898, Molecular 

Probes) coating tungsten particles. DiO was delivered by helium-powered ejection (Bio-

Rad Helios Gene Gun System) into hippocampal slices and incubated in 0.1 M PBS for 

72 h. CA1 hippocampal neurons were imaged using LSM 880 Airyscan Carl Zeiss 



158 

 

confocal microscope. 10-15 DiO-labeled or GFP-expressing neurons were randomly 

selected per group, and dendrites were imaged using a 63x objective (1.2 NA), 1x zoom. 

Three-dimensional fluorescent images were created by the projection of each z-stack 

containing 50-100 high-resolution optical serial sections (1,024 x 1,024-pixel format) 

taken at 0.5 µm intervals in the X-Y plane. Quantifications of the spine density (spines 

per 10 µm dendrite), lengths (µm), volumes (µm3), and interspine intervals were carried 

out using Neurolucida 360 software (MicroBrightField RRID: SCR_001775). There was 

an overall higher density of spines in DiO-labeled compared to GFP expressing WT 

neurons, which was most likely due to a better detection of smaller spines with 

membrane dye DiO than GFP. There were about 60-70% of smaller spines in DiO 

labeled WT neurons compared to 50-55% of smaller spines in GFP-expressing WT 

neurons (Table 1). Therefore, comparisons were made only between DiO-expressing WT 

and KO groups or GFP-expressing WT and OE groups. Statistical analysis was 

performed with two-way ANOVA followed by Bonferroni’s post-hoc analysis using 

GraphPad Prism 6 software (GraphPad Prism, RRID: SCR_002798), data represent mean 

± SEM.  

 

4.2.6 Electrophysiology 

Brain slices were obtained from trained adult mice (P90-110) 1 h after recall test. 

Animals were deeply anesthetized with isoflurane and decapitated. Mouse brains were 

rapidly removed and immersed in ice-cold “slushy buffer” with high Mg2+ and sucrose 

concentration containing the following (in mM): 87 NaCl, 75 sucrose, 2.5 KCl, 0.5 
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CaCl2, 7 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, 10 glucose, 1.3 ascorbic, acid, 0.1 

kynurenic acid, 2.0 pyruvate, and 3.5 MOPS with a pH of 7.4 and saturated with 95% 

O2/5% CO2. Transverse hippocampal slices (350 µm) were prepared by using a vibrating 

blade microtome (Campden 5100mz-Plus, Campden Instruments Ltd.) and transferred 

into a holding chamber containing oxygenated ACSF (in mM; 125 NaCl, 2.5 KCl, 2.5 

CaCl2, 1.3 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 15 glucose 3.5 MOPS with a pH of 7.4) 

for 1 h at 33°C. Slices were then transferred to a submersion recording chamber 

continually perfused with oxygenated ACSF at a flow rate of 1 ml/min. Slices were 

allowed to equilibrate for approximately 10 min to reach a stable baseline response prior 

to running experimental protocols. 

Blind whole-cell patch experiments was performed as described (Castaneda-

Castellanos et al., 2006). Tight-seal whole-cell voltage clamp recordings were obtained 

using pipettes made from borosilicate glass capillaries pulled on a Narishige PC-10 

vertical micropipette puller (Narishige, Tokyo, Japan). Pipette resistance ranged from 3 to 

4 MΩ, filled with an internal solution containing (in mM) 130 CsOH, 130 D‐gluconic 

acid, 0.2 EGTA, 2 MgCl2, 6 CsCl, 10 Hepes, 2.5 ATP‐Na, 0.5 GTP‐Na, 10 

phosphocreatine and 0.1% Biocytin for cellular post labeling, pH adjusted to 7.2-7.3 with 

CsOH, osmolarity adjusted to 300-305 mOsm with ATP-Na. The series resistance was 

<25 MΩ and was compensated, if the series resistance changed more than 20% during the 

course of an experiment, the data was discarded. For evoked EPSCs and IPSCs, electrical 

stimuli (0.1 Hz) were delivered through a bipolar, Teflon®-coated tungsten electrode 

placed in the SR region and close proximity to the recording electrode. Neurons were 
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voltage-clamped at either -70 mV to measure AMPAR evoked responses or +40 mV to 

measure NMDA receptor evoked responses. 1 µM tetrodotoxin was added to isolate 

mEPSC responses. All excitatory postsynaptic currents (EPSCs) were recorded in the 

presence of 50 µM picrotoxin, a GABAA receptor antagonist, to block GABAA-mediated 

currents at 33˚C. To measure inhibitory postsynaptic currents (IPSCs), neurons were 

voltage-clamped at 0 mV with 10 µM NBQX, an AMPA receptor antagonist, and 50 µM 

D-AP5, a NMDA receptor antagonist at 33˚C. EPSCs and IPSCs were recorded using an 

EPC-9 amplifier (HEKA Elektronik, Lambrecht, Germany), filtered at 1 kHz, digitized at 

10 kHz, and stored on a personal computer using pClamp 10.7 software (Molecular 

Device) to run analysis. AMPA, NMDA-mediated EPSCs, IPSCs evoked responses, and 

mEPSCs were analyzed by Clampfit 10.7 software (Molecular Device). All averaged data 

were presented as means ± SEM. Statistical significance was determined by the Student's 

t-test using Prism 7.0 software (Graph Pad Software, Avenida, CA). 

 

4.3 Results 

It was previously reported that the loss of astrocytic ephrin-B1 in adult mice 

resulted in enhanced contextual recall, while overexpression of astrocytic ephrin-B1 in 

the adult hippocampus impaired contextual memory recall (Koeppen et al., 2018). The 

goal of this study was to understand the mechanism by which astrocytic ephrin-B1 affects 

contextual fear conditioning memory, in particular how the deletion or overexpression of 

astrocytic ephrin-B1 affects remodeling of synapses and dendritic spines in the CA1 

hippocampus following contextual learning. To accomplish this, astrocyte-specific 
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ephrin-B1 KO and ephrin-B1 OE mice, with corresponding WT counterparts, were 

trained in a fear condition paradigm to associate a context with an electric shock. Next 

day, the mice were placed in context A, in which they were trained, and their freezing 

was evaluated as a measure of contextual memory (Fig. 4.1). Dendritic spine clustering 

and neuronal activity were analyzed in the CA1 hippocampus of these mice 1 h after 

contextual memory recall. As specific memories are encoded in a sub-set of hippocampal 

neurons (Liu et al., 2012; Tonegawa et al., 2015), dendritic spine changes in CA1 

hippocampal pyramidal neurons were further analyzed by identifying activated (c-Fos+) 

or not activated (c-Fos-) cells during contextual memory recall (Fig. 4.2).  

 

Increased spine clustering is observed on c-Fos+ neurons in WT and KO mice, but 

not OE mice 

It has been reported that spine density is significantly higher in trained KO 

compared to WT (Nguyen et al., 2019). To examine the effects of ephrin-B1 deletion in 

adult hippocampal astrocytes on remodeling of dendritic spines following contextual 

learning, coronal hippocampal sections were collected from WT and KO mice 1 h 

following contextual recall. Immunostaining was used against early immediate gene c-fos 

to identify CA1 neurons that were activated during memory recall. Dendritic spines were 

labeled with DiO to visualize dendritic spines in both c-Fos(+) and c-Fos(-) neurons. 

Interestingly, in addition to the effect of genotype further analysis showed a significant 

increase in the spine density on c-Fos(+) neurons as compared to c-Fos(-) neurons in KO. 

When spine morphology was analyzed, c-Fos(+) neurons in both WT and KO mice also 
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showed a significant decrease in smaller spines and an increase in larger spines (> 1.0 

µm3) with no effect of genotype. In addition, there was a small effect of training on spine 

length in c-Fos(+) neurons of WT mice with no effect of genotype. Overall higher spine 

density in KO compared to WT mice may explain enhanced contextual recall in KO (Fig. 

4.1E, t-test p<0.05). The results suggest that increased number of dendritic spines may 

underlie enhanced contextual memory in astrocyte-specific ephrin-B1 KO mice. While 

new spine maturation is observed on c-Fos(+) neurons in both WT and KO mice, 

dendritic spine density remains higher in KO compared to WT mice. 

Conversely, no significant differences were observed in overall spine density 

between trained OE and WT mice (Nguyen et al., 2019). To determine the effects of 

ephrin-B1 overexpression in adult hippocampal astrocytes on dendritic spine formation 

following contextual learning, coronal hippocampal sections were collected 1 h following 

contextual recall from Thy1-GFP mice containing hippocampal astrocytes expressing 

tdTomato (WT) or tdTomato with ephrin-B1 (ephrin-B1 OE). Immunostaining against 

early immediate c-fos gene to identify CA1 neurons that were activated during memory 

recall. Dendritic spines were visualized with GFP in both c-Fos(+) and c-Fos(-) neurons 

and astrocytes expressed td-Tomato. Further analysis showed a significantly higher spine 

density on c-Fos(+) neurons compared to c-Fos(-) neurons in trained WT but not OE 

mice. The impaired increase in spine density on c-Fos(+) neurons compared to c-Fos(-) 

neurons in OE mice may explain impaired contextual recall in OE mice (Fig. 4.1K, t-test 

p<0.05). In addition, a decreased proportion of smaller spines and an increased number of 

larger spines was seen on c-Fos(+) neurons compared to c-Fos(-) neurons, but there was 
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no genotype difference. No significant differences were also seen between trained WT 

and OE mice in synaptic GluA1 (Nguyen, et al., 2019). Taken together the results suggest 

that reduced spine density and impaired formation of spines on c-Fos+ CA1 hippocampal 

neurons may underlie the deficits in contextual recall in astrocyte-specific ephrin-B1 OE 

mice without affecting dendritic spine maturation.  

To examine if new spines were added in a close proximity of neighboring spines, 

I analyzed interspine intervals (distances between neighboring spines) on c-Fos(+) and c-

Fos(-) CA1 neurons in WT mice. As expected, I observed an overall reduction in 

interspine intervals between neighboring spines in c-Fos(+) neurons compared to c-Fos(-) 

neurons due to an increase in spine density. However, spines were not distributed 

uniformly as I found a specific increase in the percentage of spines with interspine 

interval less than 2.0 µm (which is a distance from the neighboring spine) on c-Fos(+) 

neurons compared to c-Fos(-) neurons (Suppl. Fig. 4B; WT c-Fos-: 50.91 ± 1.65 vs WT 

c-Fos+: 56.58 ± 1.00, t(10)= 2.766 p = 0.019, t test). I further analyzed clusters of these 

spines that were less than 2.0 µm from each other in c-Fos(+) and c-Fos(-) neurons. There 

was an overall higher number of smaller spine clusters containing 3 spines in both c-

Fos(+) and c-Fos(-) neurons (Fig. 4B; two-way ANOVA cluster size F(4, 50) = 69.19, 

p<0.0001). I also observed a significant increase in the number of the spine clusters on c-

Fos(+) CA1 neurons compared to c-Fos(-) neurons in WT (Fig. 4B; two-way ANOVA; 

Fc-Fos (1, 50) = 6.698, p = 0.0126), in particular smaller clusters containing 3 spines (WT 

c-Fos- (3): 3.42 ± 0.50 vs WT c-Fos+ (3): 4.59 ± 0.34; Bonferroni’s post-hoc test, *p < 

0.05). This suggests that spine formation occurs at specific locations, in a close proximity 
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to neighboring spines, on the dendrites of c-Fos(+) CA1 neurons activated during 

contextual recall.  

Interestingly, I also observed a significant increase in number of spine clusters in 

c-Fos(+) neurons compared to c-Fos(-) neurons in ephrin-B1 KO mice (Fig. 4D, two-way 

ANOVA Fc-Fos (1, 130) = 15.5, pc-Fos = 0.0001), specifically smaller clusters containing 3 

spines (KO c-Fos- (3): 3.00 ± 0.41 vs KO c-Fos+ (3): 5.67 ± 0.80; Bonferroni’s post-hoc 

test, **** p < 0.0001). In contrast, I observed no difference in the number of clusters 

between c-Fos(+) and c-Fos(-) CA1 neurons in ephrin-B1 OE mice (Fig. 4F; two-way 

ANOVA Fc-Fos(1, 60) = 0.9948, pc-Fos = 0.3226). Astrocytic ephrin-B1 may affect up-

regulation of dendritic spine density on c-Fos(+) neurons by impacting new spine 

formation at selective dendritic domains. 

 

Excitatory responses were enhanced in CA1 hippocampal neurons of trained 

ephrin-B1 KO compared to WT mice 

Changes in dendritic spine density may affect neuronal functionality; specifically, 

an increase in dendritic spine numbers in trained KO compared to WT may indicate an 

increase in excitatory responses. Whole-cell patch clamp experiments were conducted to 

determine if CA1 hippocampal pyramidal neurons in trained KO mice also show 

increased excitatory responses. Indeed, increased evoked excitatory responses were 

observed in CA1 hippocampal neurons of trained KO mice compared to WT mice by 

measuring both NMDAR and AMPAR currents (Fig. 4.5B; WT AMPAR: 527.65 ± 30.30 

vs KO AMPAR: 713.52 ± 43.33, t(398) = 3.568, p = 0.0004, t test; WT NMDAR: 186.36 ± 
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13.12; KO NMDAR: 307.43 ± 23.59, t(373) = 4.610 p < 0.0001, t test). Interestingly, 

AMPAR/NMDAR ratio was not significantly different between trained WT and KO mice 

(Fig. 4.5C; WT: 2.40 ± 0.60; KO: 2.51 ± 0.48, t(17) = 0.149, p = 0.8829, t test). Increased 

excitatory post-synaptic strength in trained KO mice was further confirmed by increased 

mEPSC amplitude (Fig. 4.5D, G, H; WT: 7.02 ± 0.62; KO: 14.08 ± 3.13, t(13) = 2.462, p = 

0.0286, t test), whereas no differences were observed in mEPSC frequencies between WT 

and KO trained mice (Fig 4.5D-F; WT: 0.81 ± 0.14; KO: 0.88 ± 0.29; t(13) = 0.238, p = 

0.8157, t test); together this suggests increased postsynaptic responsiveness in trained KO 

mice compared to WT mice. 

 

4.4 Discussion 

Astrocytes are well positioned to influence learning and memory consolidation by 

influencing  dendritic spine formation and maturation in the adult hippocampus, but 

molecular mechanisms are not clear. My data suggest that astrocytic ephrin-B1 controls 

learning and memory consolidation during contextual fear conditioning by regulating 

new dendritic spine formation on activated CA1 hippocampal neurons. First, I found that 

the deletion of ephrin-B1 in astrocytes enhances learning-induced formation of new 

dendritic spines on CA1 hippocampal neurons, while its overexpression impairs new 

synapse formation. Second, ephrin-B1 overexpression in hippocampal astrocytes 

selectively affects dendritic spine formation and clustering on hippocampal neurons 

activated during contextual recall. Third, despite the changes to excitatory synapses, 

deletion or overexpression of ephrin-B1 in astrocytes does not affect the number of 
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inhibitory synapses in the CA1 hippocampus. Finally, deletion of ephrin-B1 in astrocytes 

does not affect learning-induced changes in spine volume, as I observed enlargement of 

dendritic spines in ephrin-B1 KO mice similar to their WT counterparts. My results 

suggest that the deficits in dendritic spine formation and clustering, but not spine 

enlargement, in particular on activated CA1 neurons may underlie impaired contextual 

memory recall in ephrin-B1 OE mice. These studies implicate astrocytic ephrin-B1 as a 

negative regulator of synapse formation in the hippocampus during learning, which can 

influence spatial memory. 

One major finding of this study is that modulation of ephrin-B1 levels in 

astrocytes negatively affects the formation of new dendritic spines on activated CA1 

hippocampal neurons following learning and contextual recall. Hippocampal excitatory 

neurons play an integral role in associative memory formation. Activation of CA1 

pyramidal neurons is observed during contextual recall in mice (Ji and Maren, 2008). 

Several studies also report formation of new spines on hippocampal neurons during fear 

conditioning (Matsuo et al., 2008; Restivo et al., 2009; Giachero et al., 2013; Frank et al., 

2018). Indeed, dendritic spines can be considered physical representation of memory 

(Matsuzaki et al., 2004; Holtmaat and Svoboda, 2009; Kasai et al., 2010). Acquisition of 

new memories facilitates hippocampal spine formation and spine maturation following 

contextual fear learning and memory recall, particularly more recent memories (Restivo 

et al., 2009; Giachero et al., 2013), coinciding with the increased synthesis and 

recruitment of GluR1 to mature mushroom-type spines in the adult hippocampus (Matsuo 

et al., 2008). The strong memory trace associated with the fear conditioned response is 
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consistent with an increase of total number of mature dendritic spines. Conversely, 

extinction of a fear memory induces spine loss, specifically dendritic spines that were 

formed during the learning phase (Lai et al., 2018). Further, reconditioning following 

extinction induces formation of new dendritic spines near the sites of spine formation that 

were induced during initial fear conditioning (Lai et al., 2018). In this study, I observed 

an increase in the number of spines on CA1 neurons in trained astrocytes-specific ephrin-

B1 KO mice compared to their WT counterparts, suggesting that astrocytic ephrin-B1 

may act as a negative regulator of new spine formation in the adult hippocampus during 

learning. Astrocytic ephrin-B1 may affect new synapse formation during learning by 

competing with neuronal ephrin-B for binding to neuronal EphB receptors. Loss of 

several EphB receptors is known to affect synapse and dendritic spine formation in the 

hippocampus (Ethell et al., 2001; Henkemeyer et al., 2003).  

Another finding of this study is that there is a selective formation of new spines 

on activated CA1 hippocampal neurons in WT mice. These new spines form in a close 

proximity of neighboring spines resulting in an overall increase in the number of spine 

clusters containing three spines. This is consistent with the published work showing that 

there are hotspots or preferential dendritic regions for spine clustering of two or more 

spines following contextual fear conditioning (Frank et al., 2018). Clustering of dendritic 

spines with learning have been demonstrated in layer 5 pyramidal neurons of mouse 

primary motor cortex following motor learning tasks (Fu et al., 2012) and clusters of 

axon-dendritic contacts were also observed in vestibular systems of barn owl following 

prism adaptation (McBride et al., 2008). In this study, I see a selective increase in the 
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number of dendritic spines on activated c-Fos(+) CA1 hippocampal neurons in both WT 

and KO mice after contextual fear conditioning. However, the increase in spine density is 

impaired in OE group and I observed no difference in the number of spines and spine 

clusters between c-Fos(+) and c-Fos(-) CA1 neurons in the presence of ephrin-B1 

overexpressing astrocytes. This is potentially due to reduced formation or increased 

elimination of dendritic spines on CA1 neurons, which most likely underlie impaired 

contextual recall in OE mice.  

While the overexpression of ephrin-B1 in astrocytes affected spine numbers, the 

modulation of ephrin-B1 levels in astrocytes did not affect dendritic spine volume. 

Activity-dependent maturation of hippocampal synapses during memory formation was 

shown to promote structural changes to dendritic spines (Lichtman and Colman, 2000; 

Knott et al., 2006; Draft and Lichtman, 2009; Holtmaat and Svoboda, 2009) and to 

increase synaptic AMPA receptor levels in CA1 hippocampal neurons (Matsuo et al., 

2008). Dendritic spines are diverse in structure and undergo activity-dependent 

morphological changes (Matsuzaki et al., 2004; Matsuo et al., 2008). The structural 

plasticity of hippocampal dendritic spines allows for spine maturation following learning 

and memory acquisition (Restivo et al., 2009; Giachero et al., 2013). Neuronal EphB 

receptors are shown to regulate dendritic spine maturation in hippocampal neurons 

(Ethell et al., 2001; Henkemeyer et al., 2003) and clustering of AMPARs (Kayser et al., 

2006). Activation of EphB2 forward signaling can facilitate the recruitment of AMPARs 

to synaptic sites (Kayser et al., 2006; Hussain et al., 2015), and ephrin-B reverse 

signaling can antagonize the internalization of GluR2 subunit of AMPAR allowing for 
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the retention of AMPAR at the cell surface (Essmann et al., 2008). However, my studies 

show no changes in dendritic spine size between training WT and OE groups. Despite 

impaired increase in spine density and clustering on the dendrites of c-Fos(+) CA1 

hippocampal neurons in OE mice, average size of dendritic spines was not significantly 

different between WT and KO or WT and OE groups.  

Mature spines are larger in size and have larger postsynaptic densities (Harris et 

al., 1992), allowing for more AMPAR recruitment and anchorage (Ashby et al., 2006; 

Matsuzaki, 2007). As I observed no differences in dendritic spine size in both KO and 

OE mice compared to their WT counterparts, I also expected to see normal AMPAR 

recruitment. Indeed, I detected no differences in synaptic AMPAR levels between the 

groups, further confirming that the changes in astrocytic ephrin-B1 levels did not affect 

synaptic AMPAR levels. Although CA1 hippocampal neurons showed increased evoked 

AMPA and NMDAR responses in trained KO mice compared to their WT counterparts, 

the ratio of AMPAR/NMDAR currents was comparable between WT and KO mice 

suggesting that similar mature state of dendritic spines. It is most likely that mESPC 

amplitude is increased due to an overall increase in the number of functional dendritic 

spines/synapses on CA1 hippocampal neurons in KO compared to WT mice. 

Increased AMPAR and NMDAR responses both contribute to enhanced synaptic 

strength and long-term potentiation (LTP), which is an essential mechanism underlying 

learning (Bliss and Collingridge, 1993). EphB2 was also shown to modulate synaptic 

transmission by regulating trafficking and function of NMDAR (Dalva et al., 2000; 

Henderson et al., 2001; Takasu et al., 2002; Nolt et al., 2011). The ability of synaptic 
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EphB2 receptor to regulate both AMPAR and NMDAR trafficking may influence 

hippocampal LTP and long-term depression (LTD; (Grunwald et al., 2001; Henderson et 

al., 2001). Indeed, EphB2 loss was shown to attenuate LTP (Grunwald et al., 2001; 

Henderson et al., 2001) and to impair LTD (Grunwald et al., 2001). While the loss of 

EphB2 function impairs long-term memory formation, photo-activation of EphB2 using 

optogenetics during fear conditioning learning enhances long-term memory (Alapin et al., 

2018). Although in this study, I have not investigated the effects of astrocytic ephrin-B1 

on LTP induction and consolidation, astrocytic ephrin-B1 may compete for binding to 

synaptic EphB2 and negatively affect LTP. Enhanced contextual memory and increased 

excitatory strength in CA1 neurons of KO mice may suggest that changes in astrocytic 

ephrin-B1 levels may potentially affect CA3 to CA1 LTP, which should be investigated 

in future studies. 

Finally, I found no changes in inhibitory synapses in both ephrin-B1 KO and OE 

mice. Hippocampal dependent memory formation also requires input from local 

inhibitory neurons. In fact, ablation of GABAA receptor α5 subunit increased contextual 

recall (Crestani et al., 2002; Yee et al., 2004) and enhanced spatial learning in mice 

(Collinson et al., 2002). In addition, an inverse agonist to α5 subunit increased spatial 

learning (Chambers et al., 2004; Sternfeld et al., 2004). As GABAA receptor α5 subunit is 

highly expressed on hippocampal pyramidal neurons (Pirker et al., 2000; Rudolph and 

Mohler, 2006), changes in inhibitory cell activity may be potentially involved in the 

observed effects of ephrin-B1 KO or OE in astrocytes on memory consolidation. 

However, after deletion or overexpression of ephrin-B1 in the adult astrocytes, there was 
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no differences in overall numbers of GAD65 positive sites in the hippocampus of trained 

mice. Whole cell recording from CA1 hippocampal neurons also showed no differences 

in the amplitude or latency of evoked IPSCs between WT and KO mice. In addition, 

deletion of astrocytic ephrin-B1 did not affect the number of glutamatergic synapses on 

PV-positive inhibitory interneurons in trained KO mice compared to WT mice. Previous 

studies suggest involvement of hippocampal PV cells in learning and memory. While 

activation of hippocampal PV interneurons was suggested to contribute to reduced 

contextual recall after fear extinction (Caliskan et al., 2016), interneurons in CA3 

hippocampus expressing high levels of PV were shown to receive higher excitatory input 

following fear conditioning and also play a role in memory consolidation (Donato et al., 

2013; Donato et al., 2015). High-PV expressing interneurons were shown to exhibit a 

higher excitatory to inhibitory input ratio compared to low-PV expressing interneurons 

(Donato et al., 2015). Although in this study astrocytic ablation and overexpression of 

ephrin-B1 affected the overall number of excitatory sites in the CA1 hippocampus, there 

was no changes in excitatory innervation of PV neurons between KO and WT mice. 

The studies presented here suggest that astrocytic ephrin-B1 regulates excitatory 

connections in the CA1 hippocampus during contextual memory formation in an activity 

dependent manner (Fig. 7). While deletion of ephrin-B1 in astrocytes does not affect 

formation of new spines on activated CA1 neurons, overexpression of ephrin-B1 in 

astrocytes impairs it, suggesting that ephrin-B1 is a negative regulator of learning-

induced spine formation. Astrocytes have been shown to preferentially contact larger 

synapses and contribute to synapse stabilization and regulate synaptic activity (Haber et 
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al., 2006; Witcher et al., 2007). However, the role of astrocytes in the formation of new 

synapses in the adult hippocampus during learning has not been explored yet. I propose 

that ephrin-B1 plays an important role in astrocyte-mediated new synapse formation 

during learning. However, it is still unclear whether synaptic activity directly regulate 

levels of ephrin-B1 in astrocytes and if selective up-regulation or down-regulation of 

ephrin-B1 in some astrocytes may respectively suppress or facilitate new synapse 

formation at specific dendritic domains induced by local changes in synaptic activity 

during learning, and potentially underlie memory encoding.   
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Figure 4.1 Fear conditioning paradigm. (A) Schematic representation of fear 

conditioning paradigm. Mice were habituated to contexts A and B for 10 min on day 1 

with 1 h gap between context A and context B. On day 2, mice were placed in Context A 

and received 5 random 0.7 mA foot shocks for 2 s after a 30 s tone of 9 kHz at 70 dB, to 

train the mice to associate the tone with the foot shock. On day 3 mice were placed in 

Context A for 5 min, 1 h later mice were placed in Context B for 6 min and exposed to 

the same tone for the last 3 min. (B-G) Graphs show the percentage of time that KO mice 

and their corresponding WT mice freeze during each trial, including Context A 

habituation (B), Context B habituation (C), Context A training (D), Context A recall (E), 

Context B without tone (F), and with tone (G). KO mice show higher freezing than WT 

mice during Context A recall (n = 7–9 mice per group, t-test; t(14) = 2.389 *p = 0.0315). 

(H-M) Graphs show the percentage of time that OE mice and their corresponding WT 

mice freeze during each trial, including Context A habituation (H), Context B habituation 

(I), Context A training (J), Context A recall (K), Context B without tone (L) and with 

tone (M). Ephrin-B1 OE mice show reduced freezing compared to WT mice during 

Context A recall (n = 5 mice per group, astrocytic ephrin-B1 OE: 27.27 ± 3.57 vs control: 

41.75 ± 2.04, t(10) = 3.522, p = 0.006, t test, **p = 0.01). Graphs show mean values and 

error bars represent SEM. 
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Figure 4.2 Activation of hippocampal CA1 neurons during contextual memory recall is 

identified with c-Fos+ expression. (A-B) During fear condition, contextual fear 

memories become encoded in a sub-set of hippocampal neurons and become re-activated 

during memory recall. Activated neurons during memory retrieval can be identified by c-

Fos expression. Use of c-Fos expression can delineate the effects of astrocytic ephrin-B1 

on synapse formation and maturation during learning and memory in activated (c-Fos+) 

and non-activated (c-Fos-) neurons. 
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Figure 4.3 Clustered spines appear at an interspine interval less than 2 µm on activated 

neurons. (A) Confocal image of CA1 hippocampal dendrites of c-Fos(-) and c-Fos(+) 

cells in trained WT mice following fear conditioning; scale bar is 2 µm. White arrows 

indicate clusters containing 3 or more spines. (B) WT c-Fos(+) neurons had a 

significantly higher percent of spines that were located within 2.0 µm distance from 

neighboring spine (WT c-Fos(-): 50.91 ± 1.65 vs WT c-Fos(+): 56.58 ± 1.00, t(10) = 

2.766 p = 0.019, t test) than WT c-Fos(-) neurons, suggesting an increased spine 

clustering in WT c-Fos(+) neurons. (C) Cumulative probability plot of distances between 

spines in WT c-Fos(-) and c-Fos(+) mice. 
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Figure 4.4 Increased spine clustering is observed on c-Fos(+) neurons in WT and KO 

mice, but not OE mice. (A, C, E) Confocal images of dendritic spines in c-Fos(-) or c-

Fos(+) CA1 hippocampal neurons from WT (A), KO (C), and OE (E) mice 1 h after 

contextual recall; scale bar is 10 µm for low magnification images and 2 µm for high 

magnification images. (B, D, F) Graphs show number of clusters containing 3, 4, 5, 6, or 

7 spines (< 2 µm apart) per cluster in c-Fos(-) or c-Fos(+) CA1 neurons from WT (B), 

KO (D) or OE (F) mice. (B) WT c-Fos(+) neurons had significantly higher number of 

clusters with 3 spines than WT c-Fos(-) neurons (cluster size F(4, 50) = 69.19, p < 0.0001; 

c-Fos F(1, 50) = 6.698, p = 0.0126; two-way ANOVA followed by Bonferroni’s post hoc, 

*p = 0.0109). (D) There was a higher number of clusters with 3 spines in KO c-Fos(+) 

neurons compared to KO c-Fos(-) neurons (cluster size F(4, 130) = 45.77, p < 0.0001; c-Fos 

F(1, 130) = 15.5, p = 0.0001; two-way ANOVA followed by Bonferroni’s post hoc, ****p 

< 0.0001). (F) There was no difference in the number of clusters with 3 spines between 

OE c-Fos(+) and OE c-Fos(-) neurons. Graphs show mean values and error bars represent 

SEM; *p < 0.05, ****p < 0.0001. 
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Figure 4.5 Excitatory post-synaptic responses are enhanced in CA1 hippocampal 

neurons from astrocytic ephrin-B1 KO mice compared to WT mice. (A) Representative 

traces of excitatory postsynaptic responses in CA1 hippocampal neurons in hippocampal 

slices from WT (grey) and KO (black) trained mice evoked by stimulating SR region in 

the presence of 50 µM picrotoxin, a GABAA receptor antagonist. Neurons were voltage-

clamped at either -70 mV to measure AMPAR-mediated EPSCs or +40 mV to measure 

NMDAR-mediated EPSCs. (B, C) Graphs show average EPSC amplitude (B) and 

corresponding ratio of AMPAR- and NMDAR-mediated EPSCs (C) (n = 12-13 cells, 6 

mice). Evoked AMPAR and NMDAR-mediated currents were significantly increased 

(AMPAR: t(398) = 3.568, ***p = 0.0004; NMDAR: t(373) = 4.61, p < 0.0001, t test, **** p 

< 0.0001); however, AMPAR/NMDAR EPSC ratio was unchanged (t(17) = 0.1495, p = 

0.8829, t test). (D) Sample recordings of mEPSCs from CA1 neurons in hippocampal 

slices from trained WT and KO mice; recorded in the presence of TTX and picrotoxin (n 

= 6 mice). (E) Cumulative probability curve of inter-event intervals between spikes in 

WT (grey) and KO (black). (F) Total average frequency of mEPSCs in WT and KO. (G) 

Cumulative probability curve of mEPSC amplitude in WT and KO. (H) Average 

amplitude of mEPSCs was significantly higher in KO compared to WT (t(13) = 2.462, *p 

= 0.0286, t test). Error bars represent SEM; * p < 0.05, *** p < 0.001, ****p < 0.0001.
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Figure 4.6 Schematic depiction of the effect of astrocytic ephrin-B1 KO or OE on 

dendritic spine formation following training. Astrocytic ephrin-B1 regulates excitatory 

connections in the CA1 hippocampus during contextual memory formation in an activity 

dependent manner. c-Fos(+) neurons activated during contextual memory recall show 

higher dendritic spines density and clustering compared to non-activated c-Fos(-) neurons 

in WT and KO mice. In contrast, no changes in dendritic spine density and clustering 

were observed between c-Fos(+) and c-Fos(-) neurons in CA1 hippocampus containing 

astrocytes that overexpress ephrin-B1 (OE). There was a higher number of spines on c-

Fos(+) neurons of KO mice compared to WT mice, whereas a lower spine density was 

observed on c-Fos(+) neurons of OE mice compared to WT mice, coinciding with the 

enhanced or impaired memory recall, respectively. No differences were detected in spine 

density on non-activated c-Fos(-) neurons between WT, KO, and OE mice. All together 

these findings suggest that astrocytic ephrin-B1 is a negative regulator of learning-

induced spine formation on activated CA1 neurons.  
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Table 4.1 Extended data table supporting Figure 4.4. Table shows the number of spine 

clusters with 3, 4, 5, 6 and 7 spines in c-Fos(-) and c-Fos(+) CA1 neurons of WT, KO, 

and OE mice. Statistical analysis of differences between c-Fos(-) and c-Fos(+) expression 

was performed using two-way ANOVA (c-Fos and cluster size as factors) with 

Bonferroni post hoc test: *P < 0.05, ****P ˂ 0.001. 

Spines per Cluster (Clusters per 100 µm dendritic length) 

 3 4 5 6 7 

WT  

c-Fos(─) 

(n=6) 

3.42 ± 0.46 1.56 ± 0.26 0.62 ± 0.13 0.42 ± 0.14 0.16 ± 0.06 

c-Fos(+)  

(n=6) 

4.59 ± 0.34 1.41 ± 0.29 1.36 ± 0.21 0.54 ± 0.30 0.38 ± 0.09 

Statistics t = 3.232 

*p = 0.0109 

t = 0.404 

p > 0.999 

t = 2.032 

p = 0.2374 

t = 0.333 

p > 0.999 

t = 0.593 

p > 0.999 

 

KO  

c-Fos(─) 

(n=15) 

3.00 ± 0.41 1.84 ± 0.30 0.86 ± 0.26 0.28 ± 0.11 0.18 ± 0.08 

c-Fos(+) 

(n=13) 

5.67 ± 0.80 2.77 ± 0.48 1.04 ± 0.19 0.61 ± 0.19 0.45 ± 0.18 

Statistics t = 5.360 

****p < 

0.0001 

t = 1.853 

p = 0.3306 

t = 0.369 

p > 0.999 

t = 0.659 

p > 0.999 

t = 0.561 

p > 0.999 

 

OE  

c-Fos(─) 

(n=7) 

5.03 ± 0.66 2.86 ± 0.27 0.84 ± 0.17 0.70 ± 0.28 0.46 ± 0.16 

c-Fos(+) 

 (n=7) 

4.35 ± 0.29 2.32 ± 0.37 1.18 ± 0.18 0.66 ± 0.31 0.37 ± 0.16 

Statistics t = 1.503 

p = 0.6906 

t = 1.197 

p > 0.999 

t = 0.760 

p > 0.999 

t = 0.099 

p > 0.999 

t = 0.191 

p > 0.999 
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The nervous system is comprised of hundreds of billions of neurons 

interconnected through synapses. Together these synaptic connections allow us to 

perceive and interact with the world. During development, it is essential that synapses 

undergo structural and functional modification to ensure neurons find the right partner 

and form the right connection. These connections continue to be maintained through 

adulthood, ensuring for proper function. Improper development can lead to 

neurodevelopmental disorders such as autism and intellectual disabilities. Additionally, 

improper maintenance of neural circuitry during adulthood can lead to psychiatric and 

neurodegenerative disorders, such as schizophrenia and Alzheimer’s disease. Astrocytes 

come into close association with synapses, forming the tripartite synapse, and monitor 

and alter synaptic function. This interaction between astrocytes and neurons is essential 

for proper synapse development and function during both early postnatal development 

and adulthood. 

This series of studies show that astrocytes expressing ephrin-B1 in the 

hippocampus are essential for proper synapse formation during early postnatal 

development, the maintenance of synapses during adulthood, and during learning and 

memory consolidation. During early postnatal development, astrocytic ephrin-B1 is 

essential for proper E/I circuitry formation in the hippocampus. In adulthood, loss of 

astrocytic ephrin-B1 impairs proper synapse maintenance, resulting in aberrant 

synaptogenesis. Interestingly, during learning and memory consolidation astrocytic 

ephrin-B1 selectively affects formation and clustering of synapses on neurons activated 
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during memory recall. Together, the main function of astrocytic ephrin-B1 is to 

negatively regulate synapse formation. 

The hippocampus circuitry remains plastic throughout life therefore allowing for 

life-long learning (May, 2011; Lovden et al., 2013). During the first month of birth, the 

hippocampus undergoes intensive synaptic alterations. At birth, synapse numbers are still 

low and appear immature, containing synapses located mostly on dendritic shafts or small 

protrusions called filopodia (Steward and Falk, 1991; Fiala et al., 1998). During the 

second and third weeks, synaptogenesis occurs and dramatically increases synapse 

number (Steward and Falk, 1991; De Felipe et al., 1997). By the end of the third week 

synapses have become more mature and are primarily found on dendritic spines of 

hippocampal pyramidal neurons (Boyer et al., 1998). Synapse formation is then reduced 

during the fourth week after birth and onto adulthood. This synapse elimination allows 

for refinement and maturation of synaptic circuits. In adulthood, the hippocampus 

remains dynamic; however, the overall synaptic efficacies is more stationary as average 

spine density and size remain constant (Steward and Falk, 1991; Harris et al., 1992; De 

Felipe et al., 1997). During hippocampal circuit formation, mature astrocytes populate the 

hippocampus (Yang et al., 2013), and can express synapse-promoting proteins, such as 

glypican (Allen et al., 2012) and thrombospondin (Christopherson et al., 2005), to 

modulate synapse formation and maturation. Astrocytes can also affect synapse 

elimination to allow for synapse refinement (Chung et al., 2013). Together, astrocytes are 

an active player during all the steps of hippocampus circuitry formation and maintenance. 

From my studies, I focused on three periods: (1) early postnatal development when 
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synapse elimination exceeds synapse formation, (2) adulthood when synapse numbers 

remain stable, and (3) during learning and memory consolidation when synapses are most 

plastic.  

Astrocytic ephrin-B1 negatively regulates synapse formation during early 

postnatal development, adulthood, and during learning and memory consolidation. 

However, it should be noted that astrocytic ephrin-B1 selectively inhibits synapse 

formation in an activity dependent manner. During learning and memory consolidation, 

hippocampal circuitry is dynamically altered such that acquisition of new memories 

facilitates synapse formation and maturation (Restivo et al., 2009; Giachero et al., 2013). 

I show that loss of astrocytic ephrin-B1 increased dendritic spine numbers on activated 

CA1 hippocampal pyramidal cells following training of a fear conditioning paradigm. 

Conversely, overexpression of astrocytic ephrin-B1 impaired synapse formation on 

activated CA1 neurons following training. Astrocytic ephrin-B1 may affect new synapse 

formation during learning by competing with neuronal ephrin-B for binding to neuronal 

EphB receptors. Loss of several EphB receptors is known to affect synapse and dendritic 

spine formation in the hippocampus (Ethell et al., 2001; Henkemeyer et al., 2003). 

Interestingly, formation of new dendritic spines on activated neurons occur in “hot-spots” 

or preferential dendritic regions essentially forming clusters of spines following learning 

(Frank et al., 2018). This phenomenon occurred in both WT and astrocytic ephrin-B1 

deletion after contextual fear conditioning. However, as spine density was decreased in 

overexpression of astrocytic ephrin-B1, spine clusters did not form on activated neurons 
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during contextual recall. Together, this suggests that astrocytic ephrin-B1 is a negative 

regulator of learning-induced spine formation.  

Following synapse formation, selective synapses will become matured. 

Maturation of synapses include larger dendritic spine size with larger postsynaptic 

densities (Harris et al., 1992), therefore allowing for more AMPAR recruitment and 

anchorage (Ashby et al., 2006; Matsuzaki, 2007). Although astrocytic ephrin-B1 

negatively regulates synapse formation, it does not affect synapse maturation in early 

postnatal development, adulthood, or following learning and memory consolidation. 

During early postnatal development, loss of astrocytic ephrin-B1 increases excitatory 

synapse formation and in turn enhances synaptic function. However, AMPAR/NMDAR 

amplitude and levels of synaptic AMPARs is unaffected indicating no changes to synapse 

maturation. During adulthood, astrocyte-specific ablation of ephrin-B1 triggers an 

increase in the density of glutamatergic synapses and dendritic spines. However, synapse 

formation does not always correlate with an increase in synaptic strength, as newly 

formed synapses are often associated with silent post-synaptic spines that are usually 

smaller and are characterized by the presence of NMDA but absence of AMPA receptors 

(Isaac et al., 1995; Durand et al., 1996). In adult deletion of astrocytic ephrin-B1, there is 

an abundance of immature, potentially silent, synapses. The loss of astrocytic ephrin-B1 

induces formation of these immature synapses. Unlike during development when there is 

greater synapse maturation processes occurring (Lohmann and Kessels, 2014) and higher 

expression of specific astrocytic synaptogenic proteins (Farhy-Tselnicker and Allen, 

2018), maturation during adulthood occurs slower. Therefore, loss of astrocytic ephrin-
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B1 induces synaptogenesis of immature excitatory synapses. Following learning and 

memory consolidation, there was no differences in dendritic spine size, synaptic AMPAR 

levels, and AMPAR/NMDAR amplitude ratio in both ablation and overexpression of 

astrocytic ephrin-B1 compared to their WT counterparts. The increased number of 

synapses following deletion of astrocytic ephrin-B1 could be a result of reduced 

engulfment of immature synapses by astrocytes, as primary astrocytes expressing ephrin-

B1 engulf synaptosomes containing EphB receptors. Astrocytic ephrin-B1 may trigger 

the engulfment of synaptic sites through the activation of ephrin-B1 reverse signaling in 

astrocytes following its interaction with neuronal EphB receptor. 

GABAergic inhibitory neurons populate the brain to modulate and efficiently 

control information flow within cortical circuits. The hippocampus comprises a large 

diversity of inhibitory neurons containing approximately 21 classes of inhibitory neuron 

subtypes (Klausberger and Somogyi, 2008). Hippocampal function, specifically memory 

formation, requires input from local inhibitory neurons. In fact, ablation of GABAA 

receptor α5 subunit increased contextual recall (Crestani et al., 2002; Yee et al., 2004) 

and enhanced spatial learning in mice (Collinson et al., 2002). An interesting finding was 

the role of astrocytic ephrin-B1 during early postnatal development versus adulthood. 

Loss of astrocytic ephrin-B1 during early postnatal development results in overall E/I 

imbalance due to both increased excitatory synaptogenesis and impaired inhibitory 

circuitry formation. In adulthood, ablation of astrocytic ephrin-B1 results in aberrant 

excitatory synaptogenesis. This potentially indicates astrocytic ephrin-B1 may affect 

hippocampal inhibitory neurons only during early postnatal development when inhibitory 
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circuitry is still being established. Inhibitory neurons are generated during embryonic 

development in two stages between E9-E12 and E12-E16 from the medial ganglionic 

eminences (MGE) and caudal ganglionic eminences (CGE) (Butt et al., 2005; Miyoshi et 

al., 2010; Tricoire et al., 2011) and will invade the hippocampus by E14 (Tricoire et al., 

2011). In particular, PV-expressing inhibitory neurons are derived from the MGE and are 

generated in an early phase at E9.5-11.5 and a late phase at E13.5-15.5 (Donato et al., 

2015). However, the expression of PV in interneurons is low until P12 and gradually 

increases until P30 (Nitsch et al., 1990; de Lecea et al., 1995). In addition, early studies 

showed no evidence of inhibition prior to P18 but will steadily increase to adult levels by 

P28 (Michelson and Lothman, 1989). Excitatory responses in rat CA1 hippocampus are 

established within two weeks following birth; however, the maturation of inhibitory 

processes was not evident until several weeks later. The loss of astrocytic ephrin-B1 

during early postnatal development resulted in decreased expression of PV interneurons 

in the hippocampus. As expression of PV is still increasing during this period in an 

activity dependent manner, the loss astrocytic ephrin-B1 may be affecting either (1) 

excitatory innervation of PV inhibitory neurons affecting the increase in PV expression or 

(2) the maturation of inhibitory neurons in the CA1 hippocampus during P14-P28 period. 

Indeed, loss of astrocytic ephrin-B1 does reduce excitatory input onto PV-expressing 

inhibitory neuron, thereby decreasing overall PV expression. However, Eph/ephrin 

signaling has also been implicated in migration and neurogenesis in the hippocampus 

(Chumley et al., 2007; Ashton et al., 2012). Therefore, astrocytic ephrin-B1 may be 
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essential in maintaining proper E/I balance by influencing PV cell development in CA1 

hippocampus during early postnatal development.  

 Behavioral deficits may manifest due to hippocampal circuit changes. Indeed, 

during early postnatal development, loss of astrocytic ephrin-B1 impaired E/I balance 

resulting in reduced sociability and increased digging repetitive-like behaviors. These 

behaviors may be a result of aberrant excitatory synaptogenesis, the loss of PV 

expression in the hippocampus, or a combination of both. Interestingly, these mice 

displayed two core autism symptoms: (1) reduced social interactions and (2) restricted 

repetitive patterns of behaviors (Kazdoba et al., 2016). Indeed, excessive synaptogenesis 

has been linked to several neurodevelopmental disorders, such as autism (Huttenlocher 

and Dabholkar, 1997; Guang et al., 2018). Additionally, PV interneurons play a role in 

social and repetitive behaviors. In a study, depletion of PV-expression in interneurons 

results in reduced social interactions and ultrasonic vocalizations, increased repetitive and 

stereotyped patterns of behaviors, seen with impaired reversal learning, and increased 

seizure susceptibility (Wohr et al., 2015). It is interesting to note these PV-depleted mice 

exhibited no impairments with motor function and no anxiety-like or depression-like 

behaviors (Wohr et al., 2015). Additionally, blocking synaptic transmission of PV 

neurons specifically in the ventral hippocampus was also shown to impair social memory 

discrimination (Deng et al., 2019). Interestingly, despite changes to social and repetitive 

behaviors, loss of astrocytic ephrin-B1 during early postnatal development does not affect 

learning and memory consolidation and recall. However, memory recall, specifically 

contextual recall, is enhanced when astrocytic ephrin-B1 is lost during adulthood. 
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Enhanced contextual recall may be due to the increase in synaptogenesis of immature 

excitatory synapses. Immature spines may represent potential sites for new memories 

(Matsuzaki, 2007), and mature following persistent stimulation of synapses during fear 

conditioning training. This new learned experience will modify the synaptic structure 

through selective stabilization of synapses and synthetization and recruitment of 

AMPARs into spines (Lichtman and Colman, 2000; Matsuo et al., 2008; Draft and 

Lichtman, 2009; Holtmaat and Svoboda, 2009). Indeed, following training, dendritic 

spine size increased and expressed higher levels of synaptic AMPAR and AMPAR 

function.  

 In summary, my studies demonstrate that astrocytic ephrin-B1 is essential for 

proper hippocampal circuit formation and maintenance. These findings establish the role 

of astrocytic ephrin-B1 as a negative regulator of synapse formation. It is interesting to 

note the differential effects following loss of astrocytic ephrin-B1 at different ages. 

Targeting astrocytic ephrin-B1 may be a potential avenue to repair E/I balance in 

neurodevelopmental disorder, while during adulthood, inhibition of astrocytic ephrin-B1 

may be beneficial to reduce synapse loss in neurodegenerative diseases. Additionally, my 

studies focus only in a unidirectional astrocyte to neuron pathway. It is still unclear if 

synaptic activity can directly regulate astrocytic ephrin-B1 function. Continued studies of 

how astrocytic ephrin-B1 mediates circuit modifications may be imperative to understand 

how specific neurodevelopmental and neurodegenerative disorders begin. Taken all 

together, this still leaves exciting possibilities with potentially far reaching impact.  
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