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ABSTRACT OF THE DISSERTATION 

 

 

Astrocytic Ephrin-B1 Controls PV Synapse Formation Through Regulating EphB2 in PV 

Boutons 

 

by 

 

Samantha Nicole Sutley 

 

Doctor of Philosophy, Graduate Program in Biomedical Sciences 

University of California, Riverside, March 2024 

Dr. Iryna M. Ethell, Chairperson 

 

 

Although once thought of as simply supportive cells of the brain, astrocytes are 

now understood to be active participants in maintaining neuronal homeostasis through 

their glial-neuronal and glial-glial interactions. Indeed, astrocytes are exquisitely 

equipped to sense and respond to their environment, allowing them to perform a diverse 

array of essential activities such as ion and neurotransmitter homeostasis, and regulation 

of synaptogenesis, synapse elimination, and synapse plasticity. Developing and 

maintaining the proper number of synapses as well as an appropriate balance of 

excitatory and inhibitory synapses is critical for proper brain function. Indeed, excitatory-
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inhibitory (E/I) imbalance and impaired inhibition are hypothesized to underlie the 

development of hyperactive neuronal networks, driving the pathological phenotypes and 

behavioral impairments observed in neurodevelopmental disorders (NDDs) such as 

autism spectrum disorder (ASD) and epilepsy. Dysfunctions in parvalbumin (PV) 

expressing inhibitory interneurons including reduced numbers and hypofunction of PV 

interneurons have been observed in several NDDs, prompting investigation into the 

mechanisms involved in regulating the formation, maintenance, and function of PV 

connections with excitatory pyramidal cells (PCs). The work presented in this thesis 

investigates the role of astrocytic ephrin-B1 in glial-neuronal interactions, with a 

particular focus on the development of inhibitory PV->PC synapses and glial-glial 

interactions, investigating the role of astrocytic ephrin-B1 in astrocyte-oligodendrocyte 

communications.  

Ephrin-B/EphB trans-synaptic signaling at excitatory synapses is well studied and 

has been shown to be critical for regulating excitatory synapse development and 

maturation, however the role of ephrin-B/EphB signaling in inhibitory synapses is less 

clear. Astrocytic ephrin-B1 was previously demonstrated to negatively regulate excitatory 

synapse development and positively regulate inhibitory synapse development, however 

the mechanism behind this regulation was unclear. My studies delineate a mechanism in 

which astrocytic ephrin-B1 facilitates the development of PV->PC inhibitory synapses 

through regulating the expression of its EphB receptor in PV boutons. My work also 

identifies a previously undescribed negative regulatory role of trans-synaptic 

EphB2/ephrin-B signaling at PV->PC inhibitory synapses. My work demonstrates that 
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EphB2 expression in PV interneurons disrupts PV->PC inhibitory synapse development 

and that astrocytic ephrin-B1 positively regulates PV->PC synapse formation by 

interfering with EphB receptor signaling in PV boutons. Disruption of this regulatory 

mechanism by removal of astrocytic ephrin-B1 during development led to impaired 

inhibition in vivo as evidenced by increased seizure susceptibility and repetitive 

behaviors. My work also investigated astrocyte-oligodendrocyte interactions during 

development and suggests that astrocytic ephrin-B/EphB receptor signaling positively 

regulates oligodendrocyte development and myelination. Loss of astrocytic ephrin-B1 

during development impaired oligodendrocyte and myelin gene expression, leading to 

impaired myelination and reduced numbers of oligodendrocytes in the corpus callosum, 

as well as the presence of a clasping phenotype. Together, these studies implicate 

astrocytic ephrin-B1 as an important regulator of several neurodevelopmental processes, 

including inhibitory PV->PC synaptogenesis and oligodendrocyte development.  
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CHAPTER ONE: 

Introduction to “Astrocytic Ephrin-B1 Controls PV Synapse Formation Through 

Regulating EphB2 in PV Boutons” 
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1.1 Astrocytes Regulate Synapse Formation, Elimination, and Function 

Astrocytes, the star-shaped cells of the CNS, are one of the major glial cells in the 

brain. Although astrocytes were once considered to be nothing more than the “glue” of 

the CNS, serving supportive roles for neuronal functions, it is now well recognized that 

astrocytes perform many essential functions which are critical for proper CNS function 

(Volterra and Meldolesi, 2005). Some of these essential functions include neuronal 

development, synaptogenesis and synapse elimination, synaptic plasticity, buffering the 

extracellular space, ion homeostasis, neurotransmitter uptake and metabolism, 

gliotransmission, and regulation of the blood-brain barrier (Barres, 2008; Khakh and 

Deneen, 2019; Gradisnik and Velnar, 2023). Additionally, astrocytes regulate both the 

innate and adaptive immune response, playing important roles in neuroinflammatory 

diseases (Liddelow and Barres, 2017; Khakh and Deneen, 2019; Sofroniew, 2020). Thus, 

astrocytes are essential regulators of neuronal development and function.   

 

1.1.1 Astrocytes in Synapse Formation 

Astrocytes are well positioned to influence synapses as their projections contact 

over half of synapses in the hippocampus, ensheathing the entire synapse and forming 

intimate associations with them (Ventura and Harris, 1999; Verkhratsky and Nedergaard, 

2018). During development, astrocytes regulate synaptogenesis and synapse refinement 

through both secreted and contact dependent mechanisms (Barres, 2008; Allen and 

Eroglu, 2017; Tan and Eroglu, 2021). For example, the astrocyte-secreted extracellular 

matrix (ECM) proteins thrombospondin (TSP) 1 and 2 (Christopherson et al., 2005) 
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promote the development of post-synaptically silent excitatory synapses through 

interacting with the gabapentin receptor α2δ–1 (Eroglu et al., 2009), integrins (DeFreitas 

et al., 1995), and neuroligin-1 (Xu et al., 2010). Astrocytes also secrete hevin and 

SPARC, both of which play antagonizing roles in excitatory synapse development. 

Whereas hevin promotes excitatory synapse formation, SPARC antagonizes the 

synaptogenic actions of hevin and limits excitatory synapse formation (Kucukdereli et al., 

2011).  In contrast to TSPs and hevin which promote the development of silent excitatory 

synapses, astrocyte-secreted glypicans 4 and 6 induce the formation of functional 

excitatory synapses through regulating α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR) clustering and localization (Allen et al., 

2012). Interestingly, astrocyte secreted TGFb promotes the development of both 

excitatory and inhibitory synapses through distinct mechanisms. While excitatory 

synaptogenesis mediated by TGFb requires D-serine, also secreted by astrocytes, 

inhibitory synaptogenesis involves CAMKII signaling (Diniz et al., 2012; Diniz et al., 

2014).   

A number of cell adhesion molecules (CAMs) in astrocytes regulate 

synaptogenesis and synapse maturation in a contact dependent manner (Tan and Eroglu, 

2021). Astrocytic neuroligins (NL)1-3 influence astrocyte synaptic coverage, through 

regulating astrocyte morphogenesis and process elaboration into the neuropil. In addition, 

NLs have been demonstrated to control both excitatory synaptogenesis and inhibitory 

synapse function. Deletion of NL2 in astrocytes reduced the number of structural and 

functional excitatory synapses near NL2 KO astrocytes. Although the number of 
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structural inhibitory synapses was not affected, miniature inhibitory post-synaptic current 

(mIPSC) frequency was increased in NL2 KOs, suggesting an increased number of 

functional inhibitory synapses (Stogsdill et al., 2017). Neurexin (Nrxn)1, a NL binding 

partner is also expressed in astrocytes and was demonstrated to regulate AMPAR 

mediated excitatory post-synaptic currents (EPSCs) and LTP. Deletion of Nrxn1 in 

astrocytes reduced the strength of AMPAR mediated synaptic transmission and impaired 

excitatory long term potentiation (LTP) (Trotter et al., 2021). Another CAMs expressed 

in astrocytes, g-protocadherin appears to be critical for proper development of excitatory 

and inhibitory synapses. Deletion of g-protocadherin from astrocytes delayed the 

development of both excitatory and inhibitory synapses. At embryonic day (E)15-E17, 

the number of synapses were reduced in the spinal cord (SC) of mice lacking g-

protocadherin in astrocytes, however the number of synapses normalized to control levels 

by P0, suggesting that the timing of synapse development was delayed (Garrett and 

Weiner, 2009). Recently, neuronal cell adhesion molecule (NrCAM) of the L1 family in 

astrocytes was identified as an important regulator of inhibitory synapse organization and 

function. Deletion of NrCAM in astrocytes did not affect excitatory synapse number, but 

significantly decreased the number of structural inhibitory synapses, as well as the 

amplitude and the frequency of mIPSCs in the mouse cortex. Investigation of the mIPSC 

kinetics revealed that fast (somatic) mIPSC rise times were increased, suggesting that 

astrocytic NrCAM specifically affects somatic innervation (Takano et al., 2020).  
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1.1.2 Astrocytes in Synapse Elimination 

Evidence of glial phagocytosis of synapses was first observed using electron 

microscopy, where inclusions containing membrane bound vesicles resembling synaptic 

vesicles were observed in the cytoplasm of glial processes (Ronnevi, 1977), which were 

later identified as astrocytes (Ronnevi, 1978).  Later, transcriptional analysis of astrocytes 

revealed an enrichment of genes associated with phagocytic pathways in astrocytes, 

including draper/Megf10 and Mertk/integrin αvβ5 pathways (Cahoy et al., 2008). Both 

pathways converge on and activate Rac1, which regulates the phagocytic capacity of 

astrocytes. The first enriched pathway contains Megf10 (ced-1), Abca1 (ced-7), and 

Gulp1 (ced-6), while the second pathway included Crk (ced-2), Dock1 (ced-5), and Elmo 

(ced-12) (Cahoy et al., 2008). In C. Elegans, Megf/Gulp/Abca1 signaling induces actin 

cytoskeleton reorganization and subsequent engulfment of apoptotic cells in a manner 

requiring Rac1 activation (Kinchen et al., 2005). The guanine nucleotide exchange factor 

(GEF) complex Crk/Mbc/Elmo and the GTPase Rac1 were also confirmed as pathways 

mediating glial activation and phagocytosis in an olfactory root nerve (ORN) injury 

model (Ziegenfuss et al., 2012). After ORN injury, Megf (an ortholog of Drosophilia 

Draper) triggered glial activation during the early phases of the injury response, whereas 

the Crk/Mbc/Elmo complex was required in the later phases of injury response and 

mediated phagocytosis of axonal debris (Ziegenfuss et al., 2012). BAI1, a 

phosphatidylserine receptor, was also identified as a receptor that promotes engulfment of 

apoptotic cells through intracellular interactions with the ELMO/Dock180/Rac complex 

(Park et al., 2007). Finally, both Megf and Mertk signaling in astrocytes were shown to 



 6 

mediate developmental synapse elimination in the dorsal lateral geniculate nucleus 

(dLGN) of mice. Deletion of both Megf and Mertk in astrocytes reduced their engulfment 

ability by 85%, underscoring the importance of these signaling pathways in astrocyte 

phagocytosis during development (Chung et al., 2013).  

Astrocytes also regulate synapse removal indirectly by several mechanisms, one 

being through the complement cascade. For example, culturing retinal ganglionic cells 

(RGCs) in the presence of immature astrocytes upregulated C1q mRNA levels in RGCs 

by 10-30-fold compared to cultures without astrocytes. Loss of C1q was shown to impair 

synaptic refinement in the dLGN, suggesting that the classical complement cascade 

mediates synapse elimination, and that initiation of the cascade is regulated by immature 

astrocytes through controlling C1q expression in neuronal synapses (Stevens et al., 2007). 

Astrocytes also regulate synaptic refinement through their interactions with microglia. 

During development, astrocyte secreted IL-33 instructs microglial synapse engulfment, 

and loss IL-33 impairs this process, leading to excess numbers of excitatory synapses 

(Vainchtein et al., 2018). Finally, APOE alleles in astrocytes seem to regulate astrocytic 

phagocytic capacity. Whereas APOE2 enhances astroglial phagocytosis, APOE4 impairs 

it (Chung et al., 2016).  

 

1.1.3 Astrocytes Buffer Ions in the Extracellular Space 

One essential function of astrocytes is their ability to buffer ions and 

neurotransmitters in the extracellular space (Verkhratsky and Nedergaard, 2018). 

Neuronal hyperpolarization following action potential is driven by outward currents of K+ 
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through voltage-gated K+ channels, which results in an increase in extracellular K+ 

concentration (Hammond, 2014). To counteract the elevations in extracellular K+,  

astrocytes uptake K+ through Na+/K+-ATPase pump (D'Ambrosio et al., 2002; Larsen et 

al., 2014), Kir4.1 channel (Chever et al., 2010), and NKCC1 channel (Larsen et al., 2014), 

thereby maintaining the extracellular K+ concentration and preventing elevations in 

extracellular K+ concentrations. Astrocytes also maintain extracellular chloride levels 

through effluxion of Cl- via GABA receptors and to some extent GAT transporters 

(Kettenmann et al., 1987; Egawa et al., 2013). The ability of astrocytes to release Cl- 

helps to maintain sufficient levels of extracellular Cl- during sustained GABAergic 

transmission as blockade of this process impairs GABAergic neurotransmission due to 

alterations in the Cl- driving force in neurons (Egawa et al., 2013). In addition, prolonged 

synaptic transmission depletes the extracellular space of Ca2+, affecting presynaptic 

release probability (Rusakov and Fine, 2003). To combat this, it has been demonstrated in 

culture that astrocytes are able to release Ca2+ from their intracellular stores in response to 

low levels of extracellular Ca2+  (Zanotti and Charles, 1997). Thus, astrocytes control the 

extracellular concentrations of several ions critical for neuronal transmission.  

 

1.1.4 Astrocytes Maintain Neurotransmitter Homeostasis 

Astrocytes play essential roles in both excitatory and inhibitory neurotransmitter 

homeostasis. For example, astrocytes are the only cells in the CNS which express 

pyruvate carboxylase, an enzyme required for synthesis of glutamate from glucose, 

therefore de novo synthesis of glutamate is limited to astrocytes (Shank et al., 1985). 



 8 

Additionally, astrocytes are the only cell in the CNS that express glutamine synthetase 

(GS), an enzyme which converts glutamate to glutamine, a step which is critical for 

neurotransmitter recycling. After glutamate is converted to glutamine by astrocytes, 

glutamine is shuttled back to neurons to be recycled into glutamate or gamma-

aminobutyric acid (GABA) (Schousboe et al., 2013). Astrocytes uptake glutamate via 

glutamate transporters GLAST and GLT-1 (Rothstein et al., 1996), which serves to 

facilitate astrocyte glutamate metabolism and also aids in terminating excitatory 

neurotransmission (Schousboe et al., 2013; Verkhratsky and Nedergaard, 2018). 

Astrocytes also express GABA receptors and GABA transporters, particularly GAT-3 

and GAT-1, allowing astrocytes to sense GABAergic neurotransmission and uptake 

extracellular GABA, which facilitates the termination of inhibitory neurotransmission 

(Mederos and Perea, 2019). In addition, astrocytes synthesize GABA from putrescine, 

through the diamine oxidase (DAO) and aldehyde dehydrogenase 1a1 (Aldh1a1) 

pathway, and release this synthesized GABA through via the Best1 channel, which has 

been shown to play a role in tonic inhibition (Kwak et al., 2020). Therefore, astrocytes 

regulate glutamate and GABA neurotransmitter synthesis, metabolism, uptake, and 

neurotransmission in multiple ways. 

 

1.1.5 Astrocytic Calcium Signaling and Gliotransmission  

Astrocyte calcium signaling has been suggested to regulate several important 

functions in astrocytes, including release of synaptogenic and trophic factors, regulating 

neurotransmitter uptake, neuromodulation, and gliotransmitter release (Khakh and 
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Sofroniew, 2015; Goenaga et al., 2023). Calcium signaling in astrocytes can be initiated 

by neuronal activity (Goenaga et al., 2023). One of the predominant ways that astrocytes 

convert information about neuronal activity into calcium signals is through the sodium-

calcium exchanger (NCX), which imports Ca2+ and exports Na+ when working in the 

reverse mode. Uptake of glutamate, GABA, or Na+ after neuronal activity causes 

astrocytes to become loaded with Na+, which activates the NCX channel to work in 

reverse mode, increasing the uptake of Ca2+ in exchange for extruding Na+, thereby 

converting the information about neuronal activity into a calcium signal in the astrocyte 

(Rojas et al., 2007; Boddum et al., 2016; Rose et al., 2020). Additionally, astrocytes 

express a number of G-protein-coupled receptors (GPCRs) including metabotropic 

glutamate receptors (mGLUR), cannabinoid receptor 1 (CB1R), purinergic receptor 2 

(P2RY), GABA receptor type B (GABABR), Dopamine receptor 1 (D1R), adensoine 

receptor (AR), and µ-type opioid receptor (MOR), which mainly drive increases in 

astrocytic Ca2+ levels upon activation through DAG/IP3 activation and liberation of 

internal calcium stores (Kofuji and Araque, 2021). Accordingly, astrocytes possess 

several mechanisms for detecting neuronal activity and initiating Ca2+ signaling in 

response to this activity.  

Calcium signaling in astrocytes can initiate the release of gliotransmitters such as 

GABA, glutamate, ATP, D-serine, and TNFa which can modulate synaptic transmission 

and plasticity (Stellwagen and Malenka, 2006; Araque et al., 2014). For example, CB1R 

in astrocytes was shown to be required for LTP and working memory. The mechanism 

being that activation of CB1Rs in astrocytes increased astrocyte Ca2+ levels, leading to D-
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serine release, which acted on N-methyl-D-aspartate receptors (NMDARs) to promote 

LTP and subsequent recognition memory acquisition (Robin et al., 2018). Another group 

showed that activation of GABA receptors on astrocytes in the hippocampus led to both 

glutamate and ATP release by astrocytes. The result was a biphasic modulation of 

synaptic transmission where glutamate potentiated the strength of EPSCs recorded in 

excitatory CA1 pyramidal neurons and ATP subsequently induced synaptic depression 

(Covelo and Araque, 2018). Others showed that uptake of GABA through GAT-3 in 

astrocytes increased astrocytic intracellular Ca2+ levels via the NCX transporter, leading to 

ATP/adenosine release, which suppressed excitatory neurotransmission in the 

hippocampus by activating presynaptic adenosine receptors (Boddum et al., 2016). These 

studies support that astrocytes can sense neuronal activity and respond in ways that 

modulate synaptic strength and plasticity through a variety of mechanisms. 

 

1.1.6 Astrocytes in Neurodevelopmenta Disorders (NDDS) 

It is clear that astrocytes regulate many aspects of synapse development and 

physiology, therefore it is unsurprising that astrocyte dysfunctions have been linked to 

neurodevelopmental disorders (Sloan and Barres, 2014; Allen and Eroglu, 2017). An 

analysis of the SFARI database revealed that several astrocyte-enriched genes implicated 

in synaptogenesis including Gpc4, Gpc6, hevin, Tsp1, and FABP7, were associated with 

ASD cases (Allen and Eroglu, 2017). Alterations in the protein expression of the 

astrocyte markers aquaporin-4 (AQP4) and connexin 43 (CX43) were also identified in 

the cortices of subjects with ASD (Fatemi et al., 2008). Experimental models support the 
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idea that astrocytes are involved in the pathogenic mechanisms driving NDDs. For 

example, deletion of the MeCP2 gene, which causes Rett syndrome (RTT), in astrocytes 

resulted in abnormal development of neuronal dendrites in culture (Ballas et al., 2009). 

Additionally, re-expression of MeCP2 in astrocytes alone was able to restore dendritic 

morphology and reversed some of the behavioral phenotypes observed in a mouse model 

of RTT (Lioy et al., 2011). Astrocytes are also implicated in the pathogenesis of Fragile-

X syndrome (FXS). Control hippocampal neurons cultured with astrocytes lacking 

FMR1, the gene responsible for FXS, exhibited delayed dendritic spine maturation and 

excessive excitatory synapses in early development (Jacobs et al., 2010). In vivo, deletion 

of FMR1 from astrocytes led to EEG signatures in mice similar to those observed in 

humans with FXS, deficits in sociability, dysregulation of GABA levels in astrocytes, 

and reduced levels of synaptic but not extra-synaptic GABA receptors (Rais et al., 2022). 

We have also shown that developmental deletion of ephrin-B1, a ligand for the ASD risk 

gene EphB2 receptor, in astrocytes impairs social novelty and social preference (Nguyen 

et al., 2020b). Therefore, dysfunctional astrocytes have the potential to contribute to the 

pathogenesis of NDDs.  

 

1.2 Ephs/Ephrins 

 

1.2.1 Eph/Ephrin Signaling 

Ephrins are ligands for Erythropoietin-producing hepatocellular carcinoma (Eph) 

receptor tyrosine kinases, which are the largest family of receptor tyrosine kinases 
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(RTKs) (Sloniowski and Ethell, 2012). Eph receptors are subdivided into the EphA and 

EphB class of receptors, based on their preference for binding to ephrin-A ligands, which 

lack an intracellular signaling domain, or ephrin-B ligands, which contain intracellular 

domains that are capable of signaling. (Pasquale, 2005; Sloniowski and Ethell, 2012). 

Ligand clustering and subsequent binding to the receptor results in the formation of 

ligand-receptor heterotetrameric complex (Davis et al., 1994; Himanen et al., 2001; 

Sloniowski and Ethell, 2012). Although the heterotetrameric complex is a functional 

signaling unit, the tetramers can further cluster, increasing the signaling capacity of the 

receptor (Wimmer-Kleikamp  et al., 2004). Forward signaling in the Eph expressing cell 

is initiated upon activation of kinase activity in the receptor, resulting in 

autophosphorylation of the juxtamembrane tyrosine residues (Zisch et al., 1998; Kania 

and Klein, 2016). Phosphorylation of the juxtamembrane domain allows for interactions 

with SH2 domain containing proteins such as Src, Abl, Grb10, and Grb2 (Stein et al., 

1996; Zisch et al., 1998; Noren et al., 2006; Henderson and Dalva, 2018), while the PDZ 

domain enables signaling through PDZ domain containing proteins such as GRIP and 

PICK1 (Torres et al., 1998; Hoogenraad et al., 2005). Reverse signaling in ephrin-B 

expressing cells is activated by Src kinase mediated phosphorylation (Palmer et al., 

2002). Ephrin-Bs signal via their PDZ domain and interact with PDZ domain containing 

proteins such as GRIP1, GRIP2, and Syntenin (Brückner et al., 1999; McClelland et al., 

2009). Ephs and ephrins are involved in a diverse array of neuronal developmental 

processes including cell migration, axon guidance, excitatory synaptogenesis, and 

synaptic plasticity (Dalva et al., 2000; Ethell et al., 2001; Henkemeyer  et al., 2003; 
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Kayser et al., 2006; Sloniowski and Ethell, 2012). Ephrin-B/EphB signaling is 

particularly well studied in excitatory synapses (Lim et al., 2008; Pasquale, 2008; Klein, 

2012; Sheffler-Collins and Dalva, 2012), where signaling regulates dendritic spine 

formation and maturation (Ethell et al., 2001; Moeller et al., 2006), AMPAR 

phosphorylation and trafficking to the synapse (Kayser et al., 2006; Hussain et al., 2015), 

NMDAR localization and function (Takasu et al., 2002; Nolt et al., 2011), and synaptic 

plasticity (Henderson et al., 2001b; Contractor et al., 2002).  

 

1.2.2 EphB Receptor Signaling in Dendritic Spine Maturation and Excitatory Synapse 

Formation 

Multiple EphB receptors have been shown to regulate dendritic spine maturation. 

The first evidence that EphB receptors were involved in spine maturation came from a 

study from Ethell et al. 2001 showing that expression of a kinase inactive dominant 

negative EphB2 in cultured hippocampal neurons blocked normal spine formation (Ethell 

et al., 2001). Loss of kinase activity in EphB2 impaired syndecan-2 activation, which was 

previously shown to induce maturation of dendritic spines (Ethell and Yamaguchi, 1999; 

Ethell et al., 2001). The requirement of EphB signaling in vivo was confirmed as triple 

EphB1/2/3 knockout impaired dendritic spine formation in hippocampal CA3 excitatory 

pyramidal cells. Dendrites of triple KO mice lacked the “mushroom head” morphology 

characteristic of mature spines and showed a reduction in both the cross-sectional area of 

the post-synaptic density of asymmetrical (excitatory) synapses as well as the number of 

asymmetrical synapses, consistent with impairments in excitatory synapse formation and 
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maturation (Henkemeyer  et al., 2003). EphB receptors regulate the maintenance of 

mature spine morphology through stabilizing the actin cytoskeleton. EphB2-FAK 

signaling was demonstrated to inhibit the activity of cofilin, an actin severing protein, 

which prevented spine remodeling, thereby maintaining mature dendritic spines. 

Furthermore, the RhoA-ROCK-LIMK1 pathway was implicated in the activation of 

cofilin (Shi et al., 2009). Interestingly, kinetics of EphB2 signaling seem to dictate stable 

contact formation. In an elegant study, Mao et al., 2018 (Mao et al., 2018) demonstrated 

that the magnitude of EphB signaling kinetics was inversely correlated with the 

likelihood of stable contact formation. Filopodia that exhibited rapid, focal increases in 

EphB2 activity were more likely to retract, while slower rises in EphB2 kinase activity 

was predictive of contact formation and subsequent development of an excitatory 

synapse, supporting a pivotal role for EphB2 signaling kinetics in initiating excitatory 

synaptic contact formation (Mao et al., 2018). Together, these studies illustrate that EphB 

receptors are critical regulators of spine dynamics and are required for initial contact 

formation and stabilization of excitatory synapses.  

 

1.2.3 Ephrin/EphBs in Synapse Development and Plasticity  

Following initial contact formation, trans-synaptic ephrin-B/EphB signaling is 

essential for excitatory synapse development (Sloniowski and Ethell, 2012; Washburn et 

al., 2023). Presynaptic ephrin-B reverse signaling, particularly ephrin-B1, is required for 

presynaptic development. Trans-synaptic interactions between post-synaptic EphB2 and 

pre-synaptic ephrin-B1/2 activates ephrin-B reverse signaling, which induces presynaptic 
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development through PDZ-domain dependent interactions with syntenin-1. In culture, 

knockdown of ephrin-B1 or ephrin-B2 prevented presynaptic vesicle clustering induced 

by EphB2 (McClelland et al., 2009). In vitro, it was shown that trans-synaptic ephrin-

B3/EphB2 interactions regulate excitatory synapse density through an interesting 

mechanism in which levels of post-synaptic ephrin-B3 mediate competition for 

presynaptic EphBs, allowing neurons with higher levels of ephrin-B3 to outcompete 

lower ephrin-B3 expressing neurons to ultimately form more synapses (McClelland et al., 

2010).  An elegant in vivo study confirmed these observations in vivo using “Mosaic 

Analysis with Double Markers” (MADM) mice in which mice had mosaic expression of 

ephrin-B3 (either EfnB3 +/+, EfnB3 -/-, or EfnB3 +/- neurons in the same animal!) that 

could be identified with expression of genetically encoded fluorescence tags. Subsets of 

EfnB3+/+ neurons in mosaic mice had a significantly higher density of dendritic spines 

compared to WT neurons in mice that did not have mosaic expression of EfnB3, as well 

as neurons with one or no copies of EfnB3 from the same mouse, indicating that levels of 

ephrin-B3 do indeed allow neurons with higher levels of ephrin-B3 to outcompete lower 

ephrin-B3 expressing neurons in vivo (Henderson et al., 2019).  Trans-synaptic 

ephrin/EphB signaling also regulates localization and function of glutamate receptors. 

For example, EphB2 receptor regulates NMDAR trafficking and synaptic localization in 

mature neurons and EphB2 signaling increases calcium influx though NMDARs (Nolt et 

al., 2011). In cortical cultures, activation of post-synaptic EphB receptor signaling via 

treatment with ephrin-B2 was shown to potentiate NMDAR dependent calcium influx by 

activating Src, leading to phosphorylation of NMDAR (Takasu et al., 2002). EphB2 also 
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interacts with AMPA receptors through the PDZ binding domain, regulating the density 

and surface localization of AMPA receptors at synaptic sites (Kayser et al., 2006). 

Eph/ephrin trans-synaptic signaling also regulates the expression of LTP (Contractor et 

al., 2002). Mice lacking EphB2 showed a significant reduction in LTP and impaired 

NMDAR mediated responses (Henderson et al., 2001a). Furthermore, ephrin-B3 reverse 

signaling is required for induction of LTP at mossy fiber-CA3 synapses (Armstrong et 

al., 2006).   

 

1.2.4 Astrocytic Ephrins 

Ephrin-A3 is expressed in astrocytic processes and its interaction with neuronal 

EphA4 has been shown to regulate both neuronal and astrocyte functions (Murai and 

Pasquale, 2011). Ephrin-A3/EphA4 signaling regulates the morphology of dendritic 

spines. Activation of EphA4 in hippocampal slices with ephrin-A3-Fc induced dendritic 

spine retraction. In addition, loss of EphA4 in vivo altered spine morphology and 

organization in CA1 pyramidal cells, with EphA4 knockout mice exhibiting an increased 

number and length of spines compared to controls. (Murai et al., 2003). EphA4 was 

shown to mediate these effects through inhibiting b-integrin, which normally functions to 

stabilize spines (Bourgin et al., 2007). Cdk-5 and ephexin-1 have also been implicated in 

the mechanism of ephrin-A3/EphA4 mediated spine retraction (Fu et al., 2007). Deletion 

of ephrin-A3, which is primarily expressed by astrocytes, altered dendritic spine 

morphogenesis, increased the expression of the glutamate transporters GLT-1 and 

GLAST on hippocampal astrocytes, and enhance glutamate uptake through astrocytic 
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glutamate transporters. Functionally, this resulted in impairments in hippocampal 

dependent learning tasks, including acquisition of contextual fear memory during fear 

conditioning as well as contextual memory in object placement test (Carmona et al., 

2009). The learning and memory deficits are likely a result of impaired LTP, as astrocytic 

ephrin-A3/post-synaptic EphA4 signaling was found to be required for theta burst 

stimulation (TBS) induced LTP at hippocampal CA1-CA3 synapses (Filosa et al., 2009). 

Astrocytes also express EphBs 1-4 and ephrin-Bs 1-3. Activation of EphB3 or EphA4 

signaling in cultured astrocytes was shown to stimulate D-serine synthesis and release 

(Zhuang et al., 2010). D-serine functions as a co-agonist at the glycine binding site of 

NMDARs, enhancing NMDAR mediated excitatory currents, and release of D-serine 

from astrocytes has been demonstrated to facilitate the induction of LTP via its actions at 

NMDARs (Stevens et al., 2003; Yang et al., 2003; Henneberger et al., 2010).  

 

1.2.5 Astrocytic Ephrin-B1 

Astrocytic ephrin-B1 regulates synaptogenesis in both adult and developing 

hippocampi. Deletion of astrocytic ephrin-B1 in adult mice increased the number of 

excitatory synapses and immature dendritic spines with small spine heads on CA1 

pyramidal neurons. The AMPAR/PSD95 synaptic protein ratio was also decreased in 

mice lacking astrocytic ephrin-B1, further supporting that the excessive spines were 

immature and that the increase in excitatory synapse numbers was due to an increase in 

silent, immature synapses. The increase in immature excitatory synapses led to enhanced 

long term contextual memory. In culture, it was shown that activation of ephrin-B1 
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reverse signaling in astrocytes enhanced the engulfment of synaptosomes containing 

EphB receptors, but not synaptosomes lacking EphB receptors. Therefore, the excess 

spinogenesis and excitatory synaptogenesis in adult mice lacking astrocytic ephrin-B1 is 

likely a consequence of impaired synapse engulfment (Koeppen et al., 2018). A follow up 

study further investigated the mechanism behind the enhancement in learning and 

memory in adult mice lacking astrocytic ephrin-B1 (Nguyen et al., 2020a). It was 

discovered that deletion of astrocytic ephrin-B1 in adult mice enhanced the formation of 

new dendritic spines, while overexpression impaired the formation of new spines during 

learning. These differences only existed in neurons that were activated during memory 

recall. These findings suggest that in adults, astrocytic ephrin-B1 limits learning induced 

dendritic spine and excitatory synapse formation by eliminating immature spines in an 

EphB dependent manner, thereby controlling the substrate for memory formation. 

Removal of this negative regulator enhanced excitatory synaptogenesis and memory 

recall, while too much negative regulation prevented synaptogenesis and memory recall. 

Importantly, while both of these studies showed that astrocytic ephrin-B1 regulates 

excitatory synaptogenesis in adult mice, neither of these studies showed any differences 

in inhibitory glutamic acid decarboxylase (GAD)65 positive puncta (Koeppen et al., 

2018; Nguyen et al., 2020a).  

Interestingly, astrocytic ephrin-B1 was found to regulate both excitatory and 

inhibitory synaptogenesis during development (Nguyen et al., 2020b). Developmental 

deletion of astrocytic ephrin-B1 enhanced the strength of postsynaptic excitatory 

responses in CA1 pyramidal cells and increased the number of excitatory synapses and 
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the number of small to medium sized dendritic spines. Conversely, overexpression (OE) 

decreased the strength of postsynaptic excitatory responses, suggesting that astrocytic 

ephrin-B1 negatively regulates excitatory synaptogenesis. In contrast, developmental 

deletion of astrocytic ephrin-B1 reduced the number of inhibitory synapses and the 

strength of postsynaptic inhibitory responses in CA1 pyramidal cells, while OE enhanced 

postsynaptic inhibitory responses, indicating that astrocytic ephrin-B1 positively 

regulates inhibitory synaptogenesis during development. In addition, developmental 

deletion of astrocytic ephrin-B1 reduced the number of cells with detectable parvalbumin 

(PV) levels in the CA1 hippocampus and the number of VGlut1 inputs on PV-expressing 

interneurons. These results suggest that developmental deletion of astrocytic ephrin-B1 

enhanced excitatory neurotransmission but impaired inhibitory neurotransmission, which 

could lead to excitatory-inhibitory (E/I) imbalance (Nguyen et al., 2020b).        

 

1.3 Excitatory-Inhibitory Imbalance and Impaired Inhibition in NDDs 

 

Impaired inhibition and excitatory-inhibitory imbalance are suggested to underlie 

the development of hyperactive neuronal networks in NDDs such as ASD and epilepsy 

(Rubenstein and Merzenich, 2003; Ali Rodriguez et al., 2018; Sohal and Rubenstein, 

2019; Contractor et al., 2021; Tang et al., 2021). In support of this hypothesis, several 

genes associated with inhibitory neurotransmission, inhibitory interneurons, and 

inhibitory synapses have been identified as risk genes for NDDs including GABA 

receptors (Chen et al., 2014), gephyrin (Prasad et al., 2012), neurexins (Gauthier et al., 
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2011; Vaags et al., 2012), and GAT-1 (Johannesen et al., 2018). Additionally, mouse 

models of NDDs show evidence of E/I imbalance. For example, cortical layer 2/3 

neurons in the MeCP2 model of Rett syndrome have been shown to have reduced 

conductance of both excitatory and inhibitory currents, as well as a higher E/I ratio 

(Banerjee et al., 2016). Inhibitory neurotransmission is also altered in the Ts65Dn mouse 

model of Down syndrome (DS). In CA1 excitatory neurons the Cl- reversal potential was 

demonstrated to above the resting membrane potential (at around -58mV where Vm was 

typically around -64mV), rendering GABAAR currents excitatory. The altered Cl- reversal 

was due to increased expression of NKCC1 chloride importer, which lead to high levels 

of intracellular chloride. The increased expression of NKCC1 was also observed in 

human subjects with DS. Intriguingly, application of the NKCC1 inhibitor bumetanide 

reversed the altered inhibitory neurotransmission, impairments in LTP, and restored the 

cognitive impairments observed in the Ts65Dn model (Deidda et al., 2015). Lastly, EEG 

phenotypes in a mouse model of Fragile-X syndrome (FXS) are also suggestive of 

neuronal hyperexcitability. For example, FXS mice exhibit increased resting state cortical 

EEG gamma power and increased amplitude of sound evoked event related potentials 

(ERPs) (Lovelace et al., 2018; Kulinich et al., 2020).  
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1.4 Parvalbumin Interneurons  

 

1.4.1 Parvalbumin Interneuron Connectivity and Function 

Parvalbumin (PV) interneurons comprise about 24% of all of the interneurons of 

the CA1 hippocampus (Bezaire and Soltesz, 2013). PV interneurons are characterized by 

their expression of the calcium binding protein parvalbumin (Kawaguchi et al., 1987) and 

their fast-spiking action potential (AP) phenotype (Hu et al., 2014; Booker and Vida, 

2018). PV basket interneuron (PVBCs) somata reside in the stratum pyramidale (SP) 

layer of the CA1 hippocampus and their axons extensively branch throughout the SP, 

innervating the somata and proximal dendrites of CA1 pyramidal cells (PCs), where each 

PVBC is estimated to innervate over 1,100 pyramidal cells (Halasy et al., 1996; Cobb et 

al., 1997)! This extensive coverage of CA1 pyramidal cells at sites close to AP generation 

suggest that PVBCs are likely to potently control AP generation in CA1 PCs. PVBCs 

provide both feedforward and feedback inhibition to CA1 pyramidal cells (Hu et al., 

2014). Feedforward inhibition does much more than providing simple inhibition over 

neuronal activity and firing, it also expands the complexity of possible neuronal 

operations. For example, engaging BCs in the CA1 by Schaffer collateral stimulation 

reduced the integration window for EPSP summation and AP initiation, increasing the 

temporal fidelity of CA1 pyramidal cell firing (Pouille and Scanziani, 2001). 

Additionally, feedforward inhibition widens the dynamic range of pyramidal cell 

activation, expanding the range of afferent input strengths that will trigger action 

potential generation in PCs, and allowing the hippocampal PCs to respond to weaker 
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stimuli without becoming saturated with activity during stronger stimuli. This is achieved 

through modulation of the excitatory conductance required to reach threshold. As afferent 

input strength increases, the magnitude of feedforward inhibition also increases, resulting 

in the requirement for greater conductance of excitatory currents in order for PCs to reach 

AP threshold (Pouille et al., 2009). These findings were substantiated by other work 

showing that PV interneurons influence the gain of incoming sensory stimuli, regulating 

the firing rate of cortical layer 2/3 pyramidal cells in response to visual stimuli (Atallah et 

al., 2012). In larger brain networks, PVBCs are critical for generating gamma oscillations 

(20-80Hz). Indeed, optogentically driving PV interneurons at 40Hz frequency increases 

the power of gamma oscillations in vivo (Cardin et al., 2009), while inhibiting PV 

interneurons in vivo suppresses the power of gamma oscillations (Sohal et al., 2009). 

Additionally, gamma oscillations were demonstrated to enhance cortical signal 

transmission by reducing noise in cortical circuits (Sohal et al., 2009).  

 

1.4.2 PV interneurons in NDDs 

Dysfunctions in PV interneurons, including reduced density of PV interneurons, 

reduced PV expression, impaired PNN formation, and reduced PV interneuron activity 

have been observed in ASD, suggesting that PV interneurons may play a critical role in 

regulating E/I balance and the pathogenesis of NDDs (Lawrence et al., 2010; Hashemi et 

al., 2016; Filice et al., 2020; Contractor et al., 2021). Strikingly, parvalbumin is one of 

the most downregulated genes in the cortex of postmortem individuals with ASD (Gandal 

et al., 2018; Haney et al., 2020). In addition, examination of neocortical tissue revealed 
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that individuals with ASD showed reduced numbers of PV interneurons, supporting the 

hypothesis that PV dysfunction might drive pathological phenotypes in ASD (Hashemi et 

al., 2017). Several mouse models show alterations in PV cells. For example, both Shank1 

and Shank3b mouse models of ASD showed reductions in PV protein and mRNA levels 

(Filice et al., 2016). Additionally, in the Cntnap2 mouse model, the number of PV 

interneurons in the somatosensory cortex was reduced and the intrinsic electrical 

properties were also altered (Peñagarikano et al., 2011; Vogt et al., 2017). The valproic 

acid mouse model also showed reductions in PV mRNA and protein levels in the striatum 

(Lauber et al., 2016). However, the MeCP2 mouse model of Rett syndrome seemed to 

accelerate PV maturation (Patrizi et al., 2019). Alterations in gamma oscillations and 

gamma power in EEG studies also provide evidence of impaired PV activity. Altered 

gamma oscillations were observed in humans with ASD (Gandal et al., 2010) and FXS 

(Ethridge et al., 2017). Abnormalities in gamma oscillations were similarly altered in 

animal models of ASD such as FXS (Lovelace et al., 2018) and the 22q11.2 deletion 

model (LgDel mouse model) (Mukherjee et al., 2019). Furthermore, hypoactivity of PV 

interneurons has been observed in several genetic mouse models of ASD such as Fmr1, 

Shank3, Mecp2, and Cntnap2 (Contractor et al., 2021). The significance of these changes 

in PV interneurons are demonstrated by a study in which PV was deleted in mice, 

resulting in behavioral phenotypes characteristic of ASD including deficits in social 

behaviors and impaired communication (USVs) (Wöhr et al., 2015).  
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1.5 Astrocyte-Oligodendrocyte Interactions 

 

Oligodendrocytes are the glial cells in the CNS responsible for myelin sheath 

generation around axons of CNS neurons (De Robertis et al., 1958; Baumann and Pham-

Dinh, 2001). Astrocytes influence oligodendrocyte development and function through 

releasing astrocyte-secreted factors such as platelet derived growth factor (PDGF) and 

leukemia inhibitory factor-like (LIF) protein, both of which are required for proper 

oligodendrocyte development, survival (Raff et al., 1988; Gard et al., 1995; Clemente et 

al., 2013), differentiation, and myelination (Richardson et al., 1988; Ishibashi et al., 

2006). Additionally, astrocytes express the connexin proteins Cx30 and Cx43 and 

oligodendrocytes express Cx47 and Cx32. Importantly, astrocytes and oligodendrocytes 

are functionally coupled through gap junctions composed of Cx47/Cx43 or Cx32/Cx30 

pairs (Altevogt and Paul, 2004; Kleopa et al., 2004; Kamasawa et al., 2005; Stadelmann 

et al., 2019). These gap junctional connections represent another mechanism by which 

astrocytes regulate oligodendrocytes, as they allow for direct transfer of metabolites, as 

well as electrical coupling between the cells (Kleopa et al., 2004; Kamasawa et al., 2005; 

Stadelmann et al., 2019). For example, lipid synthesis in astrocytes is required for proper 

myelination (Camargo et al., 2017) and cholesterol transfer from astrocytes to 

oligodendrocytes regulates oligodendrocyte survival and remyelination (Molina-

Gonzalez et al., 2023). The importance of these functional connections between 

astrocytes and oligodendrocytes is underscored by the fact that double deletion of 
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Cx47/Cx30 impairs myelin formation and results in the development of thinner myelin 

sheaths (Menichella et al., 2003; Tress et al., 2012).   

 

1.6 Oligodendrocyte Ephs/Ephrins 

 

Oligodendrocyte precursor cells (OPCs) express several Ephs and ephrins, 

including EphA2, -A4, -B1, and -B2, and ephrin-A1, -A5, -B1, -B2, and -B3, and EphA4 

(Linneberg et al., 2015). Some evidence suggests that Eph/ephrin signaling in 

oligodendrocytes regulates myelin formation. For example, it was demonstrated that 

EphB forward signaling in oligodendrocytes impaired myelination, while ephrin-B 

reverse signaling in oligodendrocytes enhanced myelination (Linneberg et al., 2015). 

Oligodendrocyte development may also be regulated by Eph/ephrin signaling as ephrin-B 

and ephrin-A signaling in OPCs was found to control OPC adhesion and migration 

(Chatzopoulou et al., 2004). Additionally, treatment of OPCs with ephrin-B1 and -B3 

inhibited OPC differentiation in culture by activating EphA4 signaling in OPCs, resulting 

in inhibition of focal adhesion (FAK), a positive regulator of OPC development and 

myelination (Forrest et al., 2009; Syed et al., 2016). Eph/ephrin signaling in 

oligodendrocytes may also be important for formation of neural circuits during 

development or during regenerative processes as myelinating oligodendrocytes in 

particular express ephrin-B3, which acts as an inhibitor of cortical neurite outgrowth by 

interacting with Eph receptors in cortical neurons (Benson et al., 2005).  
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Figure 1.1: Ephrin-B and EphB structure, interaction sites, and signaling pathways 

in postsynaptic sites. The illustration shows the protein structure of ephrin-B/EphB 

receptor, sites of protein interactions, and phosphorylation sites. Interaction partners are 

shown in green at their respective interaction sites. Signaling pathways initiated by EphB 

forward signaling at post-synaptic sites are also depicted. The outcomes of EphB 

signaling in dendritic spines include filopodial motility, spine morphogenesis, spine 

stability, synaptic plasticity, and insertion and retention of AMPA/NMDA receptors in 

the postsynaptic membrane. Figure was adapted from (Sloniowski and Ethell, 2012).  
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Figure 1.2: Timeline of PV interneuron development. PV interneuron progenitors arise 

around embryonic day (E) 9.5 and infiltrate the developing hippocampus by E18 

(Tricoire et al., 2011; Pelkey et al., 2017). Immature PV interneurons begin to form 

synapses around the time of birth, then undergo a period of rapid synaptogenesis lasting 

until approximately the third postnatal week of development, followed by a period of 

synaptic refinement (Ben-Ari, 2001; Contractor et al., 2021). Activity dependent 

expression of parvalbumin begins after the first postnatal week and increases, reaching 

adult levels by the third postnatal week (Seto-Ohshima et al., 1990; de Lecea et al., 

1995). 
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2.1 Abstract 

 

Impaired inhibitory synapse development is suggested to drive neuronal 

hyperactivity in autism spectrum disorders (ASD) and epilepsy. I propose a novel 

mechanism by which astrocytes control the development of parvalbumin (PV)-specific 

inhibitory synapses in the hippocampus, implicating ephrin-B/EphB signaling. Here, I 

utilize genetic approaches to assess functional and structural connectivity between PV 

and pyramidal cells (PC) through whole-cell patch-clamp electrophysiology, 

optogenetics, immunohistochemical analysis, and mouse behaviors. While inhibitory 

synapse development is adversely affected by PV-specific expression of EphB2, a strong 

candidate ASD risk gene, astrocytic ephrin-B1 facilitates PV->PC connectivity by 

interfering with EphB signaling in PV boutons. In contrast, the loss of astrocytic ephrin-

B1 reduces PV->PC connectivity and inhibition, resulting in increased seizure 

susceptibility and an ASD-like phenotype. My findings underscore the crucial role of 

astrocytes in regulating inhibitory circuit development and discover a new role for EphB2 

receptors in PV-specific inhibitory synapse development. 

 

2.2 Introduction  

 

Astrocytes critically regulate many aspects of synaptic physiology, including 

synaptogenesis, synapse elimination, synaptic transmission, and synapse plasticity 

through both contact dependent mechanisms and release of soluble factors (Allen and 
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Eroglu, 2017; Augusto-Oliveira et al., 2020). Although several mechanisms by which 

astrocytes regulate excitatory synapse development and function have been described, 

our knowledge of how astrocytes regulate inhibitory synapse development and function 

remain limited (Clarke and Barres, 2013; Allen and Eroglu, 2017; Augusto-Oliveira et 

al., 2020). Astrocytes are shown to promote the development of inhibitory synapses, 

increasing the number of presynaptically active GABAergic synapses and the frequency 

of mIPSCs in mixed cultures (Elmariah et al., 2005; Hughes et al., 2010). Additionally, 

the strength of GABAAR mediated currents is potentiated by astrocytes in cultured 

hippocampal neurons, showing enhanced GABA mediated currents only in neuronal 

somata contacting astrocytes (Liu et al., 1996). Here I report a novel mechanism by 

which astrocytes regulate inhibitory synapse development, specifically PV->PC 

connectivity, and propose a new role of ephrin-B/EphB receptor signaling as the 

underlying mechanism.  

Ephrin-B/EphB signaling is well studied in excitatory synapses (Lim et al., 2008; 

Pasquale, 2008; Klein, 2012; Sheffler-Collins and Dalva, 2012), including their role in 

dendritic spine formation and maturation (Ethell et al., 2001; Moeller et al., 2006), 

AMPAR phosphorylation and trafficking to the synapse (Kayser et al., 2006; Hussain et 

al., 2015), NMDAR localization and function (Takasu et al., 2002; Nolt et al., 2011), as 

well as regulation of LTP (Henderson et al., 2001; Contractor et al., 2002). However, 

little is known about the mechanism of ephrin-B/EphB signaling in inhibitory synapse 

development. Although postsynaptic EphB receptors are known to facilitate excitatory 

synapse formation between axon terminals and dendrites (Henkemeyer  et al., 2003; Lim 
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et al., 2008; Pasquale, 2008; Klein, 2012; Sheffler-Collins and Dalva, 2012; Yang et al., 

2013), here I propose that presynaptic EphB2 may act as a repellent, preventing 

innervation between the inhibitory axon terminals of PV interneurons and pyramidal 

cells. 

Impaired inhibition, including inhibitory synapse pathologies and PV interneuron 

hypofunction, as well as glial cell dysfunction, are common findings in many 

neurodevelopmental disorders (NDDs) (Petrelli et al., 2016; Ali Rodriguez et al., 2018; 

Filice et al., 2020; Contractor et al., 2021; Tan and Eroglu, 2021). Indeed, E/I imbalance 

is hypothesized to drive pathology in NDDs (Rubenstein and Merzenich, 2003). More 

specifically, impaired inhibition is thought to underlie the development of hyperactive 

neuronal networks in ASD and epilepsy (Sohal and Rubenstein, 2019; Tang et al., 2021). 

Dysfunctions in PV interneurons, including reduced density of PV interneurons, reduced 

PV expression, impaired PNN formation, and reduced PV cell activity have been 

observed in ASD, suggesting that PV interneurons may play a critical role in regulating 

E/I balance and the pathogenesis of NDDs (Lawrence et al., 2010; Hashemi et al., 2016; 

Contractor et al., 2021). 

The goal of this study was to determine whether astrocytes regulate PV->PC 

connectivity through ephrin-B/EphB signaling. I targeted the postnatal day (P)14-P28 

developmental period that is critical for PV interneuron development in the hippocampus 

(Contractor et al., 2021) and used loss- and gain-of-function approaches to regulate 

ephrin-B1 levels in astrocytes and EphB2 receptor expression in PV interneurons during 

this period. Functional and structural PV->PC connectivity was assessed through whole-
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cell patch-clamp electrophysiology, optogenetics, immunohistochemical and biochemical 

analysis, seizure susceptibility assays and mouse behaviors. My findings elucidate a 

novel mechanism by which astrocytes regulate the establishment of PV->PC connections 

and control inhibitory circuit assembly in the developing hippocampus.  

 

2.3 Methods 

 

2.3.1 Ethics statement.  

All mouse studies were done according to National Institutes of Health and 

Institutional Animal Care and Use Committee at the University of California Riverside 

guidelines; animal welfare assurance #A3439-01 is on file with the Office of Laboratory 

Animal Welfare. Mice were maintained in an Association for Assessment and 

Accreditation of Laboratory Animal Care-accredited facility under 12 h light/dark cycle 

and fed standard mouse chow. 

 

2.3.2 Mouse lines 

I used several mouse lines to analyze the effects of ephrin-B1 KO in astrocytes as 

follows: (1) ERT2-CreGFAP+/+ephrin-B1flox/y KO or ERT2-CreGFAP-/-ephrin-B1flox/y 

control mice were generated by breeding ephrin-B1flox/flox  (129S-Efnb1 flox/+/J, 

RRID:IMSR_JAX:007664) mice with ERT2-CreGFAP+/+ or ERT2-CreGFAP-/-(B6.Cg-

Tg(GFAP-cre/ERT2)505Fmv/J, RRID:IMSR_JAX: 012849) mice. (2) Thy1GFP-ERT2-

CreGFAP+/+ephrin-B1flox/y  KO and Thy1GFP-ERT2-CreGFAP-/-ephrin-B1flox/y control 
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male mice, in which GFP was expressed in excitatory cells of the hippocampus with 

active Thy1 promotors, were generated by crossing Thy1GFP mice (Tg(Thy1-

EGFP)MJrs/J, RRID:IMSR_JAX:007788) with ERT2-CreGFAP+/+ephrin-B1flox/flox KO or 

ERT2-CreGFAP-/-ephrin-B1flox/flox control mice. (3) PV-tdTomato-CreGFAP+/+ephrin-

B1flox/y KO or PV-tdTomato ERT2-CreGFAP-/-ephrin-B1flox/y control mice were generated 

by crossing C57BL/6-Tg(Pvalb-tdTomato)15Gfng/J mice (RRID:IMSR_JAX:027395) 

with ERT2-CreGFAP+/+ephrin-B1flox/flox KO female or ERT2-CreGFAP-/-ephrin-B1flox/flox 

female control mice. (4) Rosa-CAG-LSL-tdTomato reporter mice (CAG-tdTomato; 

RRID:IMSR_JAX:007909) were bred with ERT2-CreGFAP+/+ or ERT2-CreGFAP-/-

(B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J RRID:IMSR_JAX:012849) mice to generate 

tdTomatoERT2-CreGFAP mice first. Then, tdTomatoERT2-CreGFAP male mice were 

crossed with ephrin-B1flox/flox or with ephrin-B1+/+ female mice to obtain either 

tdTomatoERT2-CreGFAPephrin-B1flox/y KO or tdTomatoERT2-CreGFAP control male 

mice, allowing for tdTomato expression in astrocytes and analysis of ephrin-B1 levels. 

All KO and control mice received tamoxifen at P14 intraperitoneally (0.5 mg in 5 mg/ml 

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

was performed at P28 except for PTZ seizure tests at P48.  

To achieve OE of ephrin-B1 in hippocampal astrocytes, adeno-associated viral 

particles (VPs) containing ephrin-B1 cDNA under GFAP promoter 

(AAV7.GfaABC1D.ephrin-B1.SV40) (referenced in the text as AAV-ephrin-B1) were 

stereotaxically injected into the hippocampus of P14 mice. Control AAV-tdTomato VP 

contained tdTomato cDNA under the same GFAP promoter 
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(AAV7.GfaABC1D.tdTomato.SV40). AAV-ephrin-B1 VP (final concentration 7.56 × 

1012 VPs/ml) and control AAV-tdTomato VP (final concentration 4.46 × 1012 VPs/ml) 

were both obtained from UPenn Vector Core (http://www.med.upenn.edu/gtp/vectorcore) 

and processed as previously described58  with modifications. VPs were concentrated 

with Amicon ultra-0.5 centrifugal filters (UFC505024, Sigma Millipore) pretreated with 

0.1% Pluronic F-68 nonionic surfactant (24040032, Thermo Fisher Scientific). 

I used several mouse lines to analyze the effects of ephrin-B1 OE in astrocytes as 

follows: (5) ChR2-YFPflox/flox mice (Chr2-YFP:B6;129S-Gt(ROSA) 26Sortm32 

(CAG-COP4pH134R/EYFP) Hze/J; RRID: IMSR_JAX#12569) were bred with mice 

expressing cre recombinase under the PV promotor (CrePV+/+) (B6;129P2-

Pvalbtm1(cre)Arbr/J; RRID: IMSR_JAX:017320) to obtain CrePV+/-ChR2-YFP+/- mice 

expressing ChR2-YFP selectively in PV interneurons. This line was stereotaxically 

injected intrahippocampally with either AAV7.GfaABC1D.ephrin-B1.SV40 to 

overexpress astrocytic ephrin-B1 or AAV7.GfaABC1D.tdTomato.SV40 as a control and 

used for whole-cell recordings. (6) EphB2flox mice for conditional deletion of EphB2 

using a Cre driver were generated by inserting the loxP site upstream of exon 2 and 

downstream of exon3 (Fig. S2.4). Deletion of this region should result in the loss of the 

ligand binding domain of EphB2 receptor. CrePV+/+ mice (B6;129P2-

Pvalbtm1(cre)Arbr/J; RRID: IMSR_JAX:017320) were bred with EphB2flox/flox mice to 

generate CrePV+/-EphB2flox/+ (heterozygous mice). Heterozygous mice were used for 

breeding to generate CrePV+EphB2flox/flox (KO), CrePV+EphB2flox/+ (HET), or littermate 

controls which either did not express Cre or did not contain the floxed EphB2. Mice from 
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these groups were used for immunofluorescence staining analysis. Additionally, 

EphB2flox/flox (KO) mice were stereotaxically injected intrahippocampally with 

AAV7.GfaABC1D.ephrin-B1.SV40 to overexpress astrocytic ephrin-B1 and used for 

immunofluorescence staining analysis. (7) EphB2flox/flox line  was also bred with ChR2-

YFPflox/flox mice (Chr2-YFP:B6;129S-Gt(ROSA) 26Sortm32 (CAG-

COP4pH134R/EYFP)Hze/J; RRID:IMSR_JAX#12569) to generate EphB2flox/+ChR2-

YFPflox/flox mice and were bred with CrePV+/+EphB2flox/+ mice to generate CrePV+/-

EphB2flox/floxChR2-YFPflox/+ (KO) or CrePV+/-EphB2+/+ChR2-YFPflox/+ (control) mice. This 

line expressed ChR2-YFP but lacked EphB2 in PV interneurons and was used for whole-

cell electrophysiology recordings. Additionally, CrePV+/-EphB2flox/floxChR2-YFPflox/+ (KO) 

mice were stereotaxically injected intrahippocampally with either 

AAV7.GfaABC1D.ephrin-B1.SV40 to overexpress astrocytic ephrin-B1 or 

AAV7.GfaABC1D.tdTomato.SV40 as a control and used for whole-cell recordings. 

Real-time PCR-based analysis of genomic DNA isolated from mouse tails was used to 

confirm genotypes for all mouse lines by Transnetyx. 

 

2.3.3 Surgery 

Mice were anesthetized with a ketamine/xylazine mixture (80 mg/kg ketamine 

and 10 mg/kg xylazine) given intraperitoneally. Paw pad pinch test, respiratory rhythm, 

righting reflex, and/or loss of corneal reflex were assessed to ensure the mice were 

adequately anesthetized. P14 B6/C57 mice (RRID:IMSR_JAX: 000664) received 

craniotomies (1 mm in diameter), and VPs were stereotaxic injected into the dorsal 
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hippocampus (1.8 mm posterior to bregma, 1.1 mm lateral to midline, and 1.3 mm from 

the pial surface; scaled to the appropriate coordinates based on bregma-lambda distance). 

Control mice were injected with 1 μl of 1.16 × 1013 VP/ml AAV-tdTomato, and OE 

animals were injected with 1 μl of 3.78 × 1013 VP/ml AAV-ephrin-B1. Prior to surgery, 

mice were injected subcutaneously with 3.25 mg/kg extended-release buprenorphine 

(Ethiqa XR) to manage pain. Additionally, mice received 5 mg/kg meloxicam every 12 h 

for pain management. Animals were allowed to recover for 14 d before analysis. P28 

mice were used for immunohistochemistry, mRNA analysis, and whole-cell 

electrophysiology experiments. There was a significant increase in ephrin-B1 

immunoreactivity in CA1 hippocampus on the injected ipsilateral side (OE) compared 

with noninjected contralateral control side (Fig. S2.1).  

 

2.3.4 Immunohistochemistry 

Immunohistochemistry was performed as described previously in Nguyen et. al. 

2020 (Nguyen et al., 2020) with modifications. Animals were anesthetized with 

isoflurane and trancardially perfused with 0.1M PBS followed by fixation with 4% 

paraformaldehyde (PFA) in 0.1M PBS, pH 7.4. Brains were postfixed for 2 h or 

overnight at 4°C in either 2% or 4% PFA in 0.1M PBS. 100 μm coronal brain slices were 

obtained via vibratome sectioning. Samples were fixed for 30 min in 2% PFA, quenched 

with 50 mM NH4Cl, washed in 0.1% Tween in PBS (0.1% PBST), permeabilized in 

0.1% Triton in PBS for 30 min, blocked for 2 h in 10% NDS, 1% BSA, and 0.1% Triton 

in PBS. Primary and secondary antibodies were diluted in the buffer containing 1% 
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normal donkey serum (NDS), 0.5% BSA, and 0.1% Triton in PBS. Primary antibodies 

were incubated overnight at 4°C. PV positive cells and boutons were immunolabled using 

mouse anti-PV antibody (1:500, Sigma-Aldrich, P3088, RRID:AB_477329). Inhibitory 

presynaptic sites were identified using rabbit anti-VGAT antibody (1:100, Synaptic 

systems, 131002, RRID:AB_887871). CB1R positive puncta were identified using rabbit 

anti-CB1R antibody (1 μg/mL, Immunogene, NM_007726.3). EphB receptors 1-4 were 

detected using rabbit anti-EphB(1-4) antibody (1:200, Abcam, ab64820, 

RRID:AB_2278009). Ephrin-B1 was detected using goat anti-ephrin-B1 antibody (1:50, 

R&D Systems, AF473, RRID:AB_2293419). Astrocytes were identified using rabbit 

anti-GFAP antibody (1:500, Cell Signaling Technology, 12389, RRID:AB_2631098). 

EphB2 was labeled using goat anti-EphB2 antibody (1:50, Invitrogen, PA5-47017, 

RRID:AB_2609043). Following incubation with primary antibodies, samples were 

washed in 0.5% PBST, then incubated in secondary antibodies diluted in the same buffer 

for 2 h at RT. The following secondary antibodies were used: Donkey anti-goat 488 IgG 

(1:500, Invitrogen, A-11055, RRID:AB_2534102), Donkey anti-rabbit 488 IgG (1:500, 

Invitrogen, A-21206, RRID:AB_2535792), Donkey anti-mouse 488 IgG (1:500, 

Invitrogen, A-21202, RRID:AB_141607), Donkey anti-mouse 594 IgG (1:500, 

Invitrogen, A-21203, RRID:AB_141633), Donkey anti-rabbit IgG 594 (1:500, 

Invitrogen, A-21207, RRID:AB_141637 ), Donkey anti-rabbit 647, IgG (1:500, 

Invitrogen, A-31573, RRID:AB_2536183) Donkey anti-goat 647, IgG (1:500, Invitrogen, 

A-21447, RRID:AB_2535864). Samples were washed in 0.5% PBST, followed by PBS, 
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then mounted on coverslips with Vectashield plus antifade mounting medium with Dapi 

(Vector Laboratories, H-2000).  

 

2.3.5 Confocal imaging and analysis. 

Confocal images of coronal brain slices containing the stratum oriens (SO), stratum 

pyramidal (SP), and stratum radiatum (SR) of the dorsal CA1 hippocampus were taken 

using Zeiss LSM 880 inverted laser scanning microscope and Zeiss LSM 880 upright 

laser scanning microscope. High resolution optical sections were acquired with a 20x air 

objective (0.8 NA), 1x zoom at 1 μm step intervals to measure PV, EphB, and Ephrin-B1 

immunoreactivity. Confocal images of synaptic puncta and high magnification images of 

Ephrin-B1/EphB receptors, PV boutons, and GFP-labeled soma and dendrites were taken 

using an air 40× (1.2 NA) or oil 63x objectives, (1.4 NA), at 1x zoom, (1024x1024) or 

(2048x2048) pixel format, with 0.5 μm step size. Images were acquired and processed 

under identical conditions for analysis.  

For analysis of PV/VGAT colocalization, images were analyzed using 

Neurolucida 360 (MBF Bioscience, RRID:SCR_016788) and Neurolucida Explorer 

software (MBF Bioscience, RRID:SCR_017348). Z-stacks were imported into 

Neurolucida, background subtracted, histogram equalized, and contrast was enhanced. 

Image stacks were trimmed in the Z plane to analyze stacks of an equal number of Z 

planes and contours were drawn around regions of interest (ROI) to be analyzed. 3D 

renderings were generated by rendering all VGAT puncta greater than 0.15 μm3 within 

the ROI, followed by rendering PV puncta that were at least 0.15 μm3-0.2 μm3 in size 
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and were at most 0.5-1 μm from a VGAT puncta. If the images contained background 

VGAT somatic staining, puncta rendered in the soma were removed prior to rendering 

PV boutons. Images were analyzed in Neurolucida explorer by selecting puncta within 

the ROI and measuring the total number of puncta as well as the number of colocalized 

puncta using the puncta feature. The number of colocalized puncta was normalized to the 

3D volume.  

For analysis of PV/VGAT colocalization in close proximity to Thy1-GFP 

excitatory cells in Neurolucida, images were processed as described above, excitatory 

cells were rendered using soma and tree tracing, then VGAT and PV boutons within 1 

μm of the cell that were at least 0.15 μm3 in size were rendered using the puncta feature. 

Renderings were analyzed in Neurolucida 360 by selecting the soma or dendrites and 

analyzing the number of colocalized puncta near the selected soma or dendrite. The 

number of colocalized PV/VGAT puncta was normalized to the volume of the selected 

soma or dendrite.  

Analysis of CB1R puncta was performed using ImageJ software (RRID:nif-0000-

30467) with similar methods as previously described in Nguyen et al. 2020 (Nguyen et 

al., 2020). Z-stacks of equal size were collapsed into a single image by projection, 

converted to a tiff file, and background subtracted. Next, each image was threshold-

adjusted using default auto threshold and converted into a binary image. The watershed 

function was used to segment overlapping puncta. ROIs were drawn around the SP and 

SR layers of the CA1 hippocampus and the number of puncta was counted using the 

particle analysis tool, where puncta of 0.5-10 μm2 in size were analyzed.  
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Analysis of EphB/PV puncta colocalization in the SP was performed in 

Neurolucida Software. Z-stacks were imported into Neurolucida, background subtracted, 

histogram equalized, and contrast was enhanced. Image stacks were trimmed in the Z 

plane to analyze stacks of an equal number of Z planes and contours were drawn around 

regions of interest (ROI) to be analyzed. 3D renderings of PV boutons of at least 0.15 

μm3 and EphB puncta of at least 0.05 μm3 were generated in Neurolucida and then 

renderings were analyzed in Neurolucida 360 by selecting puncta within the ROI, 

measuring the total number of puncta and the number of colocalized puncta using the 

puncta feature, then normalizing to the 3D volume.  

Analysis of EphB puncta on PV soma was performed in Image J as described 

above. Z-stacks of equal size were collapsed into a single image by projection, converted 

to a tiff file, and background subtracted. Each image was threshold-adjusted, converted 

into a binary image, the despeckle function was used to eliminate noise and the watershed 

function was used to segment overlapping puncta. ROIs were drawn around PV soma and 

the number of puncta per soma was counted using the particle analysis tool, where puncta 

of at least 0.1 μm2 in size were analyzed. The number of puncta was normalized to the 

area of each soma.  

Analysis of EphB2 and PV immunofluorescence levels in PV interneurons was 

performed in ImageJ software. For EphB2 analysis, single image planes were separated 

by channel, ROIs were drawn around PV somata and then EphB2 mean fluorescence 

intensity levels within the ROIs were measured. Background signal was measured using a 

secondary only control and then was subtracted from the fluorescence intensity 
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measurement. For PV analysis, Z-stacks of equal size were collapsed into a single image 

by projection and converted to a tiff file. ROIs were drawn around PV soma and then PV 

mean fluorescence intensity levels within the ROIs were measured.  

2.3.6 Western blot analysis 

Hippocampal tissues from P28 control or KO mice were homogenized in RIPA 

lysis buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1 mM EDTA, pH 8.0; 1% Triton 

X-100; 0.1% SDS; 1% protease inhibitor cocktail (P8340, Sigma Millipore); 0.5 mM 

sodium orthovanadate) incubated for 1 h at 4°C. Samples were cleared by centrifugation 

at 12,000 g for 20 min at 4°C and added to 2× Laemmli Buffer (S3401, Sigma Millipore), 

boiled for 10 min, then run on an 8%-16% Tris-glycine Gel (XP08160, Invitrogen). 

Protein samples were transferred onto a nitrocellulose blotting membrane (10600007, GE 

Healthcare). Blots were blocked with 5% milk in TBS or for phosphorylated proteins 5% 

BSA in TBS (1 0mM Tris, 150 mM NaCl, pH 8.0), followed by immunostaining with 

mouse β-actin (1:1000, Santa Cruz Biotechnology, sc-47778, RRID:AB_626632), rabbit 

anti-Nrg1-type III (1 μg/ml, Abcam, ab23248, RRID:AB_2154667), rabbit anti-ErbB4 

(1:1000, Cell Signaling Technology, 4795, RRID:AB_2099883), rabbit anti-ErbB4 

(phospho Y1284) (1:1000, Abcam, ab109273, RRID:AB_10866384), or mouse CB1R (1 

μg/mL, Immunogenes, NM_007726.3) diluted in 0.1% Tween 20/TBS (TBST) + 1% 

BSA at 4°C overnight. Blots were washed in TBST, 3x10 min. Then, blots were 

incubated with HRP-conjugated secondary antibodies donkey anti-mouse IgG (Jackson 

ImmunoResearch Laboratories, 715-035-150, RRID:AB_2340770) or HRP-conjugated 

goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, 111-035-003, 
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RRID:AB_2313567) diluted in TBST + 1% BSA. Following incubation with secondary 

antibodies, blots were washed in TBST, 3x10 min. Then, blots were incubated in Pierce 

ECL western Blotting Substrate (Thermo Fisher Scientific, 32106) and a signal was 

collected with Biorad ChemiDoc Imaging System (RRID:SCR_021693), with one image 

taken per min for a period of 20 min-1 h. Band intensity was analyzed by measuring the 

intensity of the band and subtracting the background intensity using FIJI.  

 

2.3.7 RNA analysis 

P28 mouse brains were dissected on ice in DEPC-treated PBS. Following 

dissection, total RNA was acutely isolated using Invitrogen PureLink RNA Mini Kit 

(ThermoFisher Scientific/Invitrogen, 12183020). Samples were lysed in RNA lysis buffer 

with β-mercaptoethanol (BME) added as described in the protocol provided by the kit. 

Tissue samples were homogenized in a lysis buffer using a pestle and then were passed 

through an 18-gauge needle. Following lysis, samples were centrifuged at 12,000 g for 2 

min and the supernatants were transferred to fresh tubes. RNA isolation was then 

performed according to the manufacturer's instructions. Samples were eluted in nuclease 

free water, and RNA concentration and purity was determined using a Nanodrop 

spectrophotometer (RRID:SCR_016517). Samples were diluted to equal concentrations 

in nuclease free water. cDNA was synthesized using a High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, 4368814). qRT-PCR was performed using 

PowerSYBR Green PCR Master Mix (Applied Biosystems, 4367659) on Quantstudio 6 

Flex System thermocycler (Applied Biosystem/Life Technologies, RRID:SCR_020239). 
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Data was normalized to GAPDH loading control and then analyzed using ΔΔCt method 

normalized to GAPDH housekeeping gene. Primer sequences are listed in supplemental 

materials (Fig. S2.5).  

 

2.3.8 Nanostring 

Half-brains were dissected and frozen in liquid nitrogen and stored in -80°C until 

use. RNAlater Ice (Invitrogen AM7030) was used to thaw samples according to 

manufacturer’s instructions. Hippocampal tissue was dissected in DEPC-treated PBS on 

ice and then RNA isolation proceeded as described above. Samples were eluted in 

nuclease free water. To remove any residual salts or contaminants from buffers used 

during RNA isolation, RNA samples were further purified by ethanol precipitation as 

follows; 0.1 volumes of 0.3M Na-Acetate and 3 volumes of ice-cold 100% ethanol were 

added to the samples. Samples were incubated at -20°C overnight, centrifuged at 12,000 

g, and then ethanol was removed. Samples were analyzed using Agilent 2100 

Bioanalyzer/Advanced Analytics Fragment Analyzer (RRID:SCR_018043). RIN values 

above 7 were considered to be adequate for Nanostring profiling. RNA samples were 

analyzed using nCounter Mouse Glial Profiling Panel (Nanostring, XT-CSO-M-GLIAL-

12) according to manufacturer’s instructions. Briefly, 50 ng of unamplified RNA was 

hybridized with the reporter codeset at 65°C for 18 h. Samples were spun down, nuclease 

free water was added to the samples, and then the samples were loaded into the nCounter 

cartridge. The cartridge was run on the Nanostring nCounter SPRINT Profiler 

(RRID:SCR_021712). Data was exported and analyzed using Nanostring nSolver and 
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Advanced Analysis Software (RRID:SCR_021712). Normalized linear counts for all 

genes in the panel were used in fold change analysis of control and KO genes.  

 

2.3.9 Whole cell patch clamp recordings 

Animals were anesthetized with isoflurane, brains were dissected and 300 μm 

coronal sections were sliced in ice-cold sucrose containing ACSF containing (in mM) 

CaCl2 2.5, sucrose 196.6, KCl 2.5, MgSO4 1.3, NaH2PO4 1, NaHCO3 26.2, (D)-

Glucose 11, Kyneuric acid 3, Na-Pyruvate 2, MOPS 3.5. Slices were incubated in ice 

cold sucrose ACSF for 30 min. Slices were then transferred to ACSF containing (in mM) 

NaCl 126, KCl 2.5, D-glucose 10, NaH2PO4 1.25, MgCl2 2, CaCl2 2, NaHCO3 26 and 

allowed to incubate for 45 min at room temperature. Slices were transferred to a 

recording chamber and continuously perfused with oxygenated ACSF at a flow rate of 1 

ml/min at 31˚C and allowed to equilibrate to the chamber for at least 10 min. 

Whole-cell patch experiments were conducted blind, with experimental 

procedures described in Castaneda-Castellanos, 2006 (Castañeda-Castellanos et al., 

2006). Blind, whole-cell patch clamp recordings were obtained from CA1 pyramidal 

neurons using pipettes made from glass capillaries pulled by Narishige PC-10 vertical 

micropipette puller (Narishige, RRID:SCR_022057). Pipette resistance ranged from 3-5 

mOhms and were filled with high-chloride internal solution containing (in mM) KCl 125, 

K-gluconate 10, MgCl2 2, EGTA 0.2, HEPES 10, Mg2ATP 2, Na2GTP 0.5, PO Creatine 

10, QX-314 10, and 0.2% biocytin for postlabeling and was pH adjusted to 7.2 with 

KOH. CA1 hippocampal neurons were voltage clamped and held at -60 mV. Due to high-
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chloride internal solution and negative holding potential, inhibitory currents were 

measured as inward currents. Pyramidal cells were voltage clamped at -60 mV and 

inhibitory postsynaptic currents were recorded in response to photoactivation. 

PV interneurons were optically stimulated using a fiber-coupled LED light of 470 

nm wavelength (Thorlabs, LEDD1B). A cannula was attached to the fiber-optic cable in 

order to submerge the light source into the bath and place the light source directly over 

the slice. Input-output curves were generated using a fixed duration of light pulse (5 ms) 

and increasing the intensity of the LED power. 12 sweeps with increasing intensity of the 

LED light source were used (starting at approximately 0.13 mW and increasing up to 4 

mW of power) to photoactivate PV interneurons and to record IPSCs in pyramidal cells. 

20 Hz stimulation was also used in order to analyze short-term plasticity, where oeIPSC 

amplitudes were measured from the original baseline prior to stimulation to the peak of 

each oeIPSC in the train. I used a 5 ms LED pulse followed by 45 ms of LED off at 

100% LED power in this protocol. oeIPSCs were recorded using a HEKA EPC-9 

amplifier (HEKA Elektronik), filtered at 1 kHz, and digitized at 10 kHz. Series resistance 

was compensated and was monitored throughout the experiment by delivering 5 mV 

voltage steps. Data was discarded if the series resistance changed >20% during the course 

of an experiment. Data was analyzed on HEKA Electronik software and statistical 

significance was analyzed using Prism 10 software (GraphPad Software, 

RRID:SCR_002798 ). 
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2.3.10 PTZ Seizure Test 

Before testing, mice were housed in a room with a 12 h light/dark cycle with ad 

libitum access to food and water. The cages were transferred to the behavioral room for 

30 min habituation prior to the test. Between tests, the cages were cleaned with 2%-3% 

acetic acid, 70% ethanol, and water to eliminate odor trails. Pentylenetetrazole (PTZ) 

(Sigma, P6500) was diluted in 0.9% sodium chloride injection diluent (Hospira Inc, 

NDC-0409-4888-03) to make a stock solution of 5 mg/ml PTZ. For each mouse, a 20 

mg/kg dose was made in 50 μl saline, a 30 mg/kg dose was made in 50 μl saline, and a 40 

mg/kg dose was made in 100 μl saline, based on the weight of the mouse. Each mouse 

received three doses of PTZ over the 5 h testing period that were delivered via IP 

injection. At time (t)=0 h mice received a 50 μl, 20 mg/kg dose of PTZ and were 

recorded for one hour. At t=2 h, mice received a 50 μl, 30 mg/kg dose of PTZ and were 

recorded for 1 h. At t=4 h, mice received a 100 μl, 40 mg/kg dose of PTZ and were 

recorded for 1 h. Data was analyzed based on the Racine seizure score as described in 

Shimada and Yamagata 2018 (Shimada and Yamagata, 2018). Videos were manually 

scored by an experimenter blind to the condition as follows: score 0 - absence of seizure 

activity; score 1 - immobilization, lying flat on abdomen; score 2 - head nodding, facial, 

forelimb, or hindlimb myoclonus; score 3 - continuous whole-body myoclonus, 

myoclonic jerks, tail held up stiffly; score 4 - tonic-clonic seizure, rearing and falling; 

score  5 - tonic-clonic seizure, loss of postural tone, wild rushing and jumping; score 6 - 

death.  
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2.3.11 Behavior 

Home cage behaviors were analyzed as described by Reinhard, Rais et al. 2019 

(Reinhard et al., 2019) with modifications. Mice were placed in new cages with fresh 

bedding and recorded for 30 min. Videos were manually scored by an experimenter blind 

to the condition. The video was paused at 10 s intervals for the first 10 min of the 

recording and the observer recorded if the mouse was performing any of the following: 

motion, rearing, digging, grooming, or scanning.  

 

2.3.12 Experimental Design and Statistical Analyses  

For PV/VGAT colocalization in the SP: Statistical analysis was performed using 

GraphPad Prism 10 software (RRID:SCR_002798). Astrocytic ephrin-B1 OE mice were 

analyzed by paired two-tailed t-tests, 5 male mice with 10 images per group. Astrocytic 

ephrin-B1 KO and CON mice were analyzed using a two-tailed t-test, 3 KO and 3 CON 

male mice per group with 6 images per group. PV-EphB2 control, heterozygous, and KO 

male and female mice were analyzed by Brown-Forsythe and Welch ANOVA test in 

GraphPad Prism 10 software (RRID:SCR_002798), n=5-13 mice per group, 19-46 

images per group. PV-EphB2 KO+AAV-EfnB1 male and female mice were analyzed by 

paired two-tailed t-tests, n=22 images/group, 6 mice. For analysis of PV/VGAT near 

Thy1-GFP excitatory neurons: Statistical analysis was performed using GraphPad Prism 

10 software (RRID:SCR_002798) using Welch-corrected two-tailed t-tests, 4 male mice 

per group, 13-18 images per group. For analysis of CB1 puncta in SP: Statistical analysis 

was performed using GraphPad Prism 10 software (RRID:SCR_002798) using two-tailed 
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t-tests, n=3-4 male mice per group, 9-15 images per group. For analysis of PV/EphB 

puncta in the SP: Statistical analysis was performed using GraphPad Prism 10 software 

(RRID:SCR_002798) using two-tailed t-test (CON/KO) or paired two-tailed t-test (OE 

mice), 3-4 male mice per group, 8-16 images per group. For analysis of EphB puncta on 

PV somata: Statistical analysis was performed using GraphPad Prism 10 software 

(RRID:SCR_002798) using two-tailed t-test (CON/KO) or paired two-tailed t-test (OE 

mice), 3-4 male mice per group, 21-25 PV interneurons per group. PV and EphB2 

intensity in PV interneurons: Statistical analysis was performed using GraphPad Prism 10 

software (RRID:SCR_002798). Paired two-tailed t-test (OE) and two-tailed t-test 

(CON/KO) were used for analysis of PV intensity in PV interneurons of astrocytic 

ephrin-B1 OE (3 OE male mice per group with 19-27 cells per group) and KO mice (4 

male mice per group with 23-24 cells per group). Brown-Forsythe and Welch ANOVA 

with Dunnett’s multiple comparisons test were used for analysis of PV intensity in PV 

interneurons of PV-EphB2 control, heterozygous, or KO male and female mice (72-165 

cells per group, 4-13 mice per group). Welch’s t-test was used for analysis of EphB2 

levels in PV interneurons of PV-EphB2 KO and control male and female mice (n=3-4 

mice per group, 50-57 cells per group). Western Blot: Statistical analysis was performed 

with unpaired two-tailed t-test using GraphPad Prism 10 software (RRID:SCR_002798), 

n=3-4 male mice per group. pRT-PCR: Statistical analysis performed in GraphPad Prism 

10 software using two-tailed t-test or two-tailed t-test with Welch correction, n=3-4 male 

mice per group. Nanostring: Normalized linear counts for all genes in the panel were 

used in fold change analysis of control and KO genes. Statistical analysis performed in 
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GraphPad Prism 10 software using two-tailed t-test or two-tailed t-test with Welch 

correction, n=3-4 male mice per group. Electrophysiology: Unpaired Student's two-tailed 

t-test was used to analyze peak oeIPSC amplitude and Two-way ANOVA with Sidak’s 

multiple comparisons post-hoc test was used to analyze oeIPSC amplitude against LED 

power, oeIPSCs over 20 Hz trains, and paired pulse ratios. AAV-EfnB1/AAV-TdTomato 

male and female mice: 8-11 cells per group, 7-8 mice per group. PV/EphB2 KO/CON 

male and female mice: 18 cells per group, 7-9 mice per group. PV/EphB2 KO+AAV-

EfnB1/PV/EphB2 KO+AAV-TdTomato male and female mice: 9-12 cells per group, 5-6 

mice per group. PTZ seizures: Statistical analysis was performed using GraphPad Prism 

10 software. Latency to tonic-clonic seizure was analyzed by two-tailed t-test, seizure 

duration was analyzed with two-tailed t-test or Mann-Whitney test, and the number of 

seizure events was analyzed with Mann-Whitney test, 8-12 male mice per group. Home 

cage behaviors: Statistical analysis was performed using GraphPad Prism 10 software 

using Mann-Whitney tests, 12 male mice per group. 

 

2.4 Results  

 

2.4.1 Astrocytic ephrin-B1 promotes functional connectivity between PV and pyramidal 

cells. 

To test if astrocytes regulate the development of functional inhibitory connections 

between PV interneurons and pyramidal neurons via EphB receptor signaling, I 

overexpressed the EphB receptor ligand, ephrin-B1, in astrocytes during the early 
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postnatal P14-P28 developmental period. I overexpressed ephrin-B1 in hippocampal 

astrocytes of P14 male and female mice by injecting AAV7.GfaABC1D.ephrin-B1.SV40 

(AAV-EfnB1) into the hippocampus, while vehicle-injected controls received 

AAV7.GfaABC1D.tdTomato.SV40 (AAV-TdTomato)(Fig. 2.1A). PV->PC connectivity 

was tested at P28+/-2D using whole-cell voltage clamp electrophysiology in combination 

with an optogenetic approach to selectively activate PV-expressing interneurons. PV 

interneurons expressing ChR2-YFP were optogenetically activated using 470 nm LED 

light and optically evoked, gabazine-sensitive inhibitory postsynaptic currents (oeIPSCs) 

were recorded in CA1 pyramidal cells of astrocytic ephrin-B1 OE mice and vehicle-

injected control mice (Fig. 2.1B, Fig. S2.2). Input-Output (IO) curves were generated by 

delivering LED light pulses with increasing LED power at a fixed pulse length and the 

maximum responses were analyzed to measure peak oeIPSC amplitude (Fig. 2.1C-E). I 

observed a significant effect of LED power and interaction of genotype and LED power 

(Fig. 2.1D; Extended Data Two-Way ANOVA, Sidak’s multiple comparisons test, 

F(11,231)=2.684, p=0.0029). In addition, overexpression of ephrin-B1 in astrocytes 

significantly increased the peak oeIPSC amplitude, suggesting that astrocytic ephrin-B1 

positively regulates PV->PC functional connectivity (Fig. 2.1E, Extended Data; t-test, 

t(21)=2.303, p=0.0316). To test if astrocytic ephrin-B1 also affects short-term plasticity 

at PV->PC synapses, PV interneurons were optically stimulated with a 20 Hz train of ten 

LED light pulses at maximal LED power (Fig. 2.1F). I observed a significant increase in 

the average oeIPSC amplitude during the first two stimulations in the OE group, 

consistent with the increased strength of the functional connections between PV 
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interneurons and CA1 PCs following the overexpression of astrocytic ephrin-B1 (Fig. 

2.1G; Extended Data; Two-Way ANOVA, F(1,17)=4.221, p=0.0556; Sidak’s multiple 

comparisons post-hoc test, p<0.0001, p= 0.0237). However, the increase in oeIPSC 

amplitude was not accompanied by any significant difference in the paired pulse ratio 

(PPR) of the oeIPSCs, calculated as a ratio of the oeIPSC amplitude for each pulse to the 

first oeIPSC amplitude (Fig. 2.1H; Extended Data; Two-Way ANOVA, Sidak’s multiple 

comparisons post-hoc test, F(1,17)=0.3607, p=0.5560), suggesting no differences in 

release probability. My data suggest that the observed increase in the strength of PV->PC 

connectivity following overexpression of ephrin-B1 in astrocytes is most likely a result of 

increased PV->PC synapse number or their strength. 

 

2.4.2 Astrocytic ephrin-B1 boosts the development of PV-specific presynaptic inhibitory 

sites.  

To test if levels of astrocytic ephrin-B1 affect the development of structural PV-

positive inhibitory synapses during the P14-P28 period, I analyzed the density of PV-

positive inhibitory presynaptic sites in the pyramidal (SP) layer of the CA1 hippocampus 

with immunostaining. Astrocytic ephrin-B1 was overexpressed in hippocampal astrocytes 

at P14 (Fig. 2.1A), and analysis was done at P28 with the contralateral, uninjected side 

used as a control. To delete ephrin-B1 from astrocytes, ephrin-B1 floxed mice expressing 

ERT2-Cre under the GFAP promoter were injected with 5 IP doses of tamoxifen starting 

at P14 and tamoxifen-injected controls lacking floxed ephrin-B1 were used as the 

controls. At P28, PV-positive presynaptic sites were detected with antibodies against PV 
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and vesicular GABA transporter (VGAT) in brain slices from mice overexpressing 

astrocytic ephrin-B1, lacking astrocytic ephrin-B1, and their respective controls (Fig. 

2.1I-J). Overexpression of astrocytic ephrin-B1 increased the number of PV/VGAT 

colocalized puncta in the SP (Fig. 2.1K; Extended Data; paired t-test, t(4)=2.789, 

p=0.049), whereas deletion of astrocytic ephrin-B1 reduced the number of PV/VGAT 

colocalized puncta in the SP (Fig. 1L; Extended Data; t-test, t(10)=2.841, p=0.0175; Fig. 

2.1O). Interestingly, PV intensity was not significantly different in OE (Fig. 2.1M; 

Extended Data; t-test, t(44)=1.616, p=0.1132) or KO groups (Fig. 2.1N; Extended Data; 

t-test, t=(45)1.247, p=0.2187). The data suggest that astrocytic ephrin-B1 positively 

regulates the establishment of PV-positive presynaptic sites in the CA1 hippocampus 

during development. 

 

2.4.3 Deletion of astrocytic ephrin-B1 impairs Nrg-ErbB4 signaling.  

If the number of PV-positive synaptic sites and the strength of PV->PC 

connectivity are affected by the level of ephrin-B1 in astrocytes, then I would also expect 

changes in Nrg1-ErbB4 signaling, which has been implicated in basket and chandelier 

cell connectivity with excitatory cells (Vullhorst et al., 2009; Fazzari et al., 2010; 

del Pino et al., 2013; Yang et al., 2013; Exposito-Alonso et al., 2020). Therefore, I next 

examined mRNA and protein levels of Nrg1 and ErbB4 in the P28 hippocampus 

following ephrin-B1 deletion from P14 astrocytes using qRT-PCR, Nanostring, and 

western blot analysis. Deletion of astrocytic ephrin-B1 did not affect mRNA levels of 

Nrg-1 (Fig. 2.2A; Extended Data, t-test, Welch correction, t(3.288)=0.5067, p=0.6444) or 
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ErbB4 (Fig. 2.2A; Extended Data, t-test, t(4)=1.217, p=0.2906). Protein levels of Nrg1 

(Fig. 2.2B-C; Extended Data; t-test, t(6)=0.1659, p=0.8737) and ErbB4 (Fig. 2.2D-E; 

Extended Data; t-test, t(4)=1.027, p=0.3625) were also unchanged, however the active, 

phosphorylated form of ErbB4 was significantly reduced following deletion of astrocytic 

ephrin-B1 (Fig. 2.2D-E; Extended Data; t-test, t(4)=3.526, p=0.0243), suggesting that 

loss of astrocytic ephrin-B1 impaired Nrg-ErbB4 signaling. As Nrg-ErbB4 signaling also 

plays a role in establishing connections between pyramidal cells and CCK basket cells, 

which express CB1R in their axon terminals, I also analyzed CB1R mRNA and protein 

levels. Although I found CB1R mRNA levels to be significantly increased in KO mice 

compared to controls (Fig. 2.2A; Extended Data, t-test, t(6)=3.442, p=0.0138), there was 

no difference at the protein level (Fig. 2.2B-C; Extended Data; t-test, t(6)=0.1607, 

p=0.8776). My data suggest that the changes in Nrg-ErbB4 signaling is most likely a 

result of altered PV->PC but not CCK->PC connectivity. 

 

2.4.4 Inhibitory innervation of CA1 pyramidal neurons by PV interneurons but not CCK 

cells is reduced following developmental deletion of astrocytic ephrin-B1.  

To examine if somatic innervation of CA1 pyramidal cells was specifically 

disrupted by the deletion of ephrin-B1 in astrocytes, I analyzed the innervation of soma 

and dendrites of CA1 pyramidal cells by PV and CCK cells. PV-positive presynaptic sites 

onto GFP-expressing CA1 pyramidal neurons were detected using immunostaining 

against VGAT and PV. I observed a significant reduction in the number of colocalized 

PV/VGAT presynaptic sites on both SO dendrites (Fig. 2.2K; Extended Data; Welch-
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corrected t test, t(21.21)=2.277, p=0.0332) and somata (Fig. 2.2L; Extended Data; 

Welch-corrected t test, t(17.37)=2.290, p=0.0348) of CA1 pyramidal neurons in the 

hippocampus of P28 ephrin-B1 KO mice compared to controls. To address whether the 

connectivity between CB1R-expressing CCK-positive basket cells and the somata of 

CA1 pyramidal cells was also affected by loss of astrocytic ephrin-B1, CB1R puncta 

were detected with immunofluorescence staining and the number of CB1R puncta was 

analyzed in the SP layer of the CA1 hippocampus. There was no significant difference in 

the number of CB1R puncta in the SP (Fig. 2.2O; Extended Data; t-test, t(5)=0.0202, 

p=0.9847). The data indicate that developmental deletion of astrocytic ephrin-B1 reduces 

the number of PV-positive structural synapses formed onto both SO dendrites and somata 

of CA1 excitatory neurons and suggests that PV->PC but not CCK->PC connectivity is 

regulated by levels of astrocytic ephrin-B1.  

 

2.4.5 Deletion of astrocytic ephrin-B1 increases seizure susceptibility and repetitive 

behaviors.  

To assess whether alterations in PV mediated inhibition of CA1 pyramidal 

neurons led to functional changes in astrocytic ephrin-B1 KO mice, I examined their 

susceptibility to seizures induced by pentylenetetrazole (PTZ), a GABAA receptor 

antagonist (Fig. 2.3A). Indeed, P48 mice lacking astrocytic ephrin-B1 were more 

susceptible to PTZ induced seizures and exhibited robust seizures in response to PTZ at a 

30 mg/kg dose, while only 25% of the controls seized during the duration of the test. The 

latency to seizure was also significantly reduced in KO mice (Fig. 2.3B; Extended Data; 
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t-test, t(18)=4.439, p=0.0003), while the duration (Fig. 2.3C; Extended Data; t-test, 

t(16)=2.166, p=0.0458) and maximum seizure score (Fig. 2.3D; Extended Data; Mann-

Whitney test, DoF(18), MWU=17, p=0.0044) were significantly increased compared to 

controls. The increased maximum score was due to an increase in the number of stage 4 

(Fig. 2.3F; Extended Data; Mann-Whitney test, DoF(16), MWU=20, p=0.0359) and stage 

5 events in KO mice compared to controls (Fig. 2.3F; Extended Data; Mann-Whitney 

test, DoF(18), MWU=16, p=0.0044). In addition, I found that astrocytic ephrin-B1 KO 

mice showed a significant increase in digging behavior (Fig. 2.3J; Extended Data; Mann-

Whitney test, DoF(21), MWU=16.5, p=0.0013), which can be interpreted as repetitive 

behavior. Together, the data suggest that impaired inhibition following the deletion of 

astrocytic ephrin-B1 is most likely responsible for increased susceptibility, duration, and 

severity of PTZ induced seizures, as well as exacerbated repetitive behaviors. 

 

2.4.6 Astrocytic ephrin-B1 controls localization of EphB in PV boutons but not PV soma. 

To test whether astrocytic ephrin-B1 controls PV->PC connectivity through 

regulating EphB signaling in PV interneurons, I tested if changes in astrocytic ephrin-B1 

levels would affect EphB receptor localization using immunofluorescence staining 

against PV and pan-EphB (EphB1-4, Fig. 2.4A-B). Although neither overexpression (Fig. 

4C; Extended Data; paired t-test, t(3)=0.4911, p=0.6570) nor deletion (Fig. 2.4F; 

Extended Data; t-test, t(5)=0.0064, p=0.9951) of astrocytic ephrin-B1 affected the total 

number of EphB puncta in the SP layer of the CA1 hippocampus, levels of astrocytic 

ephrin-B1 influenced the association of the EphB immunoreactive puncta with PV 
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boutons (Fig. 2.4D,G). Overexpression of astrocytic ephrin-B1 reduced PV/EphB 

colocalization in the SP layer compared to the contralateral side of the same brain slice 

(Fig. 2.4D; Extended Data; paired t-test, t(3)=4.052, p=0.0271), while deletion of 

astrocytic ephrin-B1 increased PV/EphB colocalization compared to controls (Fig. 2.4G; 

Extended Data; t-test, t(5)=5.677, p=0.0024). Analysis of EphB receptors on the somata 

of PV interneurons did not show any significant changes in EphB-positive puncta number 

in OE mice (Fig. 2.4E; Extended Data; paired t-test, t(2)=0.4047, p=0.7249) and in KO 

mice (Fig. 2.4H; Extended Data; Welch’s t-test, t(2.611)=3.058, p=0.0781). Altogether, 

the results show that levels of astrocytic ephrin-B1 did not significantly alter EphB 

receptor localization on the somata of PV interneurons, but instead specifically affected 

its localization in PV boutons. Reduced levels of EphB/PV colocalization in presynaptic 

boutons coincided with increased PV->PC connectivity in OE mice and increased 

EphB/PV colocalization in presynaptic boutons coincided with reduced PV->PC 

connectivity in KO mice. Therefore, I hypothesize that EphB signaling in PV boutons 

negatively regulates the establishment of inhibitory PV->PC contacts, and astrocytic 

ephrin-B1 controls PV->PC connectivity by directly regulating the localization of the 

EphB receptors in PV boutons but not on PV somata.  

 

2.4.7 Deletion of EphB2 from PV interneurons enhances PV->PC functional 

connectivity.  

To test the hypothesis that EphB signaling in PV boutons negatively regulates 

PV->PC connectivity, I generated a mouse line in which EphB2 receptor was specifically 
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targeted in PV interneurons (PV-EphB2 KO mice) by crossing PV-Cre and EphB2-floxed 

mice (Fig. 2.5A,B; Fig. S2.4). Brain slices from P28 control and PV-EphB2 KO mice 

were immunolabeled against PV and EphB2. I observed a significant reduction in the 

levels of EphB2 immunoreactivity in PV interneurons (Fig. 2.5C; Extended Data; 

Welch’s t-test, t(96.88)=3.817, p=0.0002). The presence of residual immunoreactivity 

may be due to a non-specific detection of other EphB receptors in PV interneurons. As 

before, I used whole-cell voltage clamp electrophysiology in combination with 

optogenetics to measure PV specific oeIPSCs in CA1 pyramidal cells of control and PV-

EphB2 KO mice at P28±2D. PV interneurons expressing ChR2-YFP, but lacking both 

copies of EphB2 were optogenetically stimulated using 470 nm LED light and responses 

were recorded in CA1 pyramidal cells. Deletion of EphB2 from PV interneurons 

significantly increased the oeIPSC amplitude as a function of increased LED power (Fig. 

2.5D,E; Extended Data; Two-Way ANOVA, Genotype difference: F(1,34)=4.484, 

p=0.0416; LED-Genotype interaction: F(11,374)=2.946, p=0.0009, Sidak’s multiple 

comparisons post-hoc test, *p<0.05). The peak oeIPSC amplitude was also significantly 

increased in PV-EphB2 KO mice compared to controls (Fig. 2.5F; Extended Data; t-test, 

t(34)=2.188, p=0.0357). The data indicate that deletion of EphB2 from PV interneurons 

enhances the strength of PV->PC functional connectivity. The significant enhancement of 

oeIPSC amplitude was also observed in PV-EphB2 KO mice during the first stimulation 

in a 20 Hz train (Fig. 2.5H; Extended Data; Two-Way ANOVA, Genotype difference: 

F(1,34)=1.741, p=0.195, Stim: F(9,306)=93.98, p<0.0001, Interaction: F(9,306)=2.473, 

p=0.0098,  Sidak’s multiple comparisons post-hoc test, *p<0.05), but I observed no 
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differences in PPR between the groups (Fig. 2.5I; Extended Data; Two-Way ANOVA, 

Genotype difference: F(1,34)=0.4691, p=0.4980, Stim: F(8,272)=121.8, p<0.0001, 

interaction: F(8, 272)=1.767, p=0.0836, Sidak’s multiple comparisons post-hoc test), 

suggesting that deletion of EphB2 from PV interneurons enhanced functional PV->PC 

connectivity without changing the presynaptic release probability, most likely due to an 

increased number or strength of PV->PC synapses.             

 

2.4.8 Deletion of EphB2 receptors from PV interneurons enhances PV->PC structural 

connectivity.  

To test if levels of EphB2 in PV interneurons affect the number of PV-positive 

inhibitory synapses during P14-P28 period, I analyzed the density of PV-positive 

inhibitory presynaptic sites in the pyramidal (SP) layer of the CA1 hippocampus by 

immunolabeling hippocampal slices against PV and VGAT (Fig. 2.5J-L). Deletion of one 

or both copies of EphB2 in PV interneurons was sufficient to increase PV 

immunoreactivity in PV interneurons (Fig. 2.5M; Extended Data; Brown-Forsythe and 

Welch ANOVA; F(2.0,202.7)=13.5, p<0.0001; Dunnett’s multiple comparisons test, 

CON-HET: p=0.0012, CON-KO: p<0.0001, **p<0.01, ****p<0.0001). As PV 

expression is activity dependent and thought to correlate with PV cell activity and 

maturation (Donato et al., 2013; Page et al., 2019), PV interneuron activity or maturation 

may be negatively regulated by EphB2 expression in PV interneurons. Mice lacking both 

copies of EphB2 in PV interneurons also showed a significant increase in the number of 

PV/VGAT presynaptic sites in the SP compared to controls, while deletion of one copy 
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of EphB2 in PV interneurons had no significant effect (Fig. 2.5N; Extended Data; 

Brown-Forsythe and Welch ANOVA; F(2.0,32.24)=1.837, p=0.1756; Dunnett’s multiple 

comparisons test, CON-HET: p=0.5407, CON-KO: p=0.0486, *p<0.05). The results 

suggest that EphB2 signaling in PV interneurons may negatively regulate PV->PC 

connectivity and that loss of both copies of EphB2 gene is sufficient to promote the 

development of PV->PC synapses. 

 

2.4.9 Astrocytic ephrin-B1 overexpression does not further enhance PV->PC connectivity 

in mice lacking EphB2 in PV interneurons.  

If astrocytic ephrin-B1 regulates PV->PC connectivity through controlling EphB2 

signaling in PV boutons, I expect that overexpression of astrocytic ephrin-B1 in mice 

lacking EphB2 in PV interneurons should not further enhance PV->PC connectivity. To 

test this hypothesis, I performed whole-cell voltage clamp electrophysiology recordings 

to measure PV-specific oeIPSCs in CA1 pyramidal cells of PV-EphB2 KO mice injected 

with AAV-ephrin-B1 to overexpress ephrin-B1 in astrocytes or AAV-TdTomato control 

vector. PV interneurons were optogenetically stimulated, and responses were recorded in 

CA1 pyramidal cells. IO curves were generated as described previously and maximum 

responses were used to measure peak oeIPSCs (Fig. 2.6A-C). I observed a significant 

effect of LED power but no effects of genotype or interaction of genotype and LED 

power (Fig. 2.6B; Extended Data; Two-Way ANOVA, Genotype: F(1,20)=1.409, 

p=0.2492, LED power: F(2.460,49.19)=104.1, p<0.0001, interaction: F(11, 220)=0.3973, 

p=0.9561, Sidak’s multiple comparisons post-hoc test). There was also no significant 
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difference in the peak oeIPSC amplitude between the groups (Fig. 2.6C; Extended Data; 

t-test, t(20)=0.7851, p=0.4461). The data suggests that astrocytic ephrin-B1 OE did not 

further enhance the strength of PV->PC functional connections in ephrin-B1-injected PV-

EphB2 KO compared to control-injected PV-EphB2 KO group. Overexpression of 

astrocytic ephrin-B1 in mice lacking EphB2 in PV interneurons also did not affect 

oeIPSC amplitude over a 20 Hz train (Fig. 2.6E; Extended Data; Two-Way ANOVA, 

Genotype: F(1,17)=1.936, p=0.1821, Stim: F(9,153)=96.12, p<0.0001, interaction: 

F(9,153)=0.8606, P=0.5619, Sidak’s multiple comparisons post-hoc test). Interestingly, 

there was a trend towards increased paired pulse ratio and a significant interaction 

between stimulus number and genotype (Fig. 2.6F; Extended Data; Two-Way ANOVA, 

Genotype: F(1,17)=3.294, p=0.0872, Stim: F(2.958,50.28)=102.3, p<0.0001, interaction: 

F(8,136)=2.293, p=0.0246, Sidak’s multiple comparisons post-hoc test), suggesting that 

the two groups may exhibit differences in short-term synaptic dynamics. PV->PC 

synapses of PV-EphB2 KO mice overexpressing astrocytic ephrin-B1 were able to 

maintain their oeIPSC amplitudes over the train, suggesting that they may have reduced 

release probability at PV->PC synapses compared to vehicle-injected controls. Analysis 

of structural PV/VGAT presynaptic sites by immunolabeling also did not reveal any 

significant difference between ephrin-B1 overexpressing PV-EphB2 KO and the 

contralateral control side of the same brain slice (Fig. 2.6K; Extended Data; paired t-test, 

t(21)=0.9448, p=0.3555). These data support the hypothesis that astrocytic ephrin-B1 

controls PV->PC connectivity by negatively regulating EphB receptor signaling in PV 

boutons, allowing for more inhibitory connections to form between PV and PC cells.  
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2.5 Discussion  

 

Here I report two major findings: (1) astrocytes regulate the strength of functional 

connections between PV and pyramidal cells during a critical developmental period of 

inhibitory circuit assembly in the hippocampus; and (2) the role of ephrin-B/EphB 

receptor signaling in the development of these connections. More specifically, I show that 

the strength of PV->PC connectivity was affected by the levels of ephrin-B1 in 

astrocytes. Overexpression of ephrin-B1 in astrocytes led to a significant increase in the 

amplitude of PV specific oeIPSCs recorded in pyramidal cells with no significant 

difference in the PPR. The enhancement of oeIPSC amplitude following overexpression 

of astrocytic ephrin-B1 can be explained by an increased number of synapses or 

increased GABA receptor number or function. Although activation of the EphB receptor 

with its ligand ephrin-B was reported to regulate AMPAR and NMDAR clustering and 

function, its effects on GABA receptors have not been observed (Dalva et al., 2000; 

Takasu et al., 2002; Kayser et al., 2006). In addition, the analysis of mRNA levels of 

multiple GABA receptors showed no changes in their levels in ephrin-B1 KO mice (Fig. 

S2.3). My findings suggest the astrocytic ephrin-B1 is regulating EphB receptors at the 

presynaptic site of inhibitory synapses, as I observe the increased number of PV/VGAT 

presynaptic sites following astrocytic ephrin-B1 OE but reduced in astrocytic ephrin-B1 

KO. The reduction in PV/VGAT presynaptic sites in ephrin-B1 KO also coincided with a 

decrease in VGAT/Gephyrin inhibitory synapses on SO dendrites and PC somata in the 

CA1 hippocampus (Nguyen et al., 2020), suggesting that the observed changes in PV-
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positive presynaptic sites are most likely responsible for reduced inhibition. These 

observations that both the strength and number of PV->PC synapses are positively 

regulated by the levels of astrocytic ephrin-B1 provide further evidence that the 

development of PV-positive inhibitory synapses is tightly regulated by astrocytes through 

EphB receptor signaling.  

One receptor that is critical for synaptic wiring of PV and CCK-positive basket 

and chandelier cells is ErbB4 (del Pino et al., 2013; del Pino et al., 2017; Favuzzi et al., 

2019; Exposito-Alonso et al., 2020). Earlier in development, ErbB4 expression in MGE-

derived interneurons assists their migration to the cortex and hippocampus (Flames et al., 

2004). Intriguingly, it has also been shown that ErbB4 and EphB work together to guide 

cortical and striatal interneurons to their final destination. ErbB4 acts as a 

chemoattractant for migration of cortical and striatal interneurons, however striatal 

interneurons also co-express EphB, which acts as a repellent factor, preventing striatal 

interneurons from entering the cortex (Villar-Cerviño et al., 2015). These two signaling 

pathways could similarly play opposing roles in developing synapses if they are co-

expressed by the same neuron. Although, I found no changes in the protein and mRNA 

levels of Nrg-1 and ErbB4 following deletion of astrocytic ephrin-B1, ErbB4 

phosphorylation was decreased in mice lacking astrocytic ephrin-B1. This change may 

reflect reduced excitatory drive onto PV interneurons, as we previously reported (Nguyen 

et al., 2020), or reduced CCK innervation of pyramidal cells, as more recent data suggest 

that Nrg-1/ErbB4 signaling regulates CCK->PC connectivity, while Nrg-3/ErbB4 

signaling regulates PC->PV connectivity (Vullhorst et al., 2009; Yang et al., 2013; 
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Exposito-Alonso et al., 2020). Therefore, in addition to PV->PC connectivity, I also 

analyzed CCK->PC connectivity. However, the effects of astrocytic ephrin-B1 seem 

specific to PV interneurons, as I did not detect changes in CB1R-positive CCK terminals 

in the pyramidal layer of CA1 hippocampus or overall protein levels of CB1R in 

astrocytic ephrin-B1 KO mice. Interestingly, EphB2 and EphB1 receptors, which are 

major ephrin-B1 binding partners, are expressed in PV but not in CCK interneurons, 

which could explain why levels of astrocytic ephrin-B1 seem to preferentially influence 

PV interneurons (Harris et al., 2018). While I observed a reduction in perisomatic 

innervation of PC by PV interneurons following ephrin-B1 KO in astrocytes, both AIS 

and perisomatic innervation were measured when analyzing PV->PC connectivity in SP 

layers of CA1 hippocampus. Further studies will investigate whether the effects of 

astrocytic ephrin-B1 on PV->PC connectivity are limited to perisomatic innervation of 

pyramidal cells by PV basket cells or if AIS innervation by PV chandelier cells is also 

affected. 

E/I imbalance is hypothesized to drive pathological phenotypes exhibited in 

NDDs (Rubenstein and Merzenich, 2003). More specifically, impaired inhibition is 

thought to underlie the development of hyperactive neuronal networks in NDDs such as 

ASD and epilepsy (Sohal and Rubenstein, 2019; Tang et al., 2021). Dysfunctions of PV 

interneurons, including reduced density of PV interneurons, reduced PV expression, 

impaired PNN formation, and reduced activity of PV interneurons have been observed in 

individuals with ASD, suggesting that PV interneurons may critically regulate E/I 

balance and that they may play an important role in the pathogenesis of NDDs (Lawrence 
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et al., 2010; Hashemi et al., 2016; Contractor et al., 2021). My data shows that deletion of 

astrocytic ephrin-B1 increases susceptibility to PTZ induced seizures, providing further 

evidence of the involvement of ephrin-B/EphB signaling in regulating inhibition in vivo. 

I speculate that the reduction in PV->PC connectivity most likely contributes to this 

impaired inhibition. I also found that mice lacking ephrin-B1 in astrocytes exhibit 

repetitive digging behavior, in addition to previously observed impaired social behaviors 

in these mice (Nguyen et al., 2020). Impaired social behaviors and restrictive, repetitive 

behaviors are currently two of the major diagnostic criteria for ASD (Association), 

additionally ASD individuals present with epilepsy at disproportionate rates compared to 

the normal population (Spence and Schneider, 2009; Tuchman and Cuccaro, 2011). 

Importantly, de novo mutations in the gene encoding EphB2 receptors have been reported 

to be risk factors for the development of ASD and is identified as a strong candidate with 

score 2 in SFARI database (Kong et al., 2012; Sanders et al., 2012; Abrahams et al., 

2013; Yang et al., 2013). Therefore, I believe the results of my study illustrate a novel 

mechanism responsible for proper inhibitory circuit development, which when impaired 

can result in ASD phenotypes.  

I find that levels of astrocytic ephrin-B1 influence the localization of EphB 

receptor clusters in PV boutons but not on the somata of PV interneurons. It is intriguing 

that the levels of astrocytic ephrin-B1 influence the localization of EphB receptors in a 

compartment specific manner. The compartment specific nature of this regulation is a 

rather significant finding, as presynaptic vs postsynaptic EphB signaling may regulate 

diverse and or opposing functions in neuronal development and synaptic maintenance. 
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For example, postsynaptic EphB receptors play important roles in recruiting and 

stabilizing AMPA/NMDARs in excitatory postsynaptic membranes in dendrites and also 

regulate dendritic filopodial motility, spine morphogenesis, and dendritic spine 

maturation, thereby coordinating excitatory synaptic development (Dalva et al., 2000; 

Sloniowski and Ethell, 2012). As I saw the most robust effects of astrocytic ephrin-B1 on 

the localization of the EphB receptor in PV boutons, I believe ,y work suggests that 

astrocytic ephrin-B1 regulates PV->PC connectivity by limiting the repulsive trans-

synaptic interactions between EphB expressing PV boutons and ephrin-B expressing 

soma or AIS of pyramidal cells. Additionally, since astrocytic ephrin-B1 interferes with 

trans-synaptic ephrin-B/EphB receptor interactions, I would expect ephrin-B1 KO in 

astrocytes to increase clustering of NMDAR and AMPAR in excitatory PC->PV 

synapses, enhancing excitatory drive onto PV interneurons and increasing inhibition. 

However, we see a decrease in inhibition of pyramidal cells following ephrin-B1 KO in 

astrocytes (Nguyen et al., 2020), supporting my hypothesis that EphB expression in PV 

boutons but not somata of PV interneurons regulate their synaptic connectivity.  

Here I propose a new mechanism of astrocyte-mediated regulation of inhibitory 

synapse assembly by neutralizing EphB receptor signaling in PV-positive presynaptic 

boutons. My observations that a reduction in EphB receptor association with PV boutons 

following the overexpression of astrocytic ephrin-B1 or genetic deletion of EphB2 from 

PV interneurons both enhance the assembly of PV presynaptic sites are consistent with 

the adverse role of EphB receptor in inhibitory synapse development. To examine the 

role of EphB signaling in PV interneurons, I used PV-cre promoter to drive cre-lox 
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mediated deletion of floxed EphB2 receptors. As ephrin/EphB signaling has also been 

implicated in the migration of Dlx1/2 expressing inhibitory interneurons during 

embryonic development  (Talebian et al., 2017), it is important to note that PV expression 

begins around P10-12 and gradually increases until about the third postnatal week (Seto-

Ohshima et al., 1990; Lecea et al., 1995; Yang et al., 2013), timing EphB2 deletion 

during the P14-P21 period, well after PV interneuron migration to the hippocampus 

occurs (Tricoire et al., 2011; Pelkey et al., 2017). If EphB2 plays a role in promoting 

excitatory innervation of PV interneurons I would expect reduced activity of PV 

interneurons following its deletion. However, similar to overexpressing astrocytic ephrin-

B1, I found that deletion of EphB2 from PV boutons increases PV specific oeIPSCs 

recorded in pyramidal cells. My findings suggest that EphB2 negatively regulates PV-

>PC contact formation and most likely acts as a repulsive cue for inhibitory synapse 

development. It is supported by the fact that disrupting trans-synaptic ephrin-B/EphB2 

interactions by removing EphB2 is sufficient to trigger an increase in PV->PC 

connectivity. This is also in line with other published work showing that ectopic 

expression of EphB4 in PV interneurons reduced perisomatic innervation by PV 

interneurons in the visual cortex (Baohan et al., 2016). Interestingly, this group found that 

under normal conditions, Pten suppresses EphB4 expression but that loss of a single copy 

of Pten increased EphB4 expression and impaired PV->PC connection probability, 

without affecting PC->PV connectivity. This is consistent with my finding that EphB 

receptor levels are regulated in PV boutons and are important for PV->PC connectivity 

but may be less important for PC->PV connectivity (Baohan et al., 2016). I hypothesized 
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that astrocytic ephrin-B1 regulated PV->PC connectivity by impairing repulsive trans-

synaptic EphB/Ephrin-B signaling. Consistent with my hypothesis, I found that 

overexpression of ephrin-B1 in astrocytes did not further enhance PV->PC connectivity 

in mice lacking EphB2 in PV interneurons. Interestingly, it has been shown that EphB2 

signaling kinetics dictate whether or not a stable contact will form so that large amounts 

of EphB2 signaling very quickly will mediate repulsion, however slower, more gradual 

EphB2 signaling facilitates adhesion (Mao et al., 2018). It is possible that removal of one 

EphB receptor or interruption of some but not all trans-synaptic EphB/Ephrin-B signaling 

by astrocytes works through a mechanism that simply slows down the EphB signaling 

kinetics within the PV bouton, encouraging contact formation.  

In summary, I show that astrocytes utilize ephrin-B1 to regulate PV->PC 

connectivity through interfering with repulsive trans-synaptic ephrin-B/EphB signaling. 

My study implicates EphB2 signaling as an important developmental cue for inhibitory 

synapse development between PV interneurons and pyramidal cells. Disruption of this 

regulatory mechanism leads to impaired inhibition in vivo as evidenced by increased 

seizure susceptibility and the presence of repetitive behaviors. As PV interneuron 

dysfunction is implicated in the pathogenesis of ASD (Rubenstein and Merzenich, 2003; 

Ali Rodriguez et al., 2018; Sohal and Rubenstein, 2019; Contractor et al., 2021), and 

EphB2 has been reported to be a strong risk factor for the development of ASD (Sanders 

et al., 2012), EphB signaling in PV interneurons can also serve as an important and 

powerful therapeutic target for correcting impaired inhibition in NDDs. Future studies 
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can address whether aberrant EphB2 signaling in PV interneurons underlies the 

development of pathological ASD phenotypes in NDDs.  
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Figure 2.1: Astrocytic ephrin-B1 overexpression (OE) increases PV->PC 

connectivity. (A) Experimental timeline. (B) Representative image of a biocytin filled 

pyramidal cell in the CA1 hippocampus, labeled with streptavidin (red) following whole 

cell recording. Scale bar, 100 μm. (C) Representative current traces of the oeIPSC 

recorded from PC in hippocampal slices of OE and vehicle-injected mice (control) 

following the activation of PV interneurons expressing ChR2 with 400 nm LED light. (D) 

Input-output (IO) curve shows the average oeIPSC amplitude in OE and control groups 

plotted against LED power. There is a significant effect of LED power and interaction of 

genotype and LED power (11-12 cells per group, 7-8 mice per group, 2-way ANOVA). 

(E) Graph shows the average peak amplitude of the last five stimulations in the IO curve. 

Ephrin-B1 OE group shows a significant increase in the peak oeIPSC amplitude (11-12 

cells per group, 7-8 mice per group, t-test, *p<0.05). (F) Representative traces of the 

oeIPSCs in control and OE groups, generated during stimulation with a 20 Hz train of ten 

LED pulses. (G) Graph shows the average oeIPSC amplitude in control and OE during 

each LED pulse within a 20 Hz train. There is a significant increase in the average 

oeIPSC amplitude in response to the first two stimuli in OE compared to the control 

group (8-9 cells per group, 7-8 mice per group, 2-way ANOVA, *p<0.05, 

****p<0.0001). (H) Graph shows the average oeIPSCs normalized to the first stimulus in 

the 20 Hz train to assess short-term plasticity with no significant effect of genotype or 

interaction (8-9 cells per group, 7-8 mice per group, 2-way ANOVA). (I) Confocal 

images of brain slices from control and OE mice immunolabeled against VGAT (green), 

PV (red), and ephrin-B1 (blue), scale bar 50 μm. (J) Magnified images showing the SP 
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layer in control and OE slices, scale bar 25 μm. (K,L) Graphs show the average number 

of colocalized PV/VGAT puncta in the OE group normalized to the contralateral 

uninjected side, and in KO group normalized to the respective control. OE group shows a 

significant increase and KO group shows a reduction in PV/VGAT colocalized puncta in 

the SP layer of the CA1 hippocampus (5 OE mice per group with 10 images per group; 3 

KO and 3 control mice per group with 6 images per group paired t-test (OE) or t-test 

(KO) *p<0.05, **p<0.01, ***p<0.001). (M,N) Graphs show the intensity of PV within 

PV interneurons of OE (M) and KO mice (N). Intensity of PV in PV interneurons was 

not affected by OE or KO (3 OE mice per group with 19-27 cells per group and 4 mice 

per group with 23-24 cells per group, t-test). (O) Drawing depicts differences in PV->PC 

connectivity between ephrin-B1 OE, control and ephrin-B1 KO groups. All data are 

represented as mean ± SEM. Graphics created with Biorender.com. 
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Figure 2.2: Deletion of astrocytic ephrin-B1 reduces PV perisomatic innervation of 

CA1 pyramidal neurons. (A) Graphs show mRNA levels of Nrg-1, ErbB4 and CB1R in 

control and KO mice, analyzed by RT-qPCR or Nanostring. Deletion of astrocytic 

ephrin-B1 increased levels of CB1R mRNA but did not affect mRNA levels of Nrg-1 or 

ErbB4 (n=3-4 mice/group t-test, *p<0.05). (B) Western blot of Nrg-1, CB1R, and β-

Actin in control and astrocytic ephrin-B1 KO mice. (C) Graphs show quantification of 

Nrg-1 and CB1R protein levels normalized to β-Actin (n=4 mice/group, t-test). (D) 

Western blot of ErbB4, phosphorylated ErbB4, and β-Actin in control and KO mice. (E) 

Graphs show quantification of ErbB4 protein levels normalized to β-actin, and 

phosphorylated ErbB4 normalized to total ErbB4. Although deletion of astrocytic ephrin-

B1 did not affect total levels of ErbB4, KO mice showed a significant decrease in 

phosphorylated ErbB4 protein levels (n=3 mice/group, t-test, *p<0.05). (F) Graphic 

showing innervation of CA1 pyramidal cells by PV and CCK interneurons. (G-J) 

Neurolucida 3D renderings (G,I) of confocal images (H,J) showing VGAT (green) and 

PV (red) immunostaining in close proximity to SO dendrites or somata of CA1 excitatory 

pyramidal neurons labeled with GFP (blue). Scale bar, 10 μm. (K-L) Graphs represent 

the average colocalized PV/VGAT puncta within 1 μm of SO dendrites (K) or somata (L) 

of GFP expressing CA1 excitatory neurons in control and astrocytic ephrin-B1 KO mice. 

KO mice show a significantly reduced density of colocalized PV/VGAT puncta on SO 

dendrites and somata of excitatory neurons (4 mice per group, 13-18 images per group, t-

test, *p<0.05). (M) Images of brain slices immunostained with CB1R and GFP 

expressing excitatory neurons. (N-O) Graphs represent the number of CB1R puncta in 
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the SO (N) and SP (O) of control and KO mice. There was no difference in the number of 

CB1R puncta between the groups (n=3-4 mice/group, 9-15 images/group, t-test). (P) 

Drawing depicts the changes in PV- and CCK-positive innervation of PC following 

deletion of astrocytic ephrin-B1. All data are represented as mean ± SEM. Graphics 

created with Biorender.com. 
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Figure 2.3: Deletion of astrocytic ephrin-B1 leads to increased seizure susceptibility 

and repetitive behaviors. (A) Diagram shows seizure testing paradigm and the 

mechanism of action of pentylenetetrazole (PTZ). (B) Graph shows the latency to onset 

of tonic-clonic seizure in control and KO mice following injection of 30 mg/kg PTZ at 

P48+/-2D. Astrocytic ephrin-B1 deletion reduced the latency to onset of tonic-clonic 

seizure following PTZ treatment, indicating that KO mice were more susceptible to PTZ 

induced seizure (n=8-12 mice/group, t-test, ***p<0.001). (C) The duration of events 

stage 3+ and maximum seizure score achieved (D) as measured by racine seizure scale 

were increased following deletion of astrocytic ephrin-B1, indicating that deletion of 

astrocytic ephrin-B1 increased the severity of PTZ induced seizures (n=8-12 mice/group, 

t-test or Mann-Whitney test, *p<0.05, **p<0.01). (E-F) Graphs show the number of 

seizure events of stage 2-5 as measured by the Racine seizure scale. KO mice show 

increased numbers of events at stages 4 and 5 compared to control mice (n=8-12 

mice/group, Mann-Whitney test, *p<0.05, **p<0.01). (G-K) Graphs show analysis of 

common home cage behaviors represented as the number of scanning, grooming, motion, 

digging, and grooming bouts in 10 min. KO mice displayed an increased number of 

digging bouts compared to control mice at P28 (J; n=12 animals per group, t-test, 

**p<0.01). All data are represented as mean ± SEM. Graphics created with 

Biorender.com. 
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Figure 2.4: Astrocytic ephrin-B1 levels control localization of EphB in PV boutons 

but not in the soma of PV interneurons. (A-B) Confocal images of brain slices from 

astrocytic ephrin-B1 OE side and the contralateral control side of the same brain slice 

(CON) showing PV (red), pan-EphB (green), and ephrin-B1 (blue) immunofluorescence 

labeling in the SP layer of CA1 hippocampus (A) and on PV soma (B). Scale bar, 10 μm. 

(C-H) Graphs represent the number of EphB puncta in the pyramidal layer (C,F), the 

number of colocalized PV/EphB puncta in the pyramidal layer (D,G), or the number of 

EphB puncta on PV soma (E,H) in OE mice normalized to the contralateral side of the 

same brain slice (CON) (C-E) and KO mice normalized to tamoxifen injected controls 

lacking ERT2-cre (CON) (F-H). Overexpression (C) or deletion (F) of astrocytic ephrin-

B1 did not affect the total number of EphB puncta in the SP (n=3-4 mice per group, 8-16 

images per group, t-test or paired t-test (OE mice), p>0.05). The number of PV/EphB2 

colocalized puncta in the SP was significantly reduced in OE group (D), but increased in 

KO group (G) compared to their respective controls (n=3-4 mice per group, 8-16 images 

per group, t-test or paired t-test (OE mice),*p<0.05, **p<0.01). The number of EphB 

puncta on the soma of PV interneurons was unchanged in both OE mice (E) and KO mice 

(H) (n=3-4 mice per group, 21-25 PV interneurons per group, t-test or paired t-test (OE 

mice). All data are represented as mean ± SEM. Graphics created with Biorender.com. 
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Figure 2.5: Deletion of EphB2 receptor from PV interneurons enhances PV->PC 

connectivity. (A,B) Confocal images of PV (red) and EphB2 (green) immunolabeling in 

brain slices from control (A) and PV-EphB2 KO mice (B). Scale bar, 25 μm. (C) Graph 

shows quantification of EphB2 immunofluorescence levels in PV interneurons of control 

and PV-EphB2-/- KO mice. Deletion of EphB2 from PV interneurons significantly 

reduced the EphB2 immunofluorescence intensity levels in PV interneurons (n=3-4 mice 

per group, 50-57 cells per group, Welch’s t-test, ***p<0.001). (D) Representative current 

traces of the oeIPSCs recorded from excitatory CA1 pyramidal cells of mice lacking 

EphB2 in PV interneurons (PV-EphB2 KO) and control mice. (E) IO curve shows the 

average oeIPSC amplitudes in PV-EphB2 KO and control mice plotted against LED 

power. 2-way ANOVA showed a significant effect of genotype, LED power, and 

interaction between genotype and LED power (18 cells per group, 7-9 mice per group, 2-

way ANOVA (sphericity assumed, Sidak’s post hoc test), *p<0.05). (F) Graph shows the 

average peak oeIPSC amplitude in PV-EphB2 KO and control mice with a significant 

increase in PV-EphB2 KO group (18 cells per group, 7-9 mice per group, t-test, 

*p<0.05). (G) Representative traces of oeIPSCs from control and PV-EphB2 KO groups 

during a 20 Hz train of ten LED pulses. (H) Graph shows the average oeIPSC amplitude 

in control and PV-EphB2 KO cells during each LED pulse within a 20 Hz train. PV-

EphB2 KO cells showed a significant increase in the average oeIPSC amplitude during 

the first stimulus. (I) Graph shows the average oeIPSCs normalized to the first stimulus 

in the 20 Hz train to assess the plasticity with no significant effect of genotype or 

interaction (18 cells per group, 7-9 mice per group, 2-way ANOVA, sphericity assumed, 
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Sidak’s post hoc test). (J,K) Confocal images of control and PV-EphB2 KO brain slices 

immunolabeled against VGAT (green), and PV (red), scale bar 50 μm or 25 μm. (L) 

Neurolucida renderings of confocal images pictured in (J,K). Scale bar, 25 μm. (M) 

Graph shows the average PV intensity in control, PV-EphB2+/-, and PV-EphB2-/- KO 

mice normalized to control. PV intensity was increased in mice lacking one or both 

copies of EphB2 (72-165 cells/group, 4-13 mice/group, Brown-Forsythe and Welch 

ANOVA test, Dunnett’s multiple comparisons test, **p<0.01, ****p<0.0001). (N) Graph 

shows the average number of colocalized PV/VGAT puncta in the SP layer of the CA1 

hippocampus of control, PV-EphB2+/-, and PV-EphB2-/- KO mice normalized to 

control. PV-EphB2-/- KO mice showed a significant increase in the number of 

PV/VGAT colocalized puncta compared to controls (n=5-13 mice per group, 19-46 

images per group, Brown-Forsythe and Welch ANOVA test, Dunnett’s multiple 

comparisons test, *p<0.05). All data are represented as mean ± SEM. Graphics created 

with Biorender.com. 
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Figure 2.6: Astrocytic ephrin-B1 overexpression does not further enhance PV->PC 

connectivity in mice lacking EphB2 in PV interneurons. (A) Representative current 

traces of oeIPSCs recorded from excitatory CA1 pyramidal cells of mice overexpressing 

astrocytic ephrin-B1 but lacking EphB2 in PV interneurons (PV-EphB2 KO+AAV-

EfnB1) and vehicle-injected mice lacking EphB2 in PV interneurons (PV-EphB2 

KO+AAV-TdT). (B) Input-output (IO) curve shows the average oeIPSC amplitude in 

PV-EphB2 KO+AAV-EfnB1 and in PV-EphB2 KO+AAV-TdT mice plotted against 

LED power. Overexpression of astrocytic ephrin-B1 in mice lacking EphB2 in PV 

interneurons did not significantly change the oeIPSC amplitude compared to control mice 

(n=10-12 cells per group, 5-6 mice per group, 2-way ANOVA (sphericity not assumed, 

Sidak post hoc test). (C) Graph shows the average peak amplitude achieved during 

generation of the IO curve. oeIPC amplitudes recorded in CA1 PCs of PV-EphB2 KO 

mice overexpressing astrocytic ephrin-B1 were not significantly different from those 

recorded in PCs of PV-EphB2 KO mice injected with control AAV-TdT (n=11-12 cells 

per group, 5-6 mice per group, t-test). (D) Representative traces of the oeIPSCs from PV-

EphB2 KO+AAV-EfnB1 and PV-EphB2 KO+AAV-TdT cells, generated during 

stimulation with a 20 Hz train of ten LED pulses. (E) Graph shows the average oeIPSC 

amplitude in PV-EphB2 KO+AAV-EfnB1 and PV-EphB2 KO+AAV-TdT cells during 

each LED pulse within a 20 Hz train. There was no significant genotype or interaction 

effect. (F) Graph shows the average oeIPSCs normalized to the first stimulus in the 20 Hz 

train to assess the plasticity with no significant effect of genotype, however there was a 

significant interaction effect (E-F, 9-10 cells per group, 5-6 mice per group, 2-way 
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ANOVA). (G-J) Confocal images (G,I) and Neurolucida renderings (H,J) of brain slices 

from EphB2 KO+AAV-EfnB1 mice (KO+OE) and the contralateral uninjected side (KO) 

of the same brain slice immunolabeled against VGAT (green) and PV (red), scale bar 25 

μm. (K) Graph shows the number of PV/VGAT colocalized puncta in the SP normalized 

to the contralateral side of the same brain slice. Overexpression of astrocytic ephrin-B1 in 

mice lacking EphB2 in PV interneurons did not affect the number of PV/VGAT 

presynaptic sites (n=22 images/group, 6 mice, paired t-test). All data are represented as 

mean ± SEM. Graphics created with Biorender.com. 
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Figure 2.7: Astrocytic ephrin-B1 controls PV->PC connectivity through regulating 

EphB receptor signaling in PV boutons. (A) Control astrocytes expressing normal 

levels of ephrin-B1 compete with pyramidal cell ephrin-B1 for EphB in PV boutons. This 

interaction facilitates adhesion and formation of PV->PC synapses by preventing 

repulsion between EphB-expressing PV boutons and ephrin-B1 expressing pyramidal cell 

soma and allows a limited number of PV->PC connections to form. (B) Overexpression 

of astrocytic ephrin-B1 further enhances the ability of astrocytes to interact with EphB in 

PV boutons, preventing the repulsion between EphB-expressing PV boutons and ephrin-

B1 expressing pyramidal cells, and boosting PV->PC connectivity. (C) Loss of EphB2 in 

PV interneurons also increases PV->PC connectivity. (D) Overexpression of ephrin-B1 in 

astrocytes surrounding PV interneurons lacking EphB2 does not further enhance PV->PC 

connectivity, suggesting that astrocytes do indeed regulate PV->PC connectivity by 

preventing the repulsion between EphB-expressing PV boutons and ephrin-B1 expressing 

pyramidal cells. Graphics created with Biorender.com. 

 

 

 

 

 

 

 

 



 109 

Supplemental Figures for Chapter Two 

 
Figure S2.1: Overexpression of Astrocytic Ephrin-B1 increases levels of ephrin-B1 

in astrocytes. (A,B) Confocal images showing immunolabeling of ephrin-B1 (green) and 

GFAP (red) in control (A) and OE (B) astrocytes. (C) Graph shows the quantification of 

ephrin-B1 mean fluorescence intensity levels in GFAP+ astrocytes of OE astrocytes 

normalized to the intensity of astrocytes from the contralateral, un-injected side of the 

same brain slice. OE significantly increases ephrin-B1 intensity in astrocytes (n=3 mice, 

12-14 images, paired t-test, t=3.629, df=10, p= 0.0046).  
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Figure S2.2: Gabazine wash-in eliminates PV specific oeIPSCs. Black line shows the 

optically evoked inhibitory currents recorded in a CA1 pyramidal cell prior to application 

of Gabazine. The red line shows the current response to optical stimulation after bath-

application of 10µM Gabazine. Bath application of gabazine successfully abolished 

oeIPCs, indicating that the currents were inhibitory.   
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Figure S2.3: Deletion of astrocytic ephrin-B1 does not influence RNA expression of 

GABA receptors or gephyrin. mRNA levels of GABA receptors were analyzed with 

nanostring analysis. None of the GABA receptors or gephyrin analyzed showed any 

significant difference following developmental deletion of astrocytic ephrin-B1 (n=3-4 

mice/group, t-test).  
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Figure S2.4: The generation of EphB2 floxed mice. (A) Schematics of the generation 

of EphB2floxed mice for conditional deletion of EphB2 using a Cre driver. Exons 2 and 3 

were selected as a conditional knockout region by inserting the loxP site upstream of 

exon 2 and downstream of exon3. Deletion of this region should result in the loss of the 

ligand binding domain of EphB2 receptor. (B) Representative genotypes showing the WT 

band (209 bp), the heterozygous (HET), and the homozygous EphB2floxed band (266 

bp). 
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Gene  Forward Sequence Reverse Sequence Method 
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA qRT-PCR 
ErbB4 TGCCATAAGTCTTGCACTGG CGTAGGGTCCATAGCACCTG qRT-PCR 
Nrg1   Nanostring 
CB1R   Nanostring 

 
Table S2.5: Primer sequences used for RT-PCR analysis.   
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CHAPTER THREE 

Astrocytic Ephrin-B1 Regulates Oligodendrocyte Development and Myelination 
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3.1 Abstract 

 

Astrocytes have been implicated in oligodendrocyte development and 

myelination, however, the mechanisms by which astrocytes regulate oligodendrocytes 

remain unclear. My findings suggest a new mechanism that regulates astrocyte-mediated 

oligodendrocyte development through ephrin-B/EphB receptor signaling. Using a mouse 

model, I examined the role of astrocytic ephrin-B1 signaling in oligodendrocyte 

development by deleting ephrin-B1 specifically in astrocytes during the postnatal days 

(P)14-P28 period and used mRNA analysis, immunohistochemistry, and mouse behaviors 

to study its effects on oligodendrocytes and myelination. I found that deletion of 

astrocytic ephrin-B1 downregulated many genes associated with oligodendrocyte 

development, myelination, and lipid metabolism in the hippocampus and the corpus 

callosum. Additionally, I observed a reduced number of omyligodendrocytes and 

impaired myelination in the corpus callosum of astrocyte-specific ephrin-B1 KO mice. 

Finally, my data show that these mice exhibit a clasping phenotype, which is indicative of 

reduced motor strength, most likely due to impaired myelination. My studies provide new 

evidence that astrocytic ephrin-B1 positively regulates oligodendrocyte development and 

myelination, potentially through astrocyte-oligodendrocyte interactions.      
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3.2 Introduction 

 

Astrocytes and oligodendrocytes are two major macro glial cell types in the CNS. 

Astrocytes perform a number of critical functions including synapse formation and 

elimination, synaptic plasticity, ion homeostasis, neurotransmission, as well as regulate 

the innate and adaptive immune responses (Liddelow and Barres, 2017; Khakh and 

Deneen, 2019). The primary function of oligodendrocytes is generation of the myelin 

sheath around axons of CNS neurons (De Robertis et al., 1958; Baumann and Pham-

Dinh, 2001). Although astrocytes and oligodendrocytes play distinct roles in supporting 

neuronal functions, there are active interactions between these cell types. Astrocytes are 

suggested to be important regulators of oligodendrocyte development and function 

(Clemente et al., 2013). Astrocyte-secreted factors such as platelet derived growth factor 

(PDGF) and leukemia inhibitory factor-like (LIF) protein are required for proper 

oligodendrocyte development and survival (Raff et al., 1988; Gard et al., 1995). 

Additionally, astrocyte-secreted factors regulate oligodendrocyte differentiation and 

myelination (Richardson et al., 1988; Ishibashi et al., 2006). Not only do astrocytes 

regulate oligodendrocytes through secreted factors, but they also influence 

oligodendrocyte metabolism through gap junction coupling, allowing for direct transfer 

of metabolites, as well as electrical coupling between the cells (Kleopa et al., 2004; 

Kamasawa et al., 2005; Stadelmann et al., 2019). My findings suggest a new mechanism 

that regulates astrocyte-mediated oligodendrocyte development through ephrin-B/EphB 

receptor signaling.   
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Neuronal Ephs and ephrins regulate a number of neurodevelopmental processes 

including axon guidance, cell migration, and synapse maturation. The trans-synaptic 

functions of Ephs and ephrins are particularly well studied in excitatory synapses where 

Ephs and ephrins regulate dendritic spine formation, AMPAR and NMDAR trafficking 

and localization, and synaptic plasticity (Dalva et al., 2000; Ethell et al., 2001; Contractor 

et al., 2002; Henkemeyer  et al., 2003; Kayser et al., 2006; Moeller et al., 2006; 

Sloniowski and Ethell, 2012). We previously observed that astrocytes express ephrin-B1, 

and that ephrin-B1 in astrocytes regulates both excitatory and inhibitory synapse 

development in the CA1 hippocampus (Nguyen et al., 2020). Here I propose a new role 

for astrocytic ephrin-B1 signaling in oligodendrocyte development that has not been 

previously described. Oligodendrocyte precursor cells (OPCs) express several Ephs and 

ephrins, including EphA2, -A4, -B1, and -B2, and ephrin-A1, -A5, -B1, -B2, and -B3 

(Linneberg et al., 2015). Moreover, EphA4 and EphB1 mRNA and protein levels in 

particular significantly increase as OPCs mature into oligodendrocytes (Linneberg et al., 

2015). The same group also showed that EphB forward signaling in oligodendrocytes 

impaired myelination, while ephrin-B reverse signaling in oligodendrocytes enhanced 

myelination, supporting a role for ephrin-B/EphB in regulating oligodendrocyte 

differentiation and myelination (Linneberg et al., 2015). Additionally, myelinating 

oligodendrocytes were shown to express ephrin-B3, which acts as an inhibitor of neurite 

outgrowth during development, by interacting with Eph receptors in cortical neurons 

(Benson et al., 2005). Furthermore, both ephrin-B and ephrin-A signaling in OPCs 

controls OPC adhesion and migration (Chatzopoulou et al., 2004). Treatment of OPCs 
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with ephrin-Bs showed that ephrin-B1 and -B3 inhibit OPC differentiation in culture by 

activating EphA4 signaling in OPCs, leading to inhibition of focal adhesion (FAK), 

which was previously described as a positive regulator of OPC development and 

myelination (Forrest et al., 2009; Syed et al., 2016). These results were further 

corroborated by another group showing that EphA4 signaling in oligodendrocytes 

prevented axo-glial contact formation and myelination (Harboe et al., 2018). Together, 

these findings support a role for Eph/ephrin signaling in oligodendrocyte development 

and myelination, however the contributions of astrocyte specific ephrin-B1 in regulating 

these processes has not been previously described.    

The goal of this study was to determine the role of ephrin-B/EphB receptor 

signaling in astrocyte-oligodendrocyte communications and oligodendrocyte 

development. I targeted the postnatal day (P)14-P28 period of oligodendrocyte 

development and myelination and examined the role of ephrin-B/EphB signaling by 

deleting ephrin-B1 from astrocytes. I observed a significant downregulation in genes 

implicated in oligodendrocyte differentiation and myelination using Nanostring mRNA 

analysis and reduced myelination in the corpus callosum using immunohistochemical 

assays. In addition, I report impaired motor strength in these mice showing clasping 

phenotype most likely due to impaired myelination. My findings provide new evidence 

for the role of astrocytic ephrin-B1 in regulating oligodendrocyte development and 

myelination, potentially through astrocyte-oligodendrocyte interactions. 
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3.3 Methods 

 

3.3.1 Ethics statement.  

Mouse studies were performed according to National Institutes of Health and 

Institutional Animal Care and Use Committee at the University of California Riverside 

guidelines; animal welfare assurance #A3439-01 is on file with the Office of Laboratory 

Animal Welfare. Mice were maintained in an Association for Assessment and 

Accreditation of Laboratory Animal Care-accredited facility under 12 h light/dark cycle 

and fed standard mouse chow. 

 

3.3.2 Mice 

 In order to evaluate the effects of astrocytic ephrin-B1 deletion on myelination, 

and oligodendrocyte development, I used two mouse lines: (1) ERT2-CreGFAPephrin-

B1flox/y KO mice were generated by breeding female ephrin-B1flox/flox (129S-Efnb1 flox/J, 

RRID:IMSR_JAX:007664) mice with male ERT2-CreGFAP (B6.Cg-Tg(GFAP-

cre/ERT2)505Fmv/J, RRID:IMSR_JAX: 012849) mice. Ephrin-B1flox/y mice that did not 

express ERT2-CreGFAP were used as controls (2) Rosa-CAG-LSL-tdTomato reporter 

mice (CAG-tdTomato; RRID:IMSR_JAX:007909) were bred with ERT2-

CreGFAP+/+ (B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J RRID:IMSR_JAX:012849) mice to 

generate tdTomatoERT2-CreGFAP mice first. Then, male tdTomatoERT2-CreGFAP mice 

were crossed with female ephrin-B1flox/flox to obtain tdTomatoERT2-CreGFAPephrin-

B1flox/y KO male mice. For controls, tdTomatoERT2-CreGFAP male mice were crossed with 
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control female ephrin-B1+/+  mice to generate tdTomatoERT2-CreGFAP control male mice, 

resulting in tdTomato expression in astrocytes (used for nanostring/mRNA analysis). 

Both control and KO mice were treated with tamoxifen at P14 intraperitoneally (0.5 mg 

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

and analysis was performed at P28.  

 

3.3.3 Immunohistochemistry 

Immunohistochemistry was performed as previously described in (Nguyen et al., 

2020). Animals were anesthetized with isoflurane and transcardially perfused with 0.1M 

PBS followed by fixation with 4% paraformaldehyde (PFA) in 0.1 M PBS, pH 7.4. 

Brains were postfixed for 2 h in 4% PFA in 0.1 M PBS. 100 μm coronal brain slices were 

obtained via vibratome sectioning. Samples were washed in PBS, permeabilized in 0.3% 

Triton in PBS for 30 min, blocked for 2 h in 15% normal goat serum (NGS) in 0.1 M 

PBS. Primary and secondary antibodies were diluted in PBS. Samples were incubated in 

primary antibodies for 2 h at room temperature and then overnight at 4°C. Chicken anti-

myelin basic protein (MBP) (1:500, EMD Millipore, AB9348, RRID:AB_2140366) was 

used to detect myelin and rabbit anti-Olig2 (1:500, EMD Millipore, AB9610, 

RRID:AB_570666) was used to identify oligodendrocytes. Following incubation with 

primary antibody, samples were washed with PBS, then incubated with secondary 

antibodies for 2 h at room temperature. Primary antibodies were recognized with the 

following secondary antibodies: Donkey anti-rabbit 488 IgG (1:500, Invitrogen, A-

21206, RRID:AB_2535792) and goat anti-chicken 647 (1:500, Invitrogen, A-21449, 
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RRID:AB_2535866). Samples were then washed in PBS and then mounted on coverslips 

with Vectashield antifade mounting medium with Dapi (Vector Laboratories, H-2000).  

 

3.3.4 Confocal Imaging and Analysis  

Confocal images of coronal brain slices containing the stratum oriens (SO), 

stratum pyramidal (SP), and stratum radiatum (SR) of the dorsal CA1 hippocampus or 

corpus callosum (CC) were taken using a Zeiss LSM 880 inverted laser scanning 

microscope. High resolution optical sections were acquired with a 20x air objective (0.8 

NA), 1x zoom at 1 μm step intervals, (1024x1024) pixel format to measure myelin basic 

protein (MBP) intensity, the number of Olig2+ oligodendrocytes, and Olig2+ intensity. 

Identical conditions were used to acquire and process all samples for analysis.    

For analysis of MBP intensity, Z-stacks of equal size were collapsed into a single 

image by projection and converted to a tiff file, images were separated by channel and 

regions of interest (ROIs) were drawn around the area to be measured. For CC 

measurement the ROI was drawn around the CC and for the hippocampus, ROIs 

contained SO, SP, and SR layers. Any cortical areas in the image were excluded from the 

measurements. Mean fluorescence intensity levels within the ROIs were measured. 

Background signal was measured using a secondary antibody only control and then was 

subtracted from the fluorescence intensity measurement. Statistical analysis was 

performed using GraphPad Prism 10 software (RRID:SCR_002798) using a two-tailed 

student’s t-test.  
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For analysis of Olig2+ cell density, Z-stacks of equal size were collapsed into a 

single image by projection, converted to a tiff file, separated by channel, and background 

subtracted. Each image was threshold-adjusted, converted into a binary image, the 

despeckle function was used to eliminate noise and the watershed function was used to 

segment overlapping cells. Particle analysis was used to count the number of cells per 

image and to generate ROIs around the counted cells. Images were re-opened, separated 

by channel, and the ROIs were applied to the Olig2 channel. Mean fluorescence intensity 

levels within the ROIs were measured. Background signal was measured using a 

secondary antibody only control and then was subtracted from the fluorescence intensity 

measurement. Statistical analysis was performed using GraphPad Prism 10 software 

(RRID:SCR_002798) using a two-tailed student’s t-test.  

 

3.3.4 Nanostring 

Half-brains were dissected and frozen in liquid nitrogen and stored in -80°C. 

RNAlater Ice (Invitrogen AM7030) was used to thaw samples according to 

manufacturer’s instructions. After thawing in RNAlater Ice, hippocampal tissue was 

dissected in DEPC-treated PBS on ice. Following dissection, total RNA was isolated 

using Invitrogen PureLink RNA Mini Kit (ThermoFisher Scientific/Invitrogen, 

12183020). Samples were lysed in RNA lysis buffer with β-mercaptoethanol (BME) 

added as described in the protocol provided by the kit. Tissue samples were homogenized 

in a lysis buffer provided by the kit using a pestle and then were passed through an 18-

gauge needle. Following lysis, samples were centrifuged at 12,000 g for 2 min and the 
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supernatants were transferred to fresh tubes. RNA isolation was then performed 

according to the manufacturer's instructions. Samples were eluted in nuclease free water. 

To remove any residual salts or contaminants from buffers used during RNA isolation, 

RNA samples were further purified by ethanol precipitation as follows; 0.1 volumes of 

0.3M Na-Acetate and 3 volumes of ice-cold 100% ethanol were added to the samples. 

Samples were incubated at -20°C overnight, centrifuged at 12,000 g, and then ethanol 

was removed, the pellet was dried, and samples were reconstituted in nuclease free water. 

RNA concentration and purity was determined using a Nanodrop spectrophotometer 

(RRID:SCR_016517), then samples were analyzed using Agilent 2100 

Bioanalyzer/Advanced Analytics Fragment Analyzer (RRID:SCR_018043). RIN values 

above 7 were considered to be adequate for Nanostring profiling. RNA samples were 

analyzed using nCounter Mouse Glial Profiling Panel (Nanostring, XT-CSO-M-GLIAL-

12) according to manufacturer’s instructions. Briefly, 50 ng of unamplified RNA was 

hybridized with the reporter codeset at 65°C for 18 h. Samples were spun down, nuclease 

free water was added to the samples, and then the samples were loaded into the nCounter 

cartridge. The cartridge was run on the Nanostring nCounter SPRINT Profiler 

(RRID:SCR_021712). Data was exported and analyzed using Nanostring nSolver and 

Advanced Analysis Software (RRID:SCR_021712). Normalized linear counts for all 

genes in the panel were used to graph fold changes of control and KO genes. Statistical 

analysis was performed in the Nanostring online advanced analysis differential 

expression module using the differential expression algorithm described in the advanced 



 124 

analysis manual (nCounter Advanced Analysis 2.0 User Manual, MAN-10030-03). The 

Bonferroni correction was used to correct for the high number of multiple comparisons.  

 

3.3.5 qRT-PCR analysis 

P28 mouse brains were dissected on ice in DEPC-treated PBS. Following 

dissection, total RNA was acutely isolated as described above. Samples were eluted in 

nuclease free water, and RNA concentration and purity was determined using a Nanodrop 

spectrophotometer (RRID:SCR_016517). Samples were diluted to equal concentrations 

in nuclease free water. cDNA was synthesized using a High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, 4368814). qRT-PCR was performed using 

PowerSYBR Green PCR Master Mix (Applied Biosystems, 4367659) on Quantstudio 6 

Flex System thermocycler (Applied Biosystem/Life Technologies, RRID:SCR_020239). 

Data was normalized to GAPDH loading control and then analyzed using ΔΔCt method 

normalized to GAPDH housekeeping gene. Statistical analysis performed in GraphPad 

Prism 10 software using two-tailed student’s t-test. Primer sequences are listed in 

supplemental materials (Table S1).  

 

3.3.6 Clasping 

Before testing, mice were housed in a room with a 12 h light/dark cycle with ad 

libitum access to food and water. Cages were transferred to the behavioral room 30 min 

prior to testing for habituation. Clasping behavior was assessed with methods similar to 

previously described (Guyenet et al., 2010). Briefly, mice were held by the base of the 
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tail and were video recorded as they were suspended in the air for one minute. The 

presence of a clasping phenotype was scored by an experimenter blind to the condition as 

follows: 0 - hindlimbs were consistently splayed away from the abdomen, 1 – one 

hindlimb was retracted toward the abdomen, 2 – both hindlimbs were retracted toward 

the abdomen, and 3 – both hindlimbs were retracted toward the abdomen and touched the 

abdomen. Statistical analysis performed in GraphPad Prism 10 software using Mann-

Whitney test and Log-rank (Mantel-Cox) test.  

 

3.4 Results 

 

3.4.1 Deletion of astrocytic ephrin-B1 affected expression of genes associated with 

astrocyte metabolism, calcium signaling and reactive state.  

In order to assess whether developmental deletion of astrocyte specific ephrin-B1 

alters the expression of glial genes, I performed Nanostring analysis on RNA isolated 

from brain tissues including hippocampus and CC of P28 control and KO male mice 

using the Nanostring Glial Profiling Panel. Of the 74 differentially expressed genes, 13 

were associated with astrocytes (Fig. 3.1B).  Vimentin, an intermediate filament 

expressed in astrocytes (Schnitzer et al., 1981), was significantly reduced (Fig. 3.1C, p= 

0.0106), while GFAP was unchanged (p=0.506). Genes encoding for Chil1 (p=0.0457) 

and Serpina3n (Fig. 3.1C, p=0.000191), both of which are secreted by reactive astrocytes 

(Escartin et al., 2021), were also found to be reduced in KO animals, suggesting that 

deletion of astrocytic ephrin-B1 may reduce the inflammatory response and or reactivity 
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of astrocytes. Serpina3n is a serine protease inhibitor which is secreted into the 

extracellular matrix (Escartin et al., 2021). Enzymes associated with metabolism in 

astrocytes were also affected by KO such as, Aldh1l1 (Fig. 3.1C, p= 0.0033) which was 

reduced in KO mice and Aldh1a1 (Fig. 3.1C, p= 0.00615), which was increased in KO 

mice (Anthony and Heintz, 2007; Kwak et al., 2020). The transcription factor Rfx4, 

which was shown to be enriched in astrocytes was also reduced in KO mice (Fig. 3.1C, 

0.00242). Two genes associated with calcium signaling in astrocytes, Cpne2 (Fig. 3.1C, 

p= 0.00879) and Gmp6 (Fig. 3.1C, p= 0.000642) were increased in KO animals (Creutz 

et al., 1998; Mukobata et al., 2002). The most significantly regulated gene I detected via 

Nanostring analysis was the Slc8a1 gene (Fig. 3.1C, p= 3.47E-06), encoding the NCX 

sodium-calcium exchanger (Rose et al., 2020). Although this gene is not specific to 

astrocytes and is expressed in neurons, it is also expressed in astrocytes and plays an 

important role in sodium/calcium buffering in astrocytes (Rose et al., 2020). Astrocyte 

calcium signaling has been implicated in astrocyte functions such as release of 

gliotransmitters, which could have a profound impact on neuronal function (Bazargani 

and Attwell, 2016; Goenaga et al., 2023). Interestingly I found that expression of the cell 

surface receptor Amigo-2, which is associated with A1-polarized reactive astrocytes (Kim 

et al., 2024) was significantly increased (Fig. 3.1C, p= 0.0209), while the cell surface 

receptor Fcgrt (Stamou et al., 2018) was modestly reduced (Fig. 3.1C, p= 0.0464). A full 

table of the statistical analysis and levels of all genes assayed via Nanostring analysis can 

be found in the supplementary materials (Extended Data Table 1). 
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3.4.2 Developmental deletion of ephrin-B1 in astrocytes impairs expression of 

oligodendrocyte- and myelin-associated genes.  

Nanostring analysis revealed that deletion of astrocytic ephrin-B1 during the P14-

P28 developmental period also affected expression of a significant number of 

oligodendrocyte- and myelin-associated genes. I observed a broad downregulation of 

genes associated with oligodendrocyte differentiation, myelination, and lipid metabolism 

(Fig. 3.2B-D). mRNA levels of several transcription factors implicated in 

oligodendrocyte differentiation were reduced in KO mice, including Sox10 and Dlx1 

(Fig. 3.2B, Sox10: p= 0.000113; Dlx1: p= 0.0352), suggesting a possible reduction in 

oligodendrocytes or impaired oligodendrocyte maturation in KO mice (Stolt et al., 2002; 

Petryniak et al., 2007; Pozniak et al., 2010; Kuhn et al., 2019). I found that genes 

encoding the major protein components of the myelin sheath including myelin basic 

protein (MBP) and proteolipid protein 1 (Plp1) (Kuhn et al., 2019) were also significantly 

reduced in KO mice (Fig. 3.2C,  MBP:  p= 0.00327; Plp1: p= 0.00115). Furthermore, I 

detected a reduced mRNA expression of genes involved in lipid metabolism in KO mice 

(Fig. 3.2D). Of particular interest, I found reduced Ugt8a and Fa2h mRNA levels (Fig. 

3.2D, Ugt8a: p= 0.00877; Fa2h: p= 0.000862), encoding the enzymes involved in 

sphingolipid synthesis, which are abundant in the myelin sheath (Coetzee et al., 1998; 

Marcus et al., 2000; Maldonado et al., 2008; Eckhardt, 2023). The reduction in genes 

encoding the components of the myelin sheath and enzymes regulating lipid metabolism 

may suggest that myelination is likely impaired following deletion of astrocytic ephrin-

B1. Interestingly, I found that expression of connexin-32 (Cx32), a connexin found in 
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oligodendrocytes and involved in coupling oligodendrocytes and astrocytes (Altevogt and 

Paul, 2004; Kleopa et al., 2004; Kamasawa et al., 2005; Stadelmann et al., 2019), was 

also downregulated in KO mice (Fig. 3.2E, p= 0.00151). I further investigated the levels 

of two connexins expressed in astrocytes, Cx30, which forms gap junctions with 

oligodendrocyte Cx32 (Altevogt and Paul, 2004; Kleopa et al., 2004; Kamasawa et al., 

2005), and Cx43 using qRT-PCR and found that KO mice showed reduced levels of 

Cx30 (Fig. 3.2E, Extended Data Table 2; t-test, t(4)=2.980, p=0.0407), but not Cx43 (Fig. 

3.2E, Extended Data Table 2; t-test, t(4)=1.005, p=0.3719). Reduced mRNA levels of 

Cx32 and Cx30 in KO mice could indicate impaired astrocyte-oligodendrocyte 

communication.  

 

3.4.3 Loss of astrocytic ephrin-B1 impaired myelination and reduced the number of 

oligodendrocytes in the CC but not the hippocampus.  

Because I found such marked reductions in nearly all oligodendrocyte- and 

myelin-related genes assessed via nanostring, I next assessed whether myelination or 

oligodendrocyte development was impaired by developmental deletion of astrocytic 

ephrin-B1. To analyze myelin levels , I performed immunolabeling against MBP, one of 

the main proteins of the myelin sheath (Stadelmann et al., 2019), and analyzed the 

fluorescence intensity in both the CC and the CA1 hippocampus of CON and KO mice. I 

found reduced MBP fluorescence intensity in the CC (Fig. 3.3B, Extended Data; t-test, 

t(6)=3.197, p= 0.0187) but not the CA1 hippocampus of KO mice (Fig. 3.3E, Extended 

Data; t-test, t(6)=0.6161, p=0.5605). The reduced MBP intensity in the CC indicates that 
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KO mice show impaired myelination. The overall MBP immunolabeling was much lower 

in the hippocampus than the CC, most likely contributing to our inability to detect any 

differences between CON and KO mice. Next, I analyzed whether there were any 

differences in the oligodendrocyte development. I visualized Olig2 positive (+) 

oligodendrocytes using immunofluorescence labeling and counted the number of Olig2+ 

cells in the CC and CA1 hippocampus of CON and KO mice. Developmental deletion of 

astrocytic ephrin-B1 significantly reduced the number of Olig2+ cells in the CC (Fig. 

3.3C, Extended Data; t-test, t(14)=3.656, p= 0.0026), and resulted in a trend towards 

reduced numbers in the hippocampus (Fig. 3.3F, Extended Data; t-test, t(29)=1.764, 

p=0.0883). My results suggest that oligodendrocyte maturation or survival is impaired in 

KO mice, leading to the deficits in myelination.   

 

3.4.4 Astrocytic ephrin-B1 KO mice exhibit a clasping phenotype.  

In order to determine whether the observed reduction in oligodendrocytes and 

myelin expression resulted in functional impairments in vivo, I subjected P28 CON and 

KO mice to a clasping test. A clasping phenotype where mice retract their hindlimbs 

toward the abdomen when suspended by the tail, has been observed in mouse models of 

EAE and the presence of a clasping phenotype can be a sign of decreased motor strength 

due to hypomyelination or demyelination (Cahill et al., 2019; Bhaskaran et al., 2023). I 

found that developmental deletion of astrocytic ephrin-B1 resulted in a clasping 

phenotype that was significantly increased compared to controls at all time points 

assessed (Fig 3.4A-C, Extended Data; t= 10 s: Mann-Whitney test, DoF= 29, p= 0.0066; 
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t= 30 s: Mann-Whitney test, DoF= 29, p= 0.0008; t= 60 s: Mann-Whitney test, DoF= 29, 

p= 0.0065). Indeed, KO mice showed an increased probability of developing the clasping 

phenotype over the course of the test compared to controls (Fig 3.4D, Extended Data; 

Log-rank test, p= 0.0048). The presence of the clasping phenotype in KO mice suggests 

reduced motor strength most likely as a result of the observed deficits in oligodendrocyte 

development and myelination.  

 

3.5 Discussion 

 

Here I provide new evidence that astrocytes regulate oligodendrocyte 

development and myelination during development through ephrin-B1 signaling. My 

study reports that the astrocyte-specific deletion of ephrin-B1 during P14-P28 

developmental period leads to (1) dysregulation of both astrocyte- and oligodendrocyte-

related genes; (2) impaired oligodendrocyte development and myelination; (3) clasping 

phenotype, indicative of reduced motor strength.  

I found that developmental deletion of astrocytic ephrin-B1 led to dysregulated 

expression of several genes associated with reactive astrocytosis (Fig. 3.1B-C). Of 

particular interest, genes encoding proteins secreted by reactive astrocytes, Chil1 and 

Serpina3n, were found to be significantly reduced in KO animals (Fig. 3.1C). Chil1 

(Chi3l1, YKL-40) plays a role in cell growth, proliferation, and survival, inflammatory 

response, as well as regulating synthesis and degradation of the extracellular matrix 

through inhibiting type 1 collagen and hyaluronic acid degradation and regulating the 
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activity of MMPs (Zhao et al., 2020). Increased levels of Chi3l1 in the cerebrospinal fluid 

(CSF) have been observed in Alzheimer’s disease (AD) and multiple sclerosis (MS) 

(Craig-Schapiro et al., 2010; Floro et al., 2022). Recently, Chi3l1 overexpression was 

shown to reduce hippocampal neurogenesis and impair hippocampal dependent learning 

in mice (Jiang et al. 2023), while knockdown in astrocytes increased phagocytosis of 

pHrodo beads and Aβ42 peptides in culture (Lananna et al., 2020). Serpina3n has been 

shown to be increased in many neuroinflammatory contexts, including AD, stroke, TBI, 

and TLE (Norton et al., 2021; Ma et al., 2022; Zhang et al., 2022; Liu et al., 2023). 

Serpina3n was found to be upregulated following the kainate (KA)-induced seizure 

model and was shown to mediate immune responses in astrocytes (Liu et al., 2023). 

While its overexpression increased expression of multiple cytokines, silencing of 

Serpina3n reduced cytokine expression and NFκB signaling (Liu et al., 2023). 

Dysregulation of these genes may suggest that astrocyte reactivity and immune response 

are altered in ephrin-B1 KO mice. 

Additionally, I observed that genes associated with calcium signaling in 

astrocytes were significantly upregulated, such as Gpm6a and Cpne2 (Fig. 3.1C). In 

neurons, Gpm6a has been implicated in NGF-mediated Ca2+ influx (Mukobata et al., 

2002). In addition, Gpm6a was shown to bind to many synaptic proteins, and of interest 

to this study, was also found to bind to Plp, one of the major myelin proteins (Aparicio et 

al., 2020). Gpm6a expression has been detected in subsets of astrocytes in a mouse model 

of TBI, however the function of Gpm6a remains to be explored (Choi et al., 2013). 

Interestingly, the most significantly regulated gene I detected via Nanostring analysis was 
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the Slc8a1 gene (Fig. 3.1C), encoding NCX sodium-calcium exchanger. Expression of 

this transporter in astrocytes is hypothesized to convert sodium transients induced by 

excitatory neuronal activity into astrocyte calcium signals through reverse transport of 

calcium through the exchanger (Rose et al., 2020). The increased expression of Slc8a1 in 

KO animals, therefore, could suggest that astrocytes are more responsive to excitatory 

neuronal activity and are able to initiate calcium signaling in response to more modest 

neuronal activity. Astrocyte calcium signaling is also known to induce the release of 

gliotransmitters such as D-serine, adenosine, ATP, and GABA, therefore alterations in 

astrocyte calcium signaling could have profound effects on neurotransmission and 

neuronal excitability (Bazargani and Attwell, 2016; Goenaga et al., 2023).   

Most importantly, I found that genes associated with oligodendrocyte 

development, myelination, and lipid metabolism were all significantly decreased in KO 

animals (Fig. 3.2B-D). For example, mRNA levels of Dlx1, a negative regulator of 

oligodendroglial versus neuronal specification during development (Petryniak et al., 

2007) were reduced in KO mice (Fig. 3.2B). Furthermore, mRNA levels of Sox10, one of 

the major drivers of oligodendrocyte differentiation and a transcription factor required for 

oligodendrocytes to acquire a myelinating phenotype was also significantly reduced in 

KO animals (Fig. 3.2B) (Stolt et al., 2002; Pozniak et al., 2010; Kuhn et al., 2019), 

suggesting that oligodendrocyte development was altered in KO mice. Only mature 

oligodendrocytes acquire the ability to myelinate axons and begin expressing myelin 

proteins such as Plp, MBP, MAG, and Mog, therefore the reduced mRNA levels of all of 

these genes also suggest impaired oligodendrocyte maturation in KO mice as well as 



 133 

reduced myelination (Kuhn et al. 2019). I also detected decreases in several genes 

associated with lipid metabolism (Fig. 3.2D), including cholesterol, ceramide, and 

sphingolipid metabolism, all of which are major components of the myelin sheath 

(Coetzee et al., 1998; Marcus et al., 2000; Maldonado et al., 2008; Chrast et al., 2011; 

Stadelmann et al., 2019; Poitelon et al., 2020; Ho et al., 2022; Eckhardt, 2023). 

Altogether, Nanostring mRNA analysis revealed marked downregulation of many 

oligodendrocyte, myelin, and lipid metabolism genes in KO animals, which suggests a 

supportive role for astrocytic ephrin-B1 in oligodendrocyte development and myelination 

during development.  

To address whether the changes in oligodendrocyte and myelin related genes 

resulted in changes in oligodendrocyte development or myelination at the protein level, I 

used immunofluorescence staining to detect the number of oligodendrocytes and the 

MBP levels in the corpus callosum, one of the largest white matter tracts in the brain, and 

the hippocampus (Fig. 3.3). In support of my gene expression data, I found that both the 

number of oligodendrocytes and the MBP levels were reduced in the CC of KO mice 

(Fig. 3.3A-C), supporting the mRNA changes detected by Nanostring analysis and 

suggesting that oligodendrocyte development and myelination were impaired in KO 

mice. The changes were less robust in the hippocampus possibly due to the fact that there 

were fewer oligodendrocytes in the hippocampus than the CC. The data supports that 

astrocytic ephrin-B1 regulates oligodendrocyte development and myelination during the 

P14-P28 developmental period. To test if the observed deficits in oligodendrocyte 

numbers and myelination resulted in functional impairments in vivo, I tested whether KO 
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mice exhibited a clasping phenotype, indicative of reduced motor strength due to 

impaired myelination. Indeed, developmental deletion of astrocytic ephrin-B1 resulted in 

an increase in clasping behavior (Fig. 3.4). Previous studies showed that demyelination 

induced by EAE and Sod2 deletion in motor neurons resulted in clasping behavior, 

suggesting that the observed clasping phenotype can be attributed to poor myelination 

(Cahill et al., 2019; Bhaskaran et al., 2023). 

Astrocytes and oligodendrocytes are functionally coupled through pairs of 

connexin (Cx) gap junction proteins, allowing for electrical coupling, spatial buffering, 

and transfer of metabolites between the cells (Stadelmann et al., 2019). Astrocytes 

express Cx30 and Cx43, while oligodendrocytes express Cx47 and Cx32 and astrocyte-

oligodendrocyte gap junctions are composed of Cx47/Cx43 or Cx32/Cx30 pairs, where 

Cx32/30 channels are localized to the outer layer of myelin sheaths, while Cx47/Cx43 

channels are more often localized to oligodendrocyte somata (Altevogt and Paul, 2004; 

Kleopa et al., 2004; Kamasawa et al., 2005; Stadelmann et al., 2019). Interestingly, 

Nanostring analysis revealed that mRNA levels of Cx-32 were reduced in KO animals 

(Fig. 3.2E). Further qPCR analysis revealed that mRNA levels of the partner for Cx32 

expressed on astrocytes, Cx30, was also significantly reduced in KO animals (Fig. 3.2E). 

However, mRNA levels of Cx43 were not affected by developmental deletion of 

astrocytic ephrin-B1 (Fig. 3.2E). These findings are intriguing because they suggest that 

impaired astrocyte-oligodendrocyte communication likely occurs at the myelin sheath but 

not necessarily at the oligodendrocyte soma in our model. Other groups showed that 

double deletion of Cx47/Cx30 impaired myelin formation and resulted in thinner myelin 
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sheaths (Tress et al. 2012; Menichella et al. 2003), therefore downregulation of Cx32/30 

in KO mice could explain the observed impairments in myelination. It was also shown 

that lipid synthesis in astrocytes is required for proper myelination (Camargo et al., 2017) 

and that cholesterol transfer from astrocytes to oligodendrocytes regulates 

oligodendrocyte survival and remyelination (Molina-Gonzalez et al., 2023). Since gap 

junctions allow for metabolite transfer between astrocytes and oligodendrocytes, it is 

conceivable that the observed impairments in myelination and lipid metabolism in KO 

animals can be at least partially explained by the downregulation of Cx32 and Cx30. 

Future studies should address whether impaired coupling between astrocytes and 

oligodendrocytes is responsible for the observed deficits and if restoring levels of Cx32 

in oligodendrocytes and/or Cx30 in astrocytes would improve astrocyte-oligodendrocyte 

communication and rescue the deficits in oligodendrocyte development and myelination 

in KO mice.  

My study shows for the first time that astrocytes contribute to oligodendrocyte 

development and myelination through ephrin-B1 signaling. Deletion of astrocytic ephrin-

B1 reduced gene expression levels of genes associated with oligodendrocyte 

development, myelin, and lipid metabolism, led to reduced numbers of oligodendrocytes 

and reduced levels of myelination, resulting in a clasping phenotype. Future studies can 

address whether impaired ephrin-B1 expression in astrocytes is associated with 

demyelinating diseases such as MS. Astrocytic ephrin-B1 may be an important 

therapeutic target to promote remyelination and oligodendrocyte survival in 

demyelinating diseases. 
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Figure 3.1: Deletion of astrocytic ephrin-B1 alters astrocyte-associated gene 

expression. A) Graphic depicts the astrocyte specific ephrin-B1 knockout (KO) model 

and experimental timeline. B) Graph shows the number of differentially expressed genes 

by category. Glial genes including astrocytes, oligodendrocytes, and microglia as well as 

myelin and lipid metabolism associated genes showed many significant differences 

following deletion of astrocytic ephrin-B1 KO. C) Graphs show mRNA levels astrocyte-

associated genes which were differentially expressed following astrocytic ephrin-B1 KO 

(n=4 mice/group t-test, *p<0.05, **p<0.01, ***p<0.001).  
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Figure 3.2: Astrocytic ephrin-B1 KO impairs gene expression of oligodendrocyte- 

and myelin-associated genes. A) Heatmap of gene expression of oligodendrocyte-

associated genes in control (CON) and KO animals, generated from Nanostring gene 

expression analysis. B) Graphs show mRNA levels of genes associated with 

oligodendrocyte differentiation in CON and KO animals (n=3-4 mice/group, *p<0.05, 

****p<0.0001). KO mice showed significant reductions in many oligodendrocyte related 

genes. C) Graphs show mRNA levels of myelin associated genes in CON and KO 

animals (n=4 mice/group, *p<0.05, **p<0.01). Myelin-associated gene expression was 

significantly reduced in KO animals. D) Graphs show mRNA levels of genes associated 

with lipid metabolism in CON and KO animals (n=4 mice/group t-test, *p<0.05, 

**p<0.01). Genes associated with lipid metabolism were also reduced following 

astrocytic ephrin-B1 KO. E) Graph shows mRNA expression of connexin genes, in CON 

and KO animals (n=3-4 mice/group t-test, **p<0.01). All data are represented as mean ± 

SEM.  
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Figure 3.3: Loss of astrocytic ephrin-B1 impaired myelination and reduced the 

number of oligodendrocytes in the corpus callosum but not the hippocampus. A) 

Confocal images of brain slices showing MBP (red), Olig2 (green), and Dapi (blue) 

immunolabeling in the corpus callosum of CON and KO mice. Scale bar, 100 μm (left) or 

50 μm (right). B) Graph shows the mean fluorescence intensity of MBP in the corpus 

callosum. KO mice showed reduced intensity of MBP compared to controls (n=4 mice 

per group, 8 images per group, t-test, *p<0.05). C) Graph shows the average number of 

Olig2+ oligodendrocytes per image of the corpus callosum of CON and KO mice. The 

number of Olig2+ oligodendrocytes was reduced in KO mice compared to CON (n=4 

mice per group, 8 images per group, t-test, **p<0.001). D) Confocal images of brain 

slices depicting MBP (red), Olig2 (green), and Dapi (blue) immunolabeling in the CA1 

hippocampus of CON and KO mice. Scale bar, 100 μm (left) or 50 μm (right). E) Graph 

shows the mean fluorescence intensity of MBP in the CA1 hippocampus. MBP intensity 

levels were unchanged in KO mice compared to controls (n=4 mice per group, 16 images 

per group, t-test). F) Graph shows the average number of Olig2+ oligodendrocytes per 

image of the CA1 hippocampus of CON and KO mice. There was a non-significant trend 

towards a reduced density of Olig2+ oligodendrocytes in KO hippocampi compared to 

control hippocampi (n=4 mice per group, 15-16 images per group, t-test, p= 0.0883). All 

data are represented as mean ± SEM.  
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Figure 3.4: Astrocytic ephrin-B1 KO mice show a clasping phenotype. A) Graph 

shows the mean clasping score at time (t)=10 s during the clasping test (n=10-21 mice per 

group, Mann-Whitney test, **p<0.001). B) Graph shows the mean clasping score at t=30 

s during the clasping test (n=10-21 mice per group, Mann-Whitney test, ***p<0.0001). 

C) Graph shows the mean clasping score at time (t)=60 s during the clasping test (n=10-

21 mice per group, Mann-Whitney test, **p<0.001). KO mice exhibit a significant 

increase in the clasping phenotype at all three time points assessed compared to CON. D) 

Graph shows the probability of developing a clasping phenotype over the course of the 

test. KO mice exhibited a significantly increased chance of developing a clasping 

phenotype over the course of the test compared to CON mice (n=10-21 mice per group, 

Log-rank test, **p<0.001).  
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Supplemental Materials for Chapter Three 
 
 

 
Supplemental Table S3.1: Primers sequences used for qRT-PCR analysis. 
 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Forward Primer Reverse Primer 

Connexin 43 
(Gja1) 5′-GTGCCGGCTTCACTTTCATT-3′ 5′-CGTGGAGTAGGCTTGGACCTT-3′ 

Connexin 30 
(Gjb6) 5′-GCAGAGGGATTTTGCAGTGACT-3′ 5′- TGTTCACGCCACCGATGA-3′ 
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CHAPTER FOUR 

Conclusions and Future Directions 
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The work in this dissertation defines a novel mechanism by which astrocytes 

regulate PV inhibitory synapse development in the CA1 hippocampus and identifies 

EphB as a negative regulator of PV->PC connectivity during development. Additionally, 

a newfound role for astrocytic ephrin-B1 in oligodendrocyte development and 

myelination was discovered. In chapter two, I identified that astrocytic ephrin-B1 

positively regulates the establishment of both structural and functional connections 

between PV and PC cells. Overexpression of ephrin-B1 in hippocampal astrocytes during 

the P14-P28 developmental period using AAV viral vector delivery approach enhanced 

the magnitude of the postsynaptic responses at PV->PC synapses and enhanced the 

number of PV presynaptic sites in the SP layer of the hippocampus. Developmental 

deletion of astrocytic ephrin-B1 reduced the number of structural PV presynaptic sites in 

the same area and analysis of PV synapse number on specific compartments of PCs 

revealed that perisomatic inhibitory synapses and synapses on SO dendrites were 

specifically reduced. Furthermore, I determined that these effects were specific to PV-

>PC synapses as deletion of astrocytic ephrin-B1 did not affect CCK->PC connectivity.  

Decreased innervation of PCs by PV interneurons led to impaired inhibition in vivo as 

evidenced by an increased susceptibility to PTZ induced seizure and behavioral changes 

in KO mice.  

I determined that astrocytic ephrin-B1 controls PV->PC connectivity through 

regulating its receptor, EphB, in PV boutons but not in PV somata. First, I found that 

overexpression of astrocytic ephrin-B1 reduced the localization of EphB in PV boutons, 

but deletion increased the localization of the EphB receptor to PV boutons. Interestingly, 
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the localization of EphB within PV somata was not affected by levels of astrocytic 

ephrin-B1. Because the levels of EphB receptor within PV boutons seemed to be 

inversely correlated with levels of PV->PC innervation, I hypothesized that EphB in PV 

boutons negatively regulates the establishment of PV->PC connections. To confirm this 

hypothesis, a mouse model where EphB2 was deleted specifically in PV expressing 

interneurons was generated. I found that removal of EphB2 from PV boutons was indeed 

sufficient to boost the levels of PV->PC structural and functional connectivity. I also 

found that removal of EphB2 increased the expression of PV in PV interneurons, 

suggesting that EphB2 deletion enhanced PV interneuron maturation or activity.  

To determine if astrocytic ephrin-B1 does indeed regulate PV->PC connectivity 

through manipulating the levels of EphB receptor in PV boutons, I overexpressed 

astrocytic ephrin-B1 in mice lacking EphB2 in PV interneurons, which I expected would 

not lead to further enhancement of PV->PC connectivity if my hypothesis was correct. In 

line with my hypothesis, I found that overexpression of astrocytic ephrin-B1 in mice 

lacking EphB2 in PV interneurons did not increase PV->PC structural or functional 

connectivity. Overall, the findings are consistent with my hypothesis that astrocytic 

ephrin-B1 facilitates the formation of PV->PC connections through negatively regulating 

the localization of the EphB receptor within PV boutons. Therefore, the findings reported 

in this dissertation elucidate a novel mechanism by which astrocytes regulate the 

establishment of PV->PC synapses and present a unique finding that EphB receptors are 

involved in establishing inhibitory connections through providing a repulsive interaction 

that limits inhibitory synapse number.     
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In this study, I analyzed PV structural synapses using PV/VGAT staining adjacent 

to excitatory cell somata and proximal dendrites in the SO, allowing me to quantify 

perisomatic structural synapses by presumed PV basket cells. I also analyzed PV 

presynaptic sites in the SP using PV/VGAT staining. This analysis was used to quantify 

perisomatic innervation but likely also captured some innervation on the axon initial 

segment (AIS) of PCs by PV expressing chandelier cells. Future studies should address 

whether astrocytic ephrin-B1 regulates both perisomatic and AIS innervation.  

Furthermore, PV expression is activity dependent and therefore my findings may reflect 

changes in the expression of PV and not necessarily changes in PV synapses. Future 

work may try to parse out these differences using alternative strategies to label PV 

interneurons or synapses such as using Syt-2 immunostaining to identify PV presynaptic 

sites.  

In addition, our studies thus far have only investigated the effects of astrocytic 

ephrin-B1 on inhibitory postsynaptic responses but have not investigated the effects on 

PV interneuron physiology. Future studies may analyze the excitability, connectivity, and 

intrinsic properties of PV interneurons following overexpression of astrocytic ephrin-B1 

or deletion of EphB2 in PV interneurons using whole cell recordings of PV cells to 

determine if these manipulations also affect PV interneuron physiology. Additionally, I 

observed a trend towards enhanced oeIPSC amplitudes in astrocytic ephrin-B1 OE mice 

lacking EphB2 in PV interneurons, which suggests that other EphB receptors besides 

EphB2 might play a role in PV->PC functional connectivity. Future studies should 

examine the role of other EphB receptors, particularly EphB1 receptor, in PV->PC 
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connectivity. Finally, as EphB2 has been identified as a candidate risk gene for ASD, and 

I observed that deletion of astrocytic ephrin-B1 increased susceptibility to seizures and 

resulted in behavioral phenotypes reminiscent of ASD phenotypes, future studies can 

address whether aberrant EphB2 signaling in PV interneurons underlies the development 

of pathological ASD phenotypes or drives neuronal hyperexcitability in other NDDs such 

as schizophrenia or epilepsy. 

In chapter three, I used Nanostring gene expression analysis to analyze 

hippocampal gene expression changes following developmental deletion of astrocytic 

ephrin-B1. I identified several genes enriched in astrocytes which were dysregulated, 

including genes associated with calcium signaling in astrocytes, astrocyte-secreted 

proteins, astrocyte metabolism, transcription factors, and cell surface proteins. This was 

the first analysis of hippocampal gene expression changes following developmental 

deletion of astrocytic ephrin-B1, and therefore this screen elucidated biological processes 

in astrocytes which may be regulated by astrocytic ephrin-B1 signaling. My screen seems 

to suggest that astrocytes may sense and respond to their environment differently 

following loss of ephrin-B1, as genes associated with calcium signaling, cell surface 

proteins, and secreted proteins were affected.  Future work should address whether 

deletion of astrocytic ephrin-B1 impairs astrocyte calcium signaling or release of secreted 

proteins or gliotransmitters. Furthermore, an analysis of the astrocyte specific 

transcriptional profile following deletion and/or overexpression of astrocytic ephrin-B1, 

perhaps using single cell sequencing, would improve the granularity of my study and 

allow us to identify astrocyte gene expression changes more specifically.  
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I also made the unexpected discovery that many genes associated with 

oligodendrocyte development, myelination, and lipid metabolism were broadly 

downregulated in mice lacking astrocytic ephrin-B1. Using immunofluorescence staining, 

I confirmed that MBP immunofluorescence intensity was reduced in the CC of KO mice. 

I also found that there were reduced numbers of Olig2 positive oligodendrocytes in the 

CC of KO mice, confirming that the gene expression changes were maintained at the 

protein level in vivo. However, I did not detect differences in MBP in the hippocampus, 

although there was a trend towards reduced numbers of oligodendrocytes in the 

hippocampus of KO mice. Deficiencies in myelination and oligodendrocyte development 

in the CC led to the development of a clasping phenotype in KO mice.  

Future work should determine the mechanism leading to deficits in myelination 

and oligodendrocyte development in KO mice. I hypothesize that the differences are 

likely due to impaired astrocyte-oligodendrocyte communication as I detected reduced 

levels of both Cx32 and Cx30 in KO mice. Future work should test whether impairments 

in astrocyte-oligodendrocyte coupling exist in KO mice and if they are responsible for the 

observed deficits in myelination and oligodendrocyte development. Additionally, it 

should be tested if restoring Cx32/Cx30 levels in KO mice can rescue the observed 

phenotypes.    

In summary, the work in this dissertation highlights the critical role of astrocytic 

ephrin-B1 in regulating both glial-glial and glial-neuronal interactions during 

development. First, I elucidated a novel mechanism by which astrocytes regulate the 

establishment of PV->PC connections. My work shows that EphB2 expression in PV 
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interneurons adversely affects inhibitory synapse development, and astrocytic ephrin-B1 

positively regulates the establishment of PV->PC connections by interfering with EphB 

receptor signaling in PV boutons. As impaired inhibition is suggested to underlie the 

development of neuronal hyperactivity in NDDS and EphB2 receptor itself is also 

implicated in the pathogenesis of ASD, my work not only addresses critical gaps in our 

understanding, but also possesses clinical relevance as ephrin-B/EphB2 signaling in PV 

interneurons may be a promising therapeutic target to correct inhibitory circuit 

dysfunction in NDDs. Next, I demonstrated for the first time that astrocytes contribute to 

oligodendrocyte development and myelination through ephrin-B1 signaling. These 

findings suggest that astrocytic ephrin-B1 may be a novel therapeutic target to promote 

remyelination and oligodendrocyte survival in demyelinating diseases. Taken together, 

the role of ephrin-B1 signaling in astrocytes seems to be as diverse as the functions of 

astrocytes themselves, and investigation into the effects of astrocytic ephrin-B1 signaling 

presents exciting opportunities for developing therapeutics for a wide range of 

neurodevelopmental diseases.  

 

 

 

 

 

 

 




