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ABSTRACT OF THE DISSERTATION
The Role of Astrocyte Specific Regulation of Ephrin-B1 in Refining Hippocampal
Circuits During Memory Formation
by
Jordan Adam Koeppen
Doctor of Philosophy, Graduate Program in
Cell, Molecular, and Development Biology
University of California, Riverside, December 2018
Dr. Iryna M. Ethell, Chairperson
The hippocampus is a region of the brain required for associative memory formation, and
hippocampal neurons retain a high level of synaptic plasticity in the adult that is thought
to contribute to life-long learning in adults. Astrocytes play a critical role in synaptic
plasticity and maintenance in the adult hippocampus and astrocyte dysfunctions are
implicated in neurodevelopmental disorders associated with impaired learning and
memory. In addition, many astrocyte-secreted factors are found to promote
synaptogenesis and synaptic maturation, the close proximity of astrocytic processes to
synapses suggests contact mediated factors contribute to synapse dynamics. This research
investigates the role of astrocytic ephrin-B1 regulation in CA1 hippocampal synapses
during memory formation. EphB receptors are expressed in both presynaptic CA1 and
postsynaptic CA1 neurons, and trans-synaptic Eph/ephrin interactions have been shown
to promote synaptic maturation by the clustering and recruitment of synaptic NMDA and
AMPA receptors. These studies indicate that astrocytic ephrin-B1 mediates the
elimination of immature hippocampal synapses possibly through competitive binding
with neuronal EphB receptors triggering the trans-phagocytosis of synapses inhibiting
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memory formation. Ablation of astrocytic ephrin-B1 increased the number of immature
glutamatergic synapses in the SR of the CA1 hippocampus. In contrast, overexpression of
ephrin-B1 decreased synapse number and remaining synapses were more mature than
tdTomato expressing WT mice. Excess immature synapses in KO mice contributed to
enhanced contextual recall by activity dependent maturation. KO mice had a significant
increase in vGlut1/PSD95 co-localization after fear conditioning and deficits in synaptic
AMPAR found in naive mice were no longer seen after fear conditioning. In addition, OE
mice had deficits in contextual recall. Diminished recall may be attributed to a reduction
in synaptic connection after fear conditioning, as OE of astrocytic ephrin-B1 also
inhibited activity dependent dendritic spine formation. Activity dependent AMPAR
recruitment is also not observed in OE mice possibly due to a lack of immature synapses
available for maturation prior to fear conditioning. /n vitro studies suggest astrocytes
eliminate synapses by trans-phagocytosis induced by neuronal EphB stimulated

activation of ephrin-B1 reverse signaling.
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Chapter 1 — Introduction

Investigation of astrocytes role in the formation, maturation, and elimination of
synapses has become a growing area of research in recent decades. Despite increased
interest, research into astrocyte-synapse interactions is still in its infancy and many
synaptic regulatory mechanisms by astrocytes are still unclear. I propose a new role for

astrocytic ephrin-B1 in regulating CA1 hippocampal neurons during memory formation.

Astrocytes

Astrocytes are the most abundant cell type in the central nervous system and
are highly heterogeneous. They are highly branched structures that form fine processes
which may contact blood vessels, neighboring astrocytes, or surround the synaptic cleft
(Oberheim et al., 2009). Protoplasmic astrocytes in the rat CA1 hippocampus occupy
discrete regions and contact each other through processes at distinct boundaries (Bushong
et al., 2002). Within these regions a single astrocyte may contact thousands of synapses.
Astrocytes in the mouse cortex are estimated to contact around 100,000 synapses
(Bushong et al., 2002) and as much as 2,000,000 in humans (Oberheim et al., 2009;
Allen and Eroglu, 2017). The close interactions between astrocytic processes and
synapses allow astrocytes to have significant influence on synaptic development and
maintenance.

Recently, astrocyte dysfunction has been implicated in synapse pathologies
associated with intellectual disabilities and learning impairments (Lioy ef al., 2011;

Ballas et al., 2009; Higashimori et al., 2016) . Deletion of methyl-CpG—binding protein 2



(MeCP2) from neural stem/ progenitor cells has been used as a model for Retts syndrome
(RTT) in the mouse. Interestingly wild type (WT) neurons treated with astrocyte
conditioned media (ACM) from MeCP2™" astrocytes had an increase in the number of
neurons with short dendrites compare to WT ACM treated neurons (Ballas et al., 2009).
Restoring expression of MeCP2 in astrocytes also recovered behavioral deficits seen in
KO mice (Lioy et al., 2011). In addition, deletion of Fragile X mental retardation protein
(FMRP) from astrocytes co-cultured with WT neurons lead to morphological difference
in neurons and an increase in pre and post-synaptic protein co-localization. However, by
21 days in vitro (DIV) astrocyte specific FMRP KO co-cultures showed no differences in
morphology or protein co-localization compared to WT cultures. (Jacobs, Nathwani and
Doering, 2010). Astrocyte specific deletion of FMRP in P4 mice had a decrease in Glt1
expression levels leading to a decrease in glutamate uptake. This decrease corresponded
to an increase in dendritic spine density in the cortex (Higashimori ef al., 2016). The
evidence for astrocytes contributing to synapse pathologies is not surprising given recent
evidence for astrocytes contributions to synapse dynamics.

Astrocytes are shown to regulate synaptic function through the release and
uptake of neurotransmitters ATP, D-Serine, and glutamate at the synapse (Bezzi et al.,
1998; Zhang et al., 2003; Stellwagen and Malenka, 2006; Henneberger ef al., 2010). In
addition to modulating synaptic neurotransmitter levels, astrocytes influence the
formation and maturation of synapses. Early work on astrocytes role in synaptogenesis

found isolated retinal ganglion cells (RGCs) cultured with astrocytes had a greater



number of pre- and postsynaptic sites compared to neurons in the absence of astrocytes
(Ullian et al., 2001).

It was later found that astrocyte secreted factors play a role in promoting
synaptogenesis. Retinal ganglion cells (RGCs) cultured in the absence of astrocytes but
treated with astrocyte conditioned media (ACM) had an increase in synaptic number
(Christopherson ef al., 2005). Isolated Thrombospondin-1 (TSP-1) from ACM was found
to promote synaptogenesis in RGCs by binding to neuronal Gabapentin receptor a25-1
(Christopherson et al., 2005; Eroglu et al., 2009). In addition to synaptogenic effects,
astrocyte derived secreted factors can promote synaptic maturation. Astrocytes increased
synaptic receptivity in embryonic RGCs by disrupting neuronal neurexinl 3 localization
(Barker et al., 2008) and astrocyte derived Glypican 4 increased mEPSCs in cultured
RGCs by increasing the localization of the AMPAR subunit GluA1 to the synaptic
membrane (Allen ef al., 2012). TNFa was also found to increase recruitment of AMPAR
to the synaptic surface (Beattie, 2002). Astrocytic factors may also have opposing
biological functions. Astrocyte derived Hevin increases synaptogenesis in cultured
RGCs, but astrocyte secreted SPARC antagonizes Hevin function (Kucukdereli ef al.,
2011). Loss of SPARC also increased synaptic AMPAR and SPARC KO mice showd
deficits in synaptic placticity (Jones et al., 2011).

Although astrocyte secreted factors clearly have a role in the formation of
mature synapses, the proximity of astrocytic processes with presynaptic boutons and
dendritic spines suggest contact mediated factor influence synaptogenesis and synaptic

maturation (Araque et al., 1999). Interestingly, RGCs treated with ACM had fewer



synapses than neurons in direct contact with astrocytes (Christopherson et al., 2005).
Contact mediated signaling through integrins was found to increase the number of
synapses on cultured hippocampal neurons (Hama et al., 2004) and y-Protocadherins
increased synaptic number through a contact dependent signal (Garrett and Weiner,
2009). In addition to synaptogenesis there is increasing evidence that astrocytes are
involved in synapse elimination.

Astrocytes are implicated in pruning and clearing unwanted axons and
synapses during synapse development (J. Lauterbach and Klein, 2006; Eroglu and Barres,
2010; Caberoy et al., 2012; Chung et al., 2013; Schafer, Lehrman and Stevens, 2013),
allowing for increased efficiency of neuronal transmission and refinement of functional
circuits (Luo and O’Leary, 2005; Cowan et al., 1984). Electron microscopy studies
revealed possible trans-endocytosis between hippocampal neurons and astrocytes
(Spacek, 2004). Astrocytes have also been shown to use multiple EGF like domains 10
(MEGF10) and proto-oncogene tyrosine-protein kinase MER (MERTK) signaling
pathways to prune synapses in adult CNS through phagocytosis (Chung et al., 2013).
Despite evidence for synaptic pruning, an “eat me” signal from neurons that initiates
synapse elimination by astrocytes is unknown. Our research investigates astrocytic
ephrin-B1 and neuronal EphB receptors as a possible contact mediated “eat me” signal

for synapse elimination by trans-endocytosis.



Eph/ephrins

Eph Receptors are the largest family of receptor tyrosine kinases, and can be
subdivided into A and B-type Eph receptors (Egea and Klein, 2007). In mammals, nine
EphA receptors (EphA1-8, EphA10) and five EphB receptors (EphB1-4, EphB6) have
been found (Egea and Klein, 2007). While EphA and EphB receptors are structurally
very similar, their binding affinities differ. EphA receptors bind to membrane bound
ephrin-A ligands (ephrinA1-5) characterized by a glycosylphosphatidylinositol (GPT)
anchor and lack of cytosolic domain. EphB receptors bind to ephrin-B’s (ephrin-B1-3)
which have a trans-membrane and cytosolic region (Egea and Klein, 2007).

Eph/ephrins are activated in a contact mediated manner leading to auto-
phosphorylation of EphB receptors and ephrinB ligands initiating EphB “forward”
signaling and “reverse” signaling in ephrin expressing cells (Pasquale, 1997; Bush and
Soriano, 2009; Sloniowski and Ethell, 2012a; Xu and Henkemeyer, 2012). Eph receptors
associate with the ephrin binding domain with a high affinity forming a heterodimer, as
well as also bind to a second ligand with lower affinity leading to a clustering of
receptors into tetramers forming a ring structure (Himanen ef al., 2001). Eph and ephrin
clustering is promiscuous within each subclass, however A and B type cross binding is
more restricted. While EphA4 receptors can also bind to ephrin-B2 and ephrin-B3 and
EphB2 may bind with ephrin-AS5, affinity between these proteins is reduced compared to
EphA/ephrinA and EphB/ephrinB interactions (Pasquale, 2004; Martinez and Soriano,
2005). In addition to differences in binding affinities, A and B-type ephrin signaling

pathways differ due to their carboxy-terminal regions (Pasquale, 2005; Dalva,



McClelland and Kayser, 2007; Egea and Klein, 2007a). EphrinAs can signal through
association with other signaling proteins that contain a transmembrane domain while
ephrinBs can signal through a cytosolic PDZ domain on its c-terminus (Pasquale, 2008;
Klein, 2009). Despite these differences in signaling domain both A and B type receptors
are associated with the activation of Src family Kinases and Ras/Rho family GTPases
leading to reorganization of actin (Pasquale, 2008; Klein, 2009; Gaitanos, Koerner and
Klein, 2016).

Eph/ephrin mediated modulation of the cytoskeleton play an important role in
axon guidance and synaptogenesis (Klein, 2004; Martinez and Soriano, 2005; Filosa ef
al., 2009; Sloniowski and Ethell, 2012) and the heterogeneity of receptor complexes
suggest Eph/ephrins may have varying roles at different points in CNS development and
maturation depending on which combination of receptors are present in the cell. Eph
receptors have been heavily studied with regard to their role in axon guidance,
synaptogenesis, and synaptic maturation (Klein, 2004; Martinez and Soriano, 2005;
Sloniowski and Ethell, 2012) and are highly expressed in the developing CNS (Egea and
Klein, 2007). Ablation of EphB1 and EphB2 in (RGC) or ephrinB1 and ephrinB2 from
radial glial cells during development leads to a reduction in ipsilateral innervation
(Chenaux and Henkemeyer, 2011). Interestingly, cell repulsion can be mediated by the
removal of Eph/ephrin complexes through endocytosis, causing vesicles to contain
fragments of the other cell (Pasquale, 2008). In general, the expression of Eph/ephrins is
reduced after development periods however there are specific regions that maintain

increased Eph/ephrin levels, and many of the regions that retain high levels of Eph/ephrin



mRNA including the hippocampus are characterized by their retention of high synaptic
plasticity in the adult brain (Liebl ef al., 2002; Yamaguchi and Pasquale, 2004).

Dendritic Spines

Synapses are small junctions between two neurons that consist of a pre-synaptic
site that release neurotransmitters, which cross the synaptic cleft, and bind to receptors on
the postsynaptic site. First described by Santiago Ramon y Cajal on the surface of
Purkinje cell dendrites after staining with a silver impregnation method more than a 100
years ago, dendritic spines are small protrusions on neuronal dendrites that constitute an
excitatory synapse’s postsynaptic site (Ramon y Cajal, 1888,1899). Spine structure can
vary widely and spines of different morphologies can reside next to each other on the
same dendrite (Harris’ and Stevens, 1989). Based on morphology spines can be classified
into 4 groups that reflect synapse maturation: filipodia and thin spines have long necks
with a very small or absent heads and are considered immature, mature mushroom and
stubby spines are characterized by a short neck and large bulbous head (Ethell and
Pasquale, 2005).

These small protrusions provide a biochemical compartmentalization and prevent
the dissipation of localized signals (Harris’ and Stevens, 1989; Ethell and Pasquale,
2005). Electron microscopy (EM) imaging of dendritic spines found an electron dense
region called the postsynaptic density (PSD) adjacent to the synaptic active zone
(Scannevin and Huganir, 2000; Li and Sheng, 2003), structured around an actin
cytoskeleton (Wyszynski et al.,1997; Bernhardt Ani Matus, 1984; Cohen, Chung and

Pfaft, 1985; Kaech et al., 1997). Measurements found PSD size (Harris, Jensen and Tsao,



1992; Yuste and Bonhoeffer, 2004; Tashiro and Yuste, 2003) and presynaptic vesicle
number (Harris and Stevens, 1989) are increased in spines with a greater head volume.

In addition to structural differences, postsynaptic receptor profiles differ between
mature and immature spines. Large head volume corresponded with increased a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARSs) but not N-methyl-D-
aspartate receptors (NMDARs) in sections using immunogold labeled (Takumi et al.,
1999). Increased synaptic AMPARSs leads to higher glutamate sensitivity in mushroom
spine compared to filipodia (Matsuzaki et al., 2001). Due to the low or absent AMPAR
levels in filipodia, they are considered functionally “silent” and are regarded as immature.
Dendritic spines are plastic structures that have been observed to change morphology in
two photon studies (Yuste and Bonhoefter, 2004). These synaptic connections can
undergo changes based on fluctuations in neuronal activity and the environment in the
adult brain (Yasumatsu et al., 2008). Although individual spines are highly motile and
morphologically dynamic (Dunaevsky et al., 1999; Bonhoeffer and Yuste, 2002),
synaptic plasticity diminishes in much of the brain after critical periods of development
(Yuste and Bonhoeffer, 2004). However, the hippocampus, a structure essential for
memory formation, maintains a relatively high level of synaptic plasticity in the adult
(Harris, 1999).

The Hippocampus and Memory Formation

The hippocampus is divided into regions starting with the entorhinal cortex,
which receives the majority of cortical inputs to the hippocampal formation. The

entorhinal cortex (EC) receives nearly two-thirds of its inputs from the perirhinal and



parahippocampal cortex (Squire and Zola, 1996). The hippocampus is innervated in a
unidirectional excitatory pathway beginning with the entorhinal cortex. Neuronal
projections from EC layers II along the perforant pathway to the dentate gyrus (DG), in
addition to a subset that innervates CA1 pyramidal cells from EC layer III neurons
(Amaral and Witter, 1989; Squire and Zola, 1996; Neves, Cooke and Bliss, 2008). DG
granular cells signal through mossy fibers to CA3 pyramidal neurons which innervate
CA1 pyramidal neurons through Schaffer collaterals and sub-sequentially signal to the
subiculum and EC layer V (Squire and Zola, 1996; Neves, Cooke and Bliss, 2008).

The hippocampus has been associated with memory formation since the 1950’s.
Early psychological studies on patients that received bilateral medial temporal lobe
resections revealed that patients experienced amnesia (Scoville et al., 1954; Scoville and
Milner, 1957). Interestingly, patients that received the most extensive removal of the
hippocampus had the largest deficits in memory, with some presenting with complete
anterograde amnesia (Scoville et al., 1954; Scoville and Milner, 1957). Amnesic patients,
however, did not show deficits in all types of memory formation, as they had an
equivalent ability in learning to read mirror text compared to non-amnesic individuals
(Cohen and Squire, 1980; Cohen, Chung and Pfaff, 1985). Patients appeared to have
deficits in declarative memory (the acquisition of memories about facts or recalling
events), but retained non declarative memory, or the acquisition of skilled behavior or
response to stimuli (Milner, Squire and Kandel, 1998). It also became clear that lesions
confined to specific regions of the hippocampus results in amnesia. Anterograde amnesia

due to lesions confined to the CA1 hippocampus was first reported in patient R.B. (Zola-



Morgan et al., 1986) and later in three other patients: D.G., L.M, and W.H. (Rempel-
Clower et al., 1996). In order to further understand how the hippocampus is involved in
memory formation, researchers began studying animal models, A reversible ischemia in
monkeys caused bilateral cell loss in the CA1 hippocampus and a loss of somatostatin
positive cells in the DG, along with a 12.7% deficit in a delayed to nonmatching sample
task (Squire and Zola, 1996). More recent investigations with mouse models have shown
activation in CA1 pyramidal cells measured by c-fos and JunB staining after contextual
memory retrieval (Strekalova et al., 2003).

Hippocampal synapses

Hippocampus dependent declarative memory deficits in resection patients
(Milner, Squire and Kandel, 1998), activation of hippocampal excitatory neurons during
contextual recall (Strekalova et al., 2003), and maintained synaptic plasticity in the adult
hippocampus (Neves, Cooke and Bliss, 2008) suggest hippocampal synapses are a crucial
component to life-long learning and memory. Early experiments stimulating perforant
pathways recorded long-term potentiation (LTP) in granular neurons of the DG (Bliss and
Lemo, 1973), demonstrating that hippocampal synapses follow Hebb’s first postulate
“When an axon of cell A is near enough to excite a cell B and repeatedly and persistently
takes part in firing it, some growth process or metabolic change takes place in one or both
cells such that A’s efficiency, as one of the cells firing B, is increased” (Attneave, B. and
Hebb, 1950; Brown and Milner, 2003). This experiment demonstrated how hippocampal
synapses might function as a computational unit for associative memory formation.

Neuronal activation leads the recruitment of signaling proteins focal adhesion kinase

10



(FAK), Src, and paxillin (Moeller et al., 2006) increasing synaptic AMPARSs levels, spine
volume, and PSD size after LTP (Harris, 1999) demonstrating a molecular basis for a
Hebb’s synapse.

NMDARsS at the synapse require a partial depolarization of the postsynaptic site to
release Mg”" and a release of presynaptic glutamate to activate (Neves, Cooke and Bliss,
2008). Interestingly, activation of glutamate channels in immature filipodia leads to
synaptic AMPAR recruitment and enlarged dendritic spines (Matsuzaki et al., 2001) and
LTP induced increases synaptic area (Desmond and Levy, 1988). Enhanced synaptic
transmission through biochemical modification of synaptic structures following
depolarization of the postsynaptic cell provide a molecular basis for modeling associative
learning in the hippocampus (McNaughton and Morris, 1987).

Although synaptic plasticity is found throughout the hippocampus in adult mice,
differences in spine maturation can be observed in specific synaptic connections. CAl
dendritic spines had fewer synaptic AMPAR and greater NMDAR compared to Mossy
fibers (Takumi et al., 1999), with as much as 17% of dendritic spines immune-negative
for AMPAR receptor on Schaffer collaterals to CA1 pyramidal neuron synapses (Nusser
et al., 1998). An increased prevalence of immature synapses in the CA1 may provide a
substrate for new memory formation during hippocampal dependent learning. In fact,
deletion of NMDARI in CA1 pyramidal neurons inhibited LTP, impaired learning in a
Morris water maze (Tsien and Huerta, 1996), and inhibited recruitment of AMPAR to

mushroom spines 24h after fear-conditioning (Matsuo, Reijmers and Mayford, 2008).
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EphB/ephrinBs and synapses

EphB/ephrinB interactions have multiple functions in the formation and
maturation of synapses. EphB2 was found to cluster NMDAR after activation with
ephrin-B1 independent of EphB2’s intracellular domain, but it was noted that removal of
EphB2 kinase domains did lead to disruption of synapse development (Dalva et al.,
2000). Curiously, activation of EphB2 by ephrinB1-Fc increased surface AMPAR levels
which can be disrupted by mutating EphB2 PDZ domain in primary cortical neurons
(Kayser et al., 2006). The activation of EphB2 increases signaling pathways associated
with synaptic plasticity (Grunwald ef al., 2001) including ERK/MAPK and Src family
kinases (Impey, Obrietan and Storm, 1999; Takasu ef al., 2002) that can phosphorylate
NMDA subunits and increase channel gating (Ali and Salter, 2001). Hippocampal
recordings in EphB2”" mice showed deficits in LTP that were seen after attenuation of
EphB2 kinase domain (Henderson et al., 2001). In addition to recruitment and
modulation of synaptic receptors, EphB/ephrinB also influence postsynaptic structure.

Neuronal EphB receptors promote the formation of large postsynaptic dendritic
spines. EphB1/2/3 KO neurons show deficits in spine morphology resulting in filipodia-
like structures rather than mushroom spines compared to WT neurons in vitro
(Henkemeyer et al., 2003). In addition, transfection of primary cortical neurons with
shEphB2 results in reduced filipodia motility and reductions in dendritic spine formation
(Kayser, Nolt and Dalva, 2008). Further, in vivo triple EphB KO mice had deficits in
spine structure predominantly in CA1 spines receiving inputs from the CA3

(Henkemeyer et al., 2003) which express EphB2 (Grunwald et al., 2001). Postsynaptic
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ephrin-B2 was also shown to be necessary for LTP in the CA1 hippocampus (Grunwald
et al., 2004). Interestingly, this effect is specific to excitatory synapses as GABAergic
synapses on dendritic shafts saw no differences in EphB1,2,3 KO mice compared to WT
(Henkemeyer et al., 2003).

Although these studies indicate EphB/ephrinB interactions are involved in
maturation and stabilization of the synapse during LTP they focus on trans-synaptic
interactions. Little is known about how neuronal EphB and astrocytic ephrinB
interactions alter synapses. Microglia and astrocytes have been shown to increase ephrin-
B1 and ephrin-B2 expression after injury (Wang ef al., 2005; Goldshmit, McLenachan
and Turnley, 2006; Du et al., 2007; Nikolakopoulou et al., 2016). Increased astrocytic
ephrin-B1 after a controlled cortical impact (CCI) was correlated with a decrease in
glutamatergic puncta in the CA1 hippocampus. Further deletion of astrocyte specific
ephrin-B1 resulted in a faster recovery in vGlutl positive synapses in the CA1 after CCI
(Nikolakopoulou et al., 2016). This suggests astrocytic ephrin-B1 may have a negative
effect on synaptogenesis in contrast to trans-synaptic interactions. Interestingly ephrin-B-
expressing astrocytes can engulf neuronal EphB2 in mixed neuron/astrocyte co-cultures
(Jenny Lauterbach and Klein, 2006), which raises the possibility that astrocytic ephrin-B1
neuronal EphB interactions may be an “eat me” signal for synapse elimination.

Eph/ephrins in learning and memory

The retention of Eph receptors and ephrins in adult hippocampal neurons (Gerlai
et al., 1999; Liebl et al., 2002; Grunwald et al., 2004) and EphB mediated activation of

pathways involved in synaptic plasticity (Impey, Obrietan and Storm, 1999; Grunwald e?
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al.,2001) suggest Eph and ephrins are key to synaptic plasticity during learning and
memory (Dines and Lamprecht, 2016). Despite extensive evidence of EphB facilitated
synaptic maturation most research into Ephs and memory formation has focused on A-
type receptors. Within the small group of receptors studied to date, a wide range of
behavioral changes occur dependent on which Eph receptor is activated (Dines and
Lamprecht, 2016). Hippocampal injections of the EphAS antagonist (EphAS-IgG)
induced deficits in contextual recall and T-maze alternation rate. Conversely injections of
EphAS agonist (ephrinAS5-1gG) showed enhanced recall (Gerlai et al., 1999). Transgenic
mice expressing dominate negative EphAS that inhibits kinase activity also increased
latency for platform location in a water maze (Halladay et al., 2004) demonstrating that
EphAS5 kinase activity contributes to memory formation. Initial studies showed no
changes in contextual recall in EphA4 KO mice (Willi et al., 2012), but later research has
shown that EphA4'/ " mice had deficits in recall but EphA4 forward signaling is not
required (Dines et al., 2015). The differences observed in EphA4'/ " mice may be
attributed to neuron specific deletion of EphA4 in the Dines study. Contextual recall was
also impaired in EphA6 (Savelieva et al., 2008) and ephrin-A3 (Carmona et al., 2009)
KO mice. Interestingly, deletion of EphB2 impaired short (1h after training) and long-
term (24h after training) contextual recall but only long-term recall required EphB2

forward signaling (Dines et al., 2015).

This research presents a new role for astrocyte specific ephrin-B1 as a possible signal for
immature synapse elimination by trans-phagocytosis in the adult hippocampus during

memory formation.
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Chapter 2: Astrocytic ephrin-B1 controls synapse maintenance in the adult
hippocampus

Abstract

Abnormal astrocyte-neuron interactions are implicated in neurodevelopmental
disorders and neurodegenerative diseases associated with impaired learning and memory.
Only recently, however, has the role of astrocytes in synaptic dynamics been
investigated. Astrocyte derived secreted and contact mediated factors are been shown to
promote synapse formation, maturation, and synaptic pruning. Here, I propose
astrocytic ephrin-B1 as a negative regulator of synaptogenesis in adult hippocampus. |
found astrocyte-specific ablation of ephrin-B1 in male mice triggers an increase in
the density of dendritic spines and excitatory synaptic sites in the adult CA1
hippocampus. Interestingly, reduced dendritic spine volume and deficits in synaptic
AMPAR levels suggest excess synapses are immature AMPAR silent synapses. In
contrast, overexpression of astrocytic ephrin-B1 in the adult CA1 hippocampus leads to
the loss of immature dendritic spines, shifting the population of dendritic spines to have

larger spine heads and increased synaptic AMPAR.
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Introduction

Recent studies have demonstrated the need to understand how astrocytes
influence synapses, particularly because astrocyte dysfunctions are implicated in synapse
pathologies associated with intellectual disabilities and learning impairments (Ballas et
al. 2009; Higashimori et al. 2016; Jacobs, Nathwani, and Doering 2010; Lioy et al. 2011).
Given the large number of synapses a single astrocyte may contact (Allen and Eroglu
2017; Bushong et al. 2002; Oberheim et al. 2009), it is not suprising astrocytes are
involved in the development and maintenance of synapses (Allen and Eroglu 2017;
Clarke and Barres 2013). Several astrocyte-secreted factors such as TSP-1, glypicans, and
hevin, are known to affect both synapse structure and function by regulating synapse
formation, recruiting AMPARSs, and modulating synaptic functions during development
(Allen et al. 2012; Christopherson et al. 2005; C. Eroglu et al. 2009; Kucukdereli et al.
2011; Ullian et al. 2001). Astrocytic processes are also found in direct contact with
synapses, suggesting contact-mediated glial-neuronal interactions may also play a role in
synapse regulation (Araque et al., 1999). Indeed, neurons directly contacting astrocytes
show robust synaptogenesis, whereas neurons treated with ACM form fewer synapses
(Ullian et al. 2001).

In addition to promoting synapse formation through contact-mediated
mechanisms (Barker et al. 2008; Garrett and Weiner 2009; Hama et al. 2004), astrocytes
may also regulate synapse elimination by phagocytosis. Astrocytes have been linked to
pruning and clearing unwanted axons and synapses during synapse development (Chung

et al. 2013; C. Eroglu and Barres 2010; Lauterbach and Klein 2006), allowing for
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increased efficiency of neuronal transmission and refinement of functional circuits (Luo
and O’Leary 2005; Cowan et al., 1984). The hippocampus which maintains a high level
of synaptic plasticity in the adult brain can undergo synapse growth or elimination based
on the fluctuations in neuronal activity (Yasumatsu et al. 2008). Astrocytic pruning of
hippocampal synapses may contribute to persistent synaptic plasticity seen in the adult
hippocampus and refinement of neural circuits during memory formation. Indeed, early
electron microscopy (EM) studies revealed neuronal debris in adult hippocampal
astrocytes (Spacek 2004).

Here I present new evidence suggesting a role of astrocytic ephrin-B1 in
regulating hippocampal circuits, which express EphB/ephrinB (Grunwald et al. 2004;
Liebl et al. 2002) in the adult mouse brain. Ephrin-B1 is a membrane-bound protein that
acts as a ligand for the EphB receptors. EphB/ephrin-B interactions activate bidirectional
signaling in both cells expressing EphB receptor and ephrin-B (Bush and Soriano 2009;
Sloniowski and Ethell 2012; Xu and Henkemeyer 2012), and trans-synaptic ephrin-
B/EphB interactions between neurons are shown to promote synapse formation and
maturation in the mouse brain (Ethell et al. 2001; Grunwald et al. 2004; Henderson et al.
2001; Henkemeyer et al. 2003; Takasu et al. 2002). Although EphB/ephrinBs up-
regulation is observed in glial cells after injury (Du et al. 2007; Goldshmit, McLenachan,
and Turnley 2006; Nikolakopoulou et al. 2016; Wang et al. 2005), little is known
regarding how astrocytic ephrinB neuronal EphB interactions effect synapse dynamics.

Our in vivo studies show astrocyte-specific ephrin-B1 deletion in the adult

GFAP

hippocampus of ERT2-Cre““* ephrin-B1™™" (KO) mice triggers an increase in the
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number of synaptic sites and dendritic spines on CA1 hippocampal neurons. However,
despite increased synapse numbers, I observed smaller dendritic spines with decreased
synaptic AMPAR levels. In contrast, overexpression of ephrin-B1 in the adult astrocytes
using an AAV viral transfection approach leads to reduced vGlut-positive synapses and
reduced numbers of immature spines on CA1 pyramidal neurons. In addition, remaining
dendritic spines in overexpressing (OE) mice had increased synaptic AMPAR subunit
GluA1l. These results provide evidence that astrocytic ephrin-B1 may compete with
neuronal ephrin-B1 and trigger astrocyte-mediated elimination of EphB receptor-

containing hippocampal synapses.
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Materials and Methods

Ethics statement

All animal care protocols and procedures were approved by the UC Riverside Animal
Care & Use Program, which is accredited by AAALAC International, and animal welfare
assurance number A3439-01 is on file with the Office of Laboratory Animal Welfare

(OLAW).

Mice

B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J (ERT2-Cre“ ", RRID: IMSR_JAX:012849) male
mice were crossed with 129S-Efnb1™'S*/J female mice (ephrin-BI™*, RRID:
IMSR_JAX:007664) to obtain ERT2-Cre“““*ephrin-B1"*" (KO), or ERT2-Cre“"*”
(WT) male mice (Fig. 2.1 A). Adult WT and KO littermates received tamoxifen
intraperitoneally (IP; 1 mg in 5 mg/ml of 1:9 ethanol/sunflower seed oil solution) once a
day for 7 consecutive days (Fig. 2.1B). We did not detect any changes in ephrin-B1 levels
in astrocytes or neurons in ERT2-Cre®“*ephrin-B1 floxy non-injected or injected with
sunflower seed oil without tamoxifen as previously reported (Nikolakopoulou et al.,
2016). Ephrin-B1 immunoreactivity was analyzed in ERT2-Cre“"“Fephrin-B1" (KO)
and ERT2-Cre“"*” (WT) mice (Fig. 2.2 B-F). Astrocyte-specific Cre expression was

confirmed in tamoxifen-treated ERT2-Cre®™”

using Rosa-CAG-LSL-tdTomato reporter
mice (CAG-tdTomato, RRID:IMSR JAX:007909; Fig. 2.2 A). Ephrin-B1
immunoreactivity was observed in cell bodies and dendrites of CA1 neurons but not

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

changes in ephrin-B1 levels in astrocytes and neurons of untreated and tamoxifen-treated
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WT animals. Genotypes were confirmed by PCR analysis of genomic DNA isolated from
mouse-tails. Mice were maintained in an AAALAC accredited facility under 12-h
light/dark cycle and fed standard mouse chow. All mouse studies were done according to

NIH and Institutional Animal Care and Use Committee guidelines.

Stereotaxic micronjections

To induce expression of ephrin-B1 and tdTomato in hippocampal astrocytes we used
adeno-associated viruses (AAV7) containing A4V7.GfaABC1D.ephrin-B1.SV40 or
AAV7.GfaABCID.tdTomato.SV40, respectively (both obtained from UPenn Vector Core,
http://www.med.upenn.edu/gtp/vectorcore). Viral titers were 7.56 X 10'? viral particles
(VP)/ml for AAV7.GfaABC1D.ephrin-B1.SV40 (AAV-ephrin-B1) and 4.46 X 10"
VP/ml for AAV7.GfaABCI1D.tdTomato.SV40 (AAV-tdTomato). VP were further
concentrated with Amicon ultra-0.5 centrifugal filter (UFC505024, Sigma-Aldrich)
pretreated with 0.1% Pluronic F-68 non-ionic surfactant (24040032, Thermofisher). VP
were stereotaxically injected into the dorsal hippocampus of adult postnatal day (P) 70-90
C57BL/6 or Thyl-EGFP mice as follows. Mice were anesthetized by intraperitoneal
injections (IP) of ketamine/xylazine mix (80 mg/kg ketamine and 10 mg/kg xylazine).
Adequate anesthesia was assessed by paw pad pinch test, respiratory rhythm, righting
reflex, and/or loss of corneal reflex. Animals received craniotomies (1 mm in diameter)
and stereotaxic injections were performed at 2.5 mm posterior to bregma, 1.0 mm lateral
to midline, and 1.2 mm from the pial surface (Fig. 2.6A,B). Control mice were bilateral

injected with 2 pl of 1.16 X 10" VP/ml AAV7.GfaABC1D.tdTomato.SV40 and
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experimental animals received 1 pl of 3.78 X 10" VP/ml AAV7,GfaABC1D.ephrin-
B1.SV40 + 1 pl of 2.32 X 10" VP/ml AAV7.GfaABC1D.tdTomato.SV40. Post-surgery
mice received 0.3 ml of buprenorphine by subcutaneous injection every 8 h for 48 h as
needed for pain and animals were alowed to recover for 14 days prior to fear conditioning

tests and/or immunohistochemistry (Fig. 2.6B).

Immunohistochemistry

Animals were anesthetized with isoflurane and transcardially perfused first with 0.9%
NacCl followed by fixation with 4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS), pH 7.4. Brains were post-fixed overnight with 4% paraformaldehyde in 0.1 M
PBS and 100 um coronal brain sections were cut with a vibratome. Excitatory
presynaptic boutons were labeled by immunostaining against vesicular glutamate
transporter 1 (vGlutl) using rabbit anti-vGlutl antibody (0.25 mg/ml, Invitrogen Cat#
482400, RRID: AB 2533843), postsynaptic sites were identified with mouse anti-
postsynaptic density-95 (PSD95) antibody (1.65 pg/ml, Invitrogen Cat# MA1-045,
RRID: AB 325399). Inhibitory sites were detected with mouse anti-glutamic acid
decarboxylase 65 (GAD65) antibody (10 pg/ml, BD Pharmingen Cat# 559931, RRID:
AB 397380). Astrocytes were identified by immunolabeling against glial fibrillary acidic
protein (GFAP) using mouse anti-GFAP antibody (1:500, Sigma-Aldrich Cat# G3893,
RRID: AB 477010), and ephrin-B1 levels were detected by immunostaining with goat
anti-ephrin-B1 antibody (20 ug/ml, R&D Systems Cat# AF473, RRID: AB 2293419).

Secondary antibodies used were Alexa Fluor 594-conjugated donkey anti-mouse IgG (4
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mg/ml, Molecular Probes Cat# A-21203, RRID: AB 141633), Alexa Fluor 647-
conjugated donkey anti-rabbit IgG (4 mg/ml, Molecular Probes Cat# A-31573, RRID:
AB 2536183), Alexa Fluor 647-conjugated donkey anti-goat IgG (4 mg/ml, Molecular
Probes Cat# A-21447, RRID: AB_141844), or Alexa Fluor 488-conjugated donkey anti-
goat IgG (4 mg/ml, Molecular Probes Cat# A-11055, RRID: AB 2534102). Sections
were mounted on slides with Vectashield mounting medium containing DAPI (Vector

Laboratories Inc. Cat# H-1200, RRID: AB 2336790).

Confocal Imaging and Analysis

Confocal images of the stratum radiatum (SR) and stratum lacunosum-moleculare (SLM)
layers of CA1 hippocampus were taken with a Leica SP2 confocal laser-scanning
microscope. A series of high-resolution optical sections (1,024 x 1,024-pixel format)
were captured with a 20x or 63x water-immersion objective (1.2 numerical aperture) and
1x zoom at 1-um step intervals (z-stack of 10 optical sections). All images were acquired
under identical conditions. Each z-stack was collapsed into a single image by projection,
converted to a tiff file, encoded for blind analysis, and analyzed using Image J Software.
Three adjacent projections from SR were analyzed per each hippocampus from at least
three animals/group. Cell area, integrated fluorescent intensity, and cell perimeter were
determined for each GFAP-positive and ephrinB1-positive cell (100-300 astrocytes, z-
stacks at least 10 optical images, 5—11 brain slices, 3—4 mice per group). For the analysis
of vGlutl, GAD65, and PSD95 immunolabeling, at least six sequential images were

captured for selected area at 1-pum step intervals, each image in the series was threshold-
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adjusted to identical levels (0-160 intensity) and puncta (0.5-10 um?) were measured
using Imagel software (RRID: nif-0000-30467). Cell body and dendritic labeling were
excluded from the analysis. Three adjacent areas from SR and SLM were imaged and
analyzed per each hippocampus from at least three animals/group. Statistical analysis was
performed with one-way ANOVA followed by Tukey post-hoc analysis using GraphPad
Prism 6 software (RRID: SCR_002798), data represent mean = standard error of the

mean (SEM).

Dendritic spine analysis

Animals were anesthetized with isoflurane and transcardially perfused with 4%
paraformaldehyde in 0.1 M PBS, pH 7.4. Brains were post-fixed for 2 h in 4%
paraformaldehyde in 0.1 M PBS and 100 um coronal sections were cut with a vibratome.
Dendritic spines were labeled using a DiOlistic approach (Henkemeyer et al., 2003).
Tungsten particles coated with fluorescent lipophilic dye 1,1°-dioctadecyl-3,3,3°,3’-
tetramethyl-indocarbocyanine perchlorate (Dil, D282, Molecular Probes) were delivered
by helium-powered ejection (Bio-Rad Helios Gene Gun System) into hippocampal slices.
Labeled neurons were imaged using a LSM 510 Carl Zeiss confocal microscope. 10-15
Dil-labeled neurons were randomly selected per group and dendrites were imaged using a
63x objective (1.2 NA), 1x zoom. Three-dimensional fluorescent images were created by
the projection of each z stack containing 50-100 high-resolution optical serial sections
(1,024 x 1,024-pixel format) taken at 0.5 um intervals in the X-Y plane. Quantifications

of the spine density (spines per 10 pm dendrite), lengths (um), and volumes (um®) were
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carried out using Neurolucida 360 software (MicroBrightField RRID: SCR_001775).
Statistical analysis was performed with one-way ANOVA followed by Tukey post-hoc
analysis using GraphPad Prism 6 software (Graphpad Prism, RRID: SCR _002798), data

represent mean + SEM.

Synaptosome Purification

Synaptosome purification was performed as previously described (Hollingsworth et al.,
1985). Hippocampal tissues from adult WT or EphB1,2,3 KO mice were homogenized in
1 ml synaptosome buffer (124 mM NaCl, 3.2 mM KCIl, 1.06 mM KH,PO4, 26 mM
NaHCOs3, 1.3 mM MgCl,, 2.5 mM CacCl,, 10 mM Glucose, 20 mM HEPES).
Homogenates were filtered through a 100 pm nylon net filter (NY 1H02500, Millipore)
and 5 pm nylon syringe filter (SF15156, Tisch International). Homogenate flow through
was collected and synaptosomes were spun down at 10,000 g, 4°C, for 30 min.
Synaptosomes were resuspended in 800 pl synaptosome buffer. To confirm synaptosome
enrichment, levels of synapsin-1, PSD95, and histone deacetylase (HDAC I) were
analyzed in tissue homogenates and synaptosome fractions with western blot analysis.
Synaptosomes for engulfment assays were also stained with 5% (w/v) Dil (D282,

Molecular Probes) in DMSO for 10 min.

Western Blot Analysis

Tissue homogenate or purified synaptosome samples were centrifuged at 10,000 g, 4°C,

for 30 min, pellets were re-suspended in lysis buffer (50 mM Tris, 100 mM NaCl, 2%
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TritonX-100, 10 mM EDTA,) containing 2% protease inhibitor cocktail (P8340, Sigma-
Aldrich) and incubated for 2 h at 4°C. Samples were added to 2X Laemmli Buffer
(S3401, Sigma-Aldrich) and run on an 8-16% Tris-Glycine Gel (EC6045BOX,
Invitrogen). Protein samples were transferred onto a nitrocellulose blotting membrane
(10600007, GE Healthcare). Blots were blocked with 5% milk in TBS (10 mM Tris, 150
mM NaCl, pH 8.0) followed by immunostaining with mouse anti-PSD95 (1.65 pg/ml,
Invitrogen Cat# MA1-045, RRID: AB 325399), rabbit anti-GluA1 (1:100, Millipore
Cat# AB1504, RRID: AB 2113602), rabbit anti-GluA2/3 (0.1 pg/ml, Millipore Cat#
AB1506, RRID: AB 90710), rabbit anti-HDAC I (0.40 pg/ml, Santa Cruz
Biotechnologies Cat# sc-7872, RRID: AB 2279709), rabbit anti-synapsin-1 (0.2 pg/ml,
Millipore Cat# AB1543P, RRID: AB 90757), or mouse anti-GAPDH (0.2 pg/ml,
Thermo Fisher Scientific Cat# 39-8600, RRID:AB 2533438) antibodies in 0.1% tween
20/TBS at 4°C for 16 h. Secondary antibodies used were HRP conjugated donkey anti-
mouse IgG (Jackson ImmunoResearch Cat#715-035-150, RRID: AB_2340770) or HRP
conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Cat# 111-035-003, RRID:
AB 2313567). Blots were incubated in ECL 2 Western Blotting Substrate (Pierce Cat#
80196) and a signal was collected with CL-XPosure film (34090, Pierce). Band density
was analyzed by measuring band and background intensity using Adobe Photoshop
CS5.1 software (RRID: SCR_014199). Statistical analysis was performed with a one-way
ANOVA followed by Tukey post-hoc analysis using GraphPad Prism 6 software (RRID:

SCR _002798), data represent mean + SEM.
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Results
Targeted ablation of ephrin-B1 in adult astrocytes triggers an increase in excitatory
synapses on CA1 hippocampal neurons

To determine the role of astrocytic ephrin-B1 in the maintenance of hippocampal
circuits we first examined whether the loss of ephrin-B1 from adult astrocyte would
affect synapse numbers in CA1 hippocampus. Analysis of pre- and post-synaptic sites
was performed in the adult hippocampus following tamoxifen-induced deletion of ephrin-
B1 from astrocytes in ERT2-Cre““ ephrin-B1™™" mice. Adult ERT2-Cre“"” (WT) and
ERT2-Cre““*Fephrin-B1 floxy (KO) male littermates received tamoxifen intraperitoneally
(IP; 1 mg in Smg/ml of 1:9 ethanol/sunflower seed oil) once a day for 7 days and
analyzed 2 weeks after the first tamoxifen injection (Fig. 2.1B). Ephrin-B1
immunoreactivity was selectively disrupted in hippocampal astrocytes (Fig. 2.2F), but not
neurons, of tamoxifen-treated KO (KO+TAM) as compared to tamoxifen-treated WT
(WT+TAM) mice (Fig. 2.2B-E). Astrocyte-specific Cre expression was confirmed in

tamoxifen-treated ERT2-Cre®/?

mice using Rosa-CAG-LSL-tdTomato reporter (Fig.
2.2A). A significant 30% increase of dendritic spine density was observed in the SR area
of CA1 hippocampus of KO+TAM mice as compared to untreated WT or WT+TAM
adult mice (Fig. 2.3B, WT: 8.91 £ 0.93 WT+TAM: 8.65+ 0.51 vs KO+TAM: 11.77 +
0.46; F(2,98)=9.199, p=0.0002, ANOVA). In addition, KO mice had a greater proportion
of spines with smaller heads (0-0.5 um’ group) than WT animals (Fig. 2.3D, F, (14,45)

=36.19, p<0.0001, ANOVA). The increase in the density of dendritic spines was also

accompanied by a significant increase in the number of excitatory pre-synaptic boutons,
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which were immunolabeled against vGlutl (Fig. 2.4A-C). We observed a 25% increase
in vGlutl-positive puncta in the SR but not the SLM area of CA1 hippocampus of KO
mice as compared to WT mice (Fig. 2.4G; WT+TAM: 2.09 £ 0.11 vs KO+TAM: 2.61 +
0.14, t(64) =2.89, p=0.0053, t-test). In addition, we observed an increase in the co-
localization of pre-synaptic vGlutl and post-synaptic PSD95 puncta on CA1
hippocampal neurons of KO mice as compared to WT mice (Fig. 2.41; WT+TAM: 0.800
+0.031 vs KO+TAM: 1.666 + 0.232, ¢14= 4.198, p=0.0009, t-test). The effects of
astrocyte-specific ephrin-B1 deletion appear specific to excitatory synapses, as we did not
detect significant differences in the number of inhibitory GAD65-positive puncta on CA 1
hippocampal neurons between the groups (Fig. 2.4H; WT+TAM: 1.68 £0.18 vs
KO+TAM: 1.97 + 0.13, #64) =1.124, p=0.2654, t-test).

Our results suggest that astrocytic ephrin-B1 is a negative regulator of new

glutamatergic synapse formation specifically in the SR area of adult CA1 hippocampus.

Astrocyte-specific deletion of ephrin-B1 in the adult hippocampus triggers
formation of synapses with reduced levels of AMPA receptors

Increased numbers of excitatory synapses may suggest an overall increase in
excitatory drive on CA1 hippocampal neurons. Although greater in numbers, dendritic
spines were structurally less mature in KO+TAM mice as compared to untreated WT or
WT+TAM mice showing a 1.5-2-fold increase in the proportion of dendritic spines with
smaller heads (Fig. 2.3F). To assess synapse maturation, I determined the levels of

synaptic AMPAR subunits GluA1 and GluA2/3 in the adult hippocampus of WT and KO
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mice. Crude synaptosomes were isolated from P90-P120 hippocampi of WT and KO
mice following tamoxifen treatment and analyzed with immunoblotting (Fig. 2.5A). To
normalize crude synaptosomes for increased number of synapses observed in our
vGlutl/PSD95 and dendritic spines GluA1 and GluA2/3 levels were normalized to
PSD95. We found a significant decrease in synaptic levels of AMPAR subunits GluA 1
(Fig. 2.5C; WT+TAM: 1.04 + 0.13 vs KO+TAM: 0.65 = 0.079, 15y =2.564, p=0.0335, ¢-
test) and GluA2/3 (Fig. 2.5D; WT+TAM: 1.01 + 0.15 vs KO+TAM: 0.54 + 0.09, #3)
=2.687, p=0.0276). This is consistent with the increase spines with an immature spine
morphology (Fig. 2.3F) observed in KO mice as compared to WT mice. PSD95 levels
were also normalized to GAPDH levels and an increase in PSD95 levels was observed in
KO compared to WT group (Fig. 2.5B; WT+TAM: 1.252 £ 0.204 vs KO+TAM: 5.058 +
1.895, #s)=2.505, p=0.0366). The data suggest an increase in synapse numbers, which is
consistent with the observed increase in dendritic spine density (Fig. 2.3D).

Despite the increase in dendritic spine density and synaptic PSD95 levels
following astrocyte-specific ephrin-B1 deletion in the adult hippocampus, it appears that

the synapses are immature with reduced levels of synaptic AMPARs.

Overexpression of astrocytic ephrin-B1 inhibits immature synapse formation.

If astrocytic ephrin-B1 acts as a negative regulator of new synapse formation then
we expect that overexpression of ephrin-B1 in adult hippocampal astrocytes would affect
new synapse formation. To induce expression of ephrin-B1 and/or tdTomato in

astrocytes, mouse hippocampi were bilaterally injected with AAV virus containing

37



GfaABCID.ephrin-B1.5V40 and/or GfaABC1D.tdTomato.SV40 (Fig. 2.6A,B). Viral
microinjections targeted dorsal CA1 hippocampus of P60-70 mice allowing for
expression of tdTomato or tdTomato + ephrin-B1 in CA1 hippocampal astrocytes 2
weeks later (Fig 2.6C). Transfected astrocytes were identified by tdTomato fluorescence
and ephrin-B1 overexpression was confirmed by immunostaining (Fig. 2.7A,B).
Astrocytic ephrin-B1 levels were significantly increased in animals injected with AAV-
ephrinB1 +AAV-tdTomato as compared to AAV-tdTomato only injected mice (Fig.
2.7C; ephrin-B1 OE: 42.930 +5.663 vs Control: 9.678 + 1.729; t4= 5.616; p=0.0049;
n=3 animals, 10 astrocytes per animal). ). Overexpression of ephrin-B1 also lead to a
34% decrease in dendritic spine density (Fig. 2.8C; control 6.675 + 0.192 vs ephrin-B1
OE 4.444 + 0.187, t153= 8.305, p> 0.0001), and a 28% increase in spine volume (Fig.
2.8D; control 0.664 + 0.024 vs ephrin-B1 OE 0.851 £ 0.04, t(171)= 3.866, p= 0.0002)
without the changes in spine length (Fig. 2.8C; control: 2.007 £ 0.021 vs ephrin-B1 OE
2.080 + 0.033, t(185)= 1.785, p= 0.0758), supporting our assumption that astrocytic
ephrin-B1 promotes removal of immature spines. In addition, OE mice had a 25%
decrease in the number of vGlutl-positive puncta, but not GAD6S5 puncta, in SR area of
CA1 hippocampus compared to control group (Fig. 2.9G; control 4.30 & 0.446 vs ephrin-
B1 OE 3.22 + 0.297, #s5) = 2.016, p=0.0484, ¢-test) and an increase in synaptic AMPAR
subunit GluA1 levels (Fig 2.10C; GluAT1; control: 0.999 + 0.013 vs ephrin-B1 OE 1.563
+ 0.238, #6)= 2.068, p= 0.042. t-test). However only slight increases in synaptic GluA2/3
levels were observed (Fig. 2.10D; GluA2/3; control: 0.915 + 0.116 vs ephrin-B1 OE

1.491 £ 0.412, #6= 1.188, p=0.14). In addition, a slight decrease in PSD95/GAPDH
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levels are seen in OE (0.76 + 0.131) compare to WT (Fig. 2.10 B; 1.01 £+ 0.049; t= 1.24,
p=0.13; t-test) synaptosomes.

Increased synaptic AMPAR in OE mice suggest astrocytes are preferentially
eliminating immature AMPA silent synapses, consistent with the observed increase in

dendritic spine volume.
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Discussion

The studies presented here demonstrate the potential role of astrocytes in
maintaining hippocampal circuits in the adult mouse brain via astrocytic ephrin-B1,
acting as a regulator of synaptic homeostasis in the adult hippocampus. It is thought that
the plastic nature of hippocampal circuits underlies life-long learning and memory
formation and as such, ongoing synapse pruning and restructuring play an important role
in maintaining synaptic homeostasis in the adult hippocampus (Maletic-Savatic et al.
1999; Paolicelli et al. 2011; Spacek 2004; Stevens et al. 2007). Synapse numbers can be
maintained by regulating new synapse formation or by removing weak, potentially silent,
synaptic connections creating an opportunity for new connections to form. Our findings
are consistent with the role of astrocytic ephrin-B1 as a negative regulator of synapse
formation in the adult hippocampus, as astrocyte-specific ablation of ephrin-B1 in adult
mice triggers an increase in the density of glutamatergic synapses and dendritic spines
and OE decreases glutamatergic synapses. Although these effects appear to be specific to
excitatory synapses, as no change were observed in the number of inhibitory GAD65-
positive sites on CA1 hippocampal neurons following astrocyte-specific deletion of
ephrin-B1, an in-depth investigation into the effects of excitatory inputs onto inhibitory
circuits may yield interesting results. This increase in excitatory synapses was observed
in SR but not SLM area of CA1 hippocampus. The layer-specific changes are noteworthy
considering the role of postsynaptic ephrin-B in CA3-CA1 excitatory connections
(Grunwald et al. 2004), where EphB1 and EphB2 receptors are expressed on pre-synaptic

CA3 fibers that contact CA1 dendrites expressing ephrin-B ligands (Liebl et al. 2002).
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Therefore, astrocytic ephrin-B1 may restrict the formation of new CA3-CA1 connections
by interfering with the interactions between pre-synaptic EphB receptors and dendritic
ephrin-B, whereas reduced expression of ephrin-B1 in astrocytes may promote new
synapse formation. It is possible that pre-synaptic input received from entorhinal cortex
by CA1 neurons in SLM area is not sensitive to the changes in ephrin-B1 expression in
hippocampal astrocytes due to low expression of EphB1 and EphB2 receptors (Chenaux
and Henkemeyer 2011; Liebl et al. 2002).

Aside from its pre-synaptic role in CA3-CA1 synapses, EphB2 receptor is also
expressed post-synaptically on the dendrites of CA1 neurons, and is implicated in
synapse development both in vitro and in vivo (Ethell et al. 2001; Henderson et al. 2001;
Henkemeyer et al. 2003; Liebl et al. 2002; Takasu et al. 2002). Post-synaptic EphB
receptors are implicated in both clustering and recruitment of NMDARs and AMPARs to
the postsynaptic sites (Dalva et al. 2000; Kayser et al. 2006; Nolt et al. 2011; Takasu et
al. 2002). Therefore, it is possible that astrocytic ephrin-B1 may also influence post-
synaptic functions by disrupting post-synaptic EphB signaling and I would expect an
increase in synaptic strength in the adult hippocampus following the deletion of ephrin-
B1 from astrocytes. To our surprise, despite an increase in synapse numbers, I observed
reduced synaptic maturation.

Synapse formation does not always correlate with an increase in synaptic strength,
as newly formed synapses are often associated with silent post-synaptic spines that are
usually smaller and are characterized by the presence of NMDA but absence of AMPA

receptors (Durand et al., 1996; Isaac et al., 1995). Indeed, deletion of astrocytic ephrin-
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B1 resulted in a nearly two-fold increase in the number of immature dendritic spines with
small heads, overall reduction in the proportion of mature spines and a two-fold decrease
in the synaptic levels of AMPARs. Our results suggest that the loss of ephrin-B1 may
lead to impaired ability of ephrin-B1 KO astrocytes to prevent an excessive formation of
immature synapses in the adult hippocampus that may also compete for synaptic proteins
with existing synapses. OE of astrocytic ephrin-B1 also lead to a decrease in dendritic
spine density and an increase in average spine volume as well as an increase in synaptic
GluATl levels most likely due to excessive elimination of immature synapses. Despite no
changes to GADG65 puncta levels, this does not rule out changes to inhibitory circuitry
within the CA1 hippocampus following astrocytic ephrin-B1 deletion, there may an
increased drive of perisomatic inhibition of CA1 pyramidal neurons (Miles et al. 1996).
In contrast to ephrin-B1 that signals through its intracellular domain, astrocyte
expression of GPI-linked ephrin-A3 was previously suggested to regulate glutamate
transport in the hippocampus (Carmona et al. 2009; Filosa et al. 2009). Ephrin-A3 null
mice exhibited increased levels of GLT1 and GLAST, which play an important role in
glutamate homeostasis and the modulation of hippocampal circuits (Carmona et al.
2009). Astrocytic ephrin-A3 can also regulate synaptic functions through its interaction
with synaptic EphA4 (Carmona et al. 2009; Filosa et al. 2009; Murai et al. 2003),
whereas ephrin-B1 preferentially interacts with B type Eph receptors. Indeed, the
increased formation of new synapses following astrocyte-specific deletion of ephrin-B1
was not observed in ephrin-A3 KO mice (Carmona et al. 2009) indicating a different role

for ephrin-B1 in astrocytes.
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In summary, our studies demonstrate that astrocyte specific ephrin-B1 is involved
in the maintenance of excitatory glutamatergic synapses in the adult hippocampus by
acting as a negative regulator of synaptogenesis (Fig. 2.11A). Therefore, the regulation
of ephrin-B1 expression in astrocytes can be targeted to manipulate new synapse
formation and potentially prevent synapse loss in neurodegenerative diseases. Further
understanding the role of astrocytic ephrin-B1 in synaptogenesis may also provide
insights into astrocyte-specific mechanisms underlying abnormal synapse development in

neurodevelopmental disorders.
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Figure 2.1. Tamoxifen mediated astrocytic ephrin-B1 KO mouse model.
(A) ERT2-Cre“F4P male mice were crossed with ephrin-B1 floX/y female mice for
ERT2-Cre X AL epprin-B1 1O%Y littermates. (B) Adult male ERT2-Cre O 4L and

ERT2-Cre ST 4L ephrin-B1 1O%Y mice (P90 —P110) were intraperitoneally injected with
1 mg of tamoxifen once a day for 7 consecutive days. Immunohistochemistry, spine
labeling, synaptosome isolation, and behavior tests were performed 14 d after first

injection.
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Figure 2.2
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Figure 2.2. Ephrin-B1 ablation in CA1 hippocampal astrocytes.
(A) Max projection confocal images of the CA1 hippocampus in tamoxifen-injected

GFAP stop 10X, Tomato mice show tdTomato expression in astrocytes of SR,

ERT2-Cre
but not in CA1 neurons of the SP area. Ephrin-B1 immunoreactivity was detected in cell
bodies (green, SP) and dendrites (green, SR) of CA1 neurons but not in tdTomato-
positive astrocytes (red). Low-magnification. Scale bars: 100 ul'm; high-magnification,
20 um. (B,C) Max projection confocal images show GFAP (red) and ephrin-B1 (green)
immunoreactivity in the CA1 hippocampus. Scale bar, 100 um. (D, E) High-
magnification images show ephrin-B1 immunoreactivity in astrocytes of WT1+TAM but
not KO+TAM mice. Ephrin-B1 is detected in dendrites of CA1 neurons verifying that
deletion of ephrin-B1 is specific to astrocytes. Scale bar, 25 um. (F) Astrocytic ephrin-B1
immunoreactivity was significantly reduced in the hippocampus of KO+TAM compared

with WT+TAM mice (n =3 mice, t-test, *p=010.05). Graphs show mean values and error

bars represent SEM.
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Figure 2.3
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Figure 2.3. Synaptogenic effects of astrocyte-specific deletion of ephrin-B1 in the

CA1 hippocampus.

(A—C) Max projection confocal images of Dil-labeled dendrites of CA1 neurons in the
SR area of CA1 hippocampus of WT, WT+TAM, and KO+TAM adult mice. Scale bar, 5
um. (D-F) Graphs show the average number of dendritic spines per 10 pum dendrite (D),
average spine length (E) and spine volume (F). There is a significant 36% increase in
average dendritic spine density in KO+TAM mice compared with WT and WT+TAM
mice; error bars represent SEM (n = 3— 6 mice, WT: 8.91 [1+0.93 WT+TAM: 8.65 +

0.51 vs KO+TAM: 11.77 + 0.46; F(2,98) =9.199, p =0.0002; one-way ANOVA, Tukey’s

post hoc test, **p =0.01). A significant two fold increase in the proportion of dendritic

spines with smaller heads (volume 0 — 0.5 pm 3 ) and a decrease in percentage of mature

3

spines with volume 0.5-1.0 pm - are observed in KO+TAM group compared with WT

and WT+TAM groups (n = 3— 6 mice, F(14’45) =36.19,p=0.0001 and F=7.701 p =
0.05, respectively; two-way ANOVA followed by Tukey’s post hoc, *p = 0.05, ***p =
0.001). WT and WT+TAM groups exhibit a significantly higher proportion of spines

with larger heads (volume 0.5-1.0 um 3 ) than the spines with smaller heads (volume 0 —

0.5 um 3; n = 3— 6 mice, one-way ANOVA, Tukey’s post hoc test, #p = 0.05, p = 0.001,
F=4.462). KO+TAM group shows a significantly lower proportion of spines with larger

3

heads (volume 0.5-1.0 pm - and [11.0 pm 3 ) than spines with smaller heads (volume 0 —

0.5 pum 3; n = 3— 6 mice, one-way ANOVA, Tukey’s post hoc test, #p = 0.05, F' = 4.462).
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Graphs show mean values and error bars represent SEM.
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Figure 2.4
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Figure 2.4. Astrocytic ephrin-B1 deletion increases glutamatergic synapses in the

SR.

(A-D) Confocal images showing vGlutl (green) and GAD65 (red) immunolabeling in SR
(A,B) and SLM (C,D) areas of the CA1 hippocampus of WT+TAM (A,C) and KO+TAM
(H, J) adult mice. Scale bar, 50 pum. (E,F) Confocal images showing vGlut1 (green) and
PSD95 (red) immunolabeling in SR area of the CA1 hippocampus of WT+TAM (E) and
KO+TAM (F) adult mice. (G,H) Graphs show the density of vGlutl and GAD65-positive

2 of the SR and SLM areas in the CAl hippocampus of WT+TAM and

puncta per 10 pum
KO+TAM mice. (G) There is a significant 25% increase in vGlutl-positive puncta in SR
but not SLM area of KO+TAM compared with WT+TAM group; error bars represent
SEM (n = 3— 6 mice, WT+TAM: 2.09 £ 0.11 vs KO+TAM: 2.61 + 0.14, #(64) = 2.89, p=
0.0053, ¢ test, **p =0.01). (H) There was no significant difference in the number of

inhibitory GAD65- positive puncta between WT+TAM and KO+TAM mice (n =3—-6

mice, WT+TAM: 1.68 £ 0.18 vs KO+TAM: 1.97 + 0.13, #(64) + 1.124, p = 0.2654, ¢
test). (I) Graph shows the density of colocalized vGlutl and PSD95-positive puncta per

10 um 2 in the SR area of the CAl hippocampus of WT+TAM and KO+TAM mice.
There is a significant increase in vGlutl/PSD95 colocalization in KO+TAM compared
with WT+TAM group, error bars represent SEM (n = 3 mice, WT+TAM: 0.800 + 0.031

vs KO+TAM: 1.666 + 0.232, ¢ =4.198, p = 0.0009, ¢ test, ***p = 0.001). Graphs
(14)

show mean values and error bars represent SEM.
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Figure 2.5
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Figure 2.5. KO mice show deficits in synaptic AMPAR levels.

(A) Western blots show levels of AMPAR subunits (GluA1 and GluA2/3), PSD95 and
GAPDH in synaptosomes isolated from the hippocampus of WT and KO mice. (B) There
was a significant increase in synaptic PSD95 levels in naive KO compared with naive

WT (WT+TAM: 1.252 £ 0.204 vs KO+TAM: 5.058 + 1.895, 18) = 2.505, p=0.0366).

GluA1l and GluA2/3 levels were not significantly different between the groups (GluAl

WT+TAM: 1.168 £ 0.087 vs KO+TAM: 3.358 + 1.309, (8) = 2.104, p = 0.0685;
GluA2/3 WT+TAM: 1.118 £ 0.075 vs KO+TAM: 2.589 + 1.010, W7y = 1.65, p=0.143).

However, there was a significant decrease in AMPAR/PSD95 ratio for synaptic (C)

GluAT (WT+TAM: 1.04 +0.13 vs KO+TAM: 0.65 + 0.079, #(g) = 2.564, p = 0.0335, ¢
test) and (D) GluA2/3 subunits (WT+TAM: 1.01 £0.15 vs KO+TAM: 0.54 = 0.09, 1(8) =

2.687, p =0.0276). Graphs show mean values and error bars represent SEM.
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Figure 2.6
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Figure 2.6. AAV mediated overexpression of astrocytic ephrin-B1 in the CA1l

hippocampus.

(A) Diagram depicts coordinates (-2.5mm) from bregma and (-1.0mm) from midline
where a craniotomy was preformed (red). (B) Injection depth (-1.2mm) and spread (red)
of AAV virus two week after surgery. (C). Thy-1 GFP mice (P72-80) received bilateral
hippocampal injections of 2pul AAVtdTomato (control) or 1ul AAVephrin-B1 + 1l
AAVtdTomato (OE), Immunohistochemistry, spine labeling, synaptosome isolation, and

behavior tests were performed 14 d after first injection.
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Figure 2.7
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Figure 2.7. Overexpression of astrocytic ephrin-B1 in the adult mouse hippocampus.

(A) Confocal images showing GFP (green), tdTomato (red) and ephrin-B1
immunoreactivity (blue) in CA1 hippocampus of Thy1-EGFP adult mice injected with
AAV-GFAP-ephrinBl + AAV-GFAP-tdTomato. Scale bar, 150 um. (B) Confocal images
of hippocampal astrocytes expressing tdTomato (red) and ephrin-B1 (green). Scale bar,
25 pum. (C) Graph shows ephrin-B1 immunoreactivity in astrocytes of AAV-GFAP-
tdTomato (Control) or AAV-GFAP-ephrinB1 + AAV-GFAP-tdTomato (ephrin-B1 OE)
hippocampus. There is a significant increase in ephrin-B1 levels in hippocampal
astrocytes of ephrin-B1 OE compared with control mice. Graph shows mean values and
error bars represent SEM (n = 3 mice, 10 astrocytes per animal; ephrin-B1 OE: 42.930 +

5.663 vs control: 9.678 + 1.729; 14)= 5.616; p =0.0049, ¢ test, **p = 0.01). Graphs show

mean values and error bars represent SEM.
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Figure 2.8
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Figure 2.8. Astrocytic ephrin-B1 overexpression reduces immature dendritic spines

number.

(A) Confocal images of Thy1-EGFP-expressing dendrites of CA1 neurons in control
(AAV-tdTomato) or ephrin-B1 OE (AAV-ephrinB1+AAV-tdTomato) hippocampus with
corresponding Neurolucida 360 rendering of the images. (B-D) Graphs show analysis of
dendritic spine density (B), length (C), and average spine volume (D) in SR area of CA1
hippocampus of control and ephrin-B1 OE group. There is a significant 34% decrease in
dendritic spine density (n = 81-92 dendrites, 3 mice per group; control: 6.675 +0.192 vs

ephrin-B1 OE: 4.444 + 0.187, {(183) = 8.305, p =0.0001, ¢ test, ***p =0.001) and a 28%

increase in spine volume (n = 81-92 dendrites; 3 mice per group, control: 0.664 + 0.024

vs ephrin-B1 OE: 0.851 + 0.04, #(7]) = 3.866, p = 0.0002, £ test, ***p = 0.001) without

changes to spine length (n = 81-92 dendrites, 3 mice per group; control: 2.007 + 0.021 vs

ephrin-B1 OE: 2.080 £ 0.033, 1(185) = 1.785, p = 0.0758, t test). Graphs show mean

values and error bars represent SEM.
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Figure 2.9
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Figure 2.9. Overexpression of astrocytic ephrin-B1 reduces the number of
glutamatergic synapse.

(A-D) Confocal images showing vGlutl (green) and tdTomato (red) immunolabeling in
SR (A,B) and SLM (C,D) areas of the CA1 hippocampus of AAV-GFAP-tdTomato
(A,C,E) and AAV-GFAP-ephrinB1 + AAV-GFAP-tdTomato (B,D,F) adult mice. Scale
bar, 50 um. (E, F) Confocal images showing GAD65 (green) and tdTomato (red)
immunolabeling in SR area of the CA1 hippocampus of AAV-GFAP-tdTomato (E) and

AAV-GFAP-ephrinBl + AAV-GFAP-tdTomato (F) adult mice. (G,H) Graphs show the

density of vGlutl (A-D) and GAD65-positive (E,F) puncta per 10 pm 2 of the SR area in
the CA1 hippocampus of Thy1-EGFP adult mice injected with AAV-GFAP-tdTomato
(Control) or AAV-GFAP-ephrinB1 + AAV-GFAP-tdTomato (ephrin-B1 OE). There is a
significant 25% decrease in vGlutl-positive puncta in the SR of ephrin-B1 OE group
compared with WT group (n = 5 mice; control: 4.30 £ 0.446 vs ephrin-B1 OE: 3.22 +

0.297, 1(58) = 2.016, p = 0.0484, ¢ test, *p = 0.05). Graphs show mean values and error

bars represent SEM.
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Figure 2.10
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Figure 2.10. Overexpression of ephrin-B1 increases synaptic GluA1 levels.

(A) Western blots show levels of AMPAR subunits (GluA1 and GluA2/3), PSD95 and
GAPDH in synaptosomes isolated from the hippocampus of Control and OE mice. (B)
PSD95 levels in naive KO compared with naive WT (AAV-GFAP-tdTomato: 1.008 +
0.049 vs AAV-GFAP-ephrinBl + AAV-GFAP-tdTomato: 0.763 + 0.191, 16)= 1.229, p
=0.1307). There was a significant increase in AMPAR/PSD9S5 ratio for synaptic (C)
GluA1l (AAV-GFAP-tdTomato: 0.999 + 0.013 vs AAV-GFAP-ephrinB1 + AAV-GFAP-
tdTomato: 1.564 + 0.273, 16)= 2.068, p =0.0421, ¢ test). Decreases seen in GluA2/3
subunits were not significant (AAV-GFAP-tdTomato: 0.999 £ 0.043 vs AAV-GFAP-

ephrinBl + AAV-GFAP-tdTomato: 1.491 + 0.0425, 1) = 1.24, p = 0.130). Graphs show

mean values and error bars represent SEM.
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Figure 2.11
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Figure 2.11. Synaptic effects of astrocytic ephrin-B1 ablation and overexpression.
(A) Model of the synaptic effects of astrocytic deletion and overexpression of ephrin-B1.
Deletion of astrocytic ephrin-B1 increased spine density, postsynaptic PSD95, and
presynaptic vGlutl, while decreasing spine volume and synaptic AMPAR (GluAl,;
GluA2/3) levels. Overexpression of ephrin-B1 decreased dendritic spine density and

presynaptic vGlutl, with an increased spine volume and synaptic GluA1 levels.
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Chapter 3 — Role of astrocytic ephrin-B1 in hippocampal dependent learning and
memory
Abstract

The hippocampus is necessary for the formation of new memories and is integral
to life-long learning in adulthood. In fact, damage to the hippocampus leads to
anterograde amnesia and impaired acquisition of new memories. Further, acquisition of
associative memory requires the activation of excitatory pyramidal neurons and
maturation of hippocampal synapses. During synaptic maturation postsynaptic dendritic
spines increase in volume and integrate AMPARSs into the synaptic membrane, increasing
excitatory signal efficiency. EphB/ephrinB interactions are shown to promote synaptic
maturation and stabilization, but most studies have focused on neuronal Eph/ephrins.
Previously I demonstrated ablation of astrocytic ephrin-B1 increases, and in contrast
overexpression decreases, immature synapse number in the SR region of the CA1
hippocampus in adult mice. Astrocytic ephrin-B1 mediated synapse elimination suggests
hippocampal astrocytes may modulate memory formation and hippocampal dependent
recall. Indeed, ablation of astrocytic ephrin-B1 enhanced contextual recall after fear
conditioning. KO mice showed a 51% increase in dendritic spine density in activated
neurons compared to non-activated WT pyramidal cells. However, activation of
hippocampal neurons induces synaptic maturation in both KO and WT mice. Fear
conditioning also increased vGlut1/PSD9S5 co-localization in KO mice, suggesting
enhanced contextual recall is due to an increased number of mature excitatory

connections in the CA1 hippocampus. Indeed deficits in synaptic AMPAR in naive KO
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mice are no longer seen in trained KO mice. Overexpression of astrocytic ephrin-B1
leads to deficits in contextual recall possibly as a result of a lack of available immature
synapses prior to training. OE mice had fewer dendritic spines on activated neurons
coinciding with decreased vGlutl/PSD95 co-localization indicating a reduced formation
of new hippocampal synapses may underlie impaired fear conditioning.

These studies indicate that astrocytic ephrin-B1 may negatively regulate memory
formation by eliminating immature synapses in the SR CA1 hippocampus, reducing

potential sites for new memories in an activity dependent manner.
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Introduction

Hippocampal circuits are well known for their role in the formation of new
memories and life-long learning (Milner, Squire, & Kandel, 1998; Neves, Cooke, &
Bliss, 2008). Hippocampal dependent learning requires the activation of CA1 pyramidal
neurons (Strekalova et al., 2003), which promotes the growth and maturation of
hippocampal synapses. In fact, maturation of dendritic spines through the recruitment of
AMPAR and an increase in spine volume were shown to be activity dependent (Matsuo,
Reijmers, & Mayford, 2008) and deletion of synaptic NMDARSs in the CA1 hippocampus
was reported to impact hippocampal dependent learning (Tsien & Huerta, 1996). In
addition to promoting synapse formation, experience is also shown to modify
hippocampal circuits through selective stabilization or removal of synapses (Lichtman

and Colman 2000; Draft and Lichtman, 2009; Holtman and Svoboda et al., 2009).

Retention of high EphB receptor and ephrinB expression in the adult
hippocampus (Grunwald et al., 2001; Liebl, Morris, Henkemeyer, & Parada, 2002) and
trans-synaptic Eph/ephrinB interactions promoting postsynaptic dendritic spine
maturation (Henderson et al., 2001; Henkemeyer, Itkis, Ngo, Hickmott, & Ethell, 2003;
Kayser, McClelland, Hughes, & Dalva, 2006) indicates EphB/ephrinB interactions may
affect hippocampal dependent memory formation by stabilizing new synaptic
connections. Indeed, activation of EphA and EphB receptors are reported to increase
associative memory in mice (Dines et al., 2015; Gerlai et al., 1999; Halladay, Tessarollo,

Zhou, & Wagner, 2004; Willi et al., 2012). Interestingly, EphB2 activation increases both
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short and long-term memory, though only long-term memory requires EphB2 kinase
activity (Dines et al., 2015). While trans-synaptic EphB/ephrinB interactions enhance
memory formation little is known about how astrocytic ephrin-B1 and neuronal EphB
interactions modulate memory. I previously reported astrocytic ephrin-B1 as a negative
regulator of immature synapses in the CA1 hippocampus. As a result, this raises the
possibility of astrocytic ephrin-B1 modifying hippocampal dependent memory by

reducing the population of available immature sites for new memory formation.

Hippocampal dependent memory formation also requires input from local
inhibitory neurons. In fact, ablation of GABA, receptor a5 subunit increased contextual
recall (Crestani et al., 2002; Yee et al., 2004) and enhanced spatial learning in mice
(Collinson et al., 2002). Enhanced parvalbumin (PV) interneuron activity also diminished
contextual recall after fear extinction suggesting activation of PV interneurons may lead
to memory loss (Caliskan et al., 2016). In contrast, in another study interneurons in CA3
hippocampus expressing high levels of PV were shown to receive higher excitatory input
following fear conditioning and play a role in memory consolidation (Donato et al. 2013;
Donato et al. 2015). High-PV expressing interneurons also exhibit a higher excitatory to
inhibitory input ratio compared to low-PV expressing interneurons (Donato et al., 2015).
Although astrocytic ablation and overexpression of ephrin-B1 does not affect GAD65
inhibitory sites in the CA1 hippocampus, ephrin-B1 may regulate excitatory input on

inhibitory neurons increasing inhibitory activity.
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Studies presented here show astrocytic ephrin-B1 mediated elimination of
immature synapses inhibits hippocampal dependent memory formation. Fear
conditioning tests demonstrated enhanced contextual recall in KO mice most likely the
result of the maturation of excess immature synapses observed in naive KO as compared
to WT mice. After fear conditioning both WT and KO mice showed a significant increase
in dendritic spine density on activated c-Fos-positive neurons as compared to c-Fos-
negative neurons. Dendritic spines on activated neurons also showed an increase in spine
volume in both WT and KO mice, indicating excess immature synapses in KO mice
mature during fear conditioning. Indeed, KO mice had a 30% increase in vGlutl/PSD95
co-localization compared to WT mice suggesting an increase in the number of functional
synapses. In addition, trained KO mice had no difference in synaptic AMPAR levels
compared to trained WT mice suggesting excess immature synapses observed in naive
KO mice mature during fear conditioning. OE of astrocytic ephrin-B1 inhibited
contextual recall and OE mice had fewer dendritic spines on activated neurons coinciding
with a 25% reduction in vGlut1/PSD95 co-localization as compared to trained WT mice.
Our results suggest that fear conditioning promoted the recruitment of AMPAR in WT
but not OE synapses, probably due to a lack of immature synapses in OE mice. These
studies implicate astrocytic ephrin-B1 as a negative regulator of synapse formation in the

hippocampus during learning, therefore regulating contextual memory formation.
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Material and Methods

Ethics statement

All animal care protocols and procedures were approved by the UC Riverside
Animal Care & Use Program, which is accredited by AAALAC International, and animal
welfare assurance number A3439-01 is on file with the Office of Laboratory Animal

Welfare (OLAW).

Mice

B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J (ERT2-Cre“*, RRID:
IMSR_JAX:012849) male mice were crossed with 129S-Efinb1"™'*°"/J female mice
(ephrin-BI™* RRID: IMSR_JAX:007664) to obtain ERT2-Cre““Fephrin-B1" (KO),
or ERT2-Cre " (WT) male mice (Fig. 2.1 A). Adult WT and KO littermates received
tamoxifen intraperitoneally (IP; 1 mg in 5 mg/ml of 1:9 ethanol/sunflower seed oil
solution) once a day for 7 consecutive days (Fig. 2.1B). We did not detect any changes in

FAP . fl ..
AP ophrin-B1™™" non-injected or

ephrin-B1 levels in astrocytes or neurons in ERT2-Cre
injected with sunflower seed oil without tamoxifen as previously reported
(Nikolakopoulou et al., 2016). Ephrin-B1 immunoreactivity was analyzed in ERT2-
Cre“"“Fephrin-B1™Y (KO) and ERT2-Cre“"** (WT) mice (Fig. 2.2 A-F). Astrocyte-

specific Cre expression was confirmed in tamoxifen-treated ERT2-Cre®"”

using Rosa-
CAG-LSL-tdTomato reporter mice (CAG-tdTomato, RRID:IMSR JAX:007909; Fig. 2.2

A). Ephrin-B1 immunoreactivity was observed in cell bodies and dendrites of CA1

neurons but not hippocampal astrocytes of tamoxifen-treated KO mice (Fig. 2.2 B-C).
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There were no changes in ephrin-B1 levels in astrocytes and neurons of untreated and
tamoxifen-treated WT animals. Genotypes were confirmed by PCR analysis of genomic
DNA isolated from mouse-tails. Mice were maintained in an AAALAC accredited
facility under 12-h light/dark cycle and fed standard mouse chow. All mouse studies were

done according to NIH and Institutional Animal Care and Use Committee guidelines.

Stereotaxic micronjections

To induce expression of ephrin-B1 and tdTomato in hippocampal astrocytes we
used adeno-associated viruses (AAV7) containing AAV7.GfaABCI1D.ephrin-B1.SV40 or
AAV7.GfaABCID.tdTomato.SV40, respectively (both obtained from UPenn Vector Core,
http://www.med.upenn.edu/gtp/vectorcore). Viral titers were 7.56 X 10'? viral particles
(VP)/ml for AAV7.GfaABC1D.ephrin-B1.SV40 (AAV-ephrin-B1) and 4.46 X 10"
VP/ml for AAV7.GfaABCI1D.tdTomato.SV40 (AAV-tdTomato). VP were further
concentrated with Amicon ultra-0.5 centrifugal filter (UFC505024, Sigma-Aldrich)
pretreated with 0.1% Pluronic F-68 non-ionic surfactant (24040032, Thermofisher). VP
were stereotaxically injected into the dorsal hippocampus of adult postnatal day (P) 70-90
C57BL/6 or Thyl-EGFP mice as follows. Mice were anesthetized by intraperitoneal
injections (IP) of ketamine/xylazine mix (80 mg/kg ketamine and 10 mg/kg xylazine).
Adequate anesthesia was assessed by paw pad pinch test, respiratory rhythm, righting
reflex, and/or loss of corneal reflex. Animals received craniotomies (1 mm in diameter)
and stereotaxic injections were performed at 2.5 mm posterior to bregma, 1.0 mm lateral

to midline, and 1.2 mm from the pial surface (Fig. 2.6 A-B). Control mice were bilateral
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injected with 2 pl of 1.16 X 10" VP/ml AAV7.GfaABC1D.tdTomato.SV40 and
experimental animals received 1 pl of 3.78 X 10" VP/ml AAV7,GfaABC1D.ephrin-
B1.SV40 + 1 pl of 2.32 X 10" VP/ml AAV7.GfaABC1D.tdTomato.SV40. Post-surgery
mice received 0.3 ml of buprenorphine by subcutaneous injection every 8 h for 48 h as
needed for pain and animals were alowed to recover for 14 days prior to fear conditioning
tests and/or immunohistochemistry (Fig. 2.6C). Coronal sections selected for analysis

were determined by hippocampal specific tdTomato expression (Fig. 2.6B).

Fear conditioning test

Hippocampal dependent contextual learning was assessed using a fear-
conditioning paradigm as previously described (Anagnostaras et al., 2001). Two contexts
were used to test contextual memory. Context A consisted of an 18 X 18 cm rectangular
clear plexiglass box with 16-grated steel bars on the bottom. All trials under context A
were under white light and the scent of Quatricide TB. Context B consisted of a cylinder
with a diameter of 15 cm and a height of 20 cm with 2.5 X 2.5 cm checkered black and
white walls. All trials in context B were under altered light with fresh litter and the scent
of Windex. Animals were acclimated in behavioral room for 30 min before each day of
testing, and handled for 2 min for 5 days prior to subsequent testing. On day one the test
mouse was placed in context A and allowed to habituate to the chamber for 10 min, 1 h
after context A mice were habituated to context B for 10 min. The mouse was removed
and separated from its home cage until all mice in that cage were habituated to both

contexts. 16 h after context habituation, test mice were trained to associate an

79



unconditioned stimulus (US; 0.6 mA scrambled foot shock) with a conditioned stimulus
(CS; 9 kHz, 70 dB tone) in context A. Test mice were placed in context A and given 3
minutes for habituation, followed by a 30 s tone (CS), which co-terminated witha 2 s
foot shock (US). The CS-US pairing occurred five times, with a pseudorandom interval
between pairings. 24 h after the training session animals were tested for their associated
memory of the context (in context A) and of the CS tone (in context B). For contextual
recall, mice were placed in context A for 5 min with no sound and returned to home cage
for 1 h before testing context B. For tone recall test mice were placed in context B for a
total of 6 min with the CS tone playing for the final 3 min. For extinction of contextual
memory 24 h after tone recall mice were placed in context A for 10 min for four
consecutive days. For memory reactivation, 1 h after the final extinction training mice
were placed in context B for a total of 6 min with the CS tone playing for the final 3 min.
For contextual memory renewal, mice were placed in context A for 5 min 1 h after
memory reactivation. Freezing behavior was measured as a percentage of time freezing
using TopScan Software. GraphPad Prism 6 software (RRID: SCR_002798) was used to
preform a one-way ANOVA followed by Tukey’s post hoc analysis or t-test when

appropriate, data represent mean + SEM.

Immunohistochemistry
Animals were anesthetized with isoflurane and transcardially perfused first with
0.9% NacCl followed by fixation with 4% paraformaldehyde in 0.1 M phosphate-buffered

saline (PBS), pH 7.4. Brains were post-fixed overnight with 4% paraformaldehyde in 0.1
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M PBS and 100 um coronal brain sections were cut with a vibratome. Excitatory
presynaptic boutons were labeled by immunostaining against vesicular glutamate
transporter 1 (vGlutl) using rabbit anti-vGlut1 antibody (0.25 mg/ml, Invitrogen Cat#
482400, RRID: AB 2533843), postsynaptic sites were identified with mouse anti-
postsynaptic density-95 (PSD95) antibody (1.65 pg/ml, Invitrogen Cat# MA1-045,
RRID: AB_325399). Inhibitory sites were detected with mouse anti-glutamic acid
decarboxylase 65 (GAD65) antibody (10 pg/ml, BD Pharmingen Cat# 559931, RRID:
AB 397380). Ephrin-B1 levels were detected by immunostaining with goat anti-ephrin-
B1 antibody (20 ug/ml, R&D Systems Cat# AF473, RRID: AB 2293419). Activated
neurons were detected with ant-c-fos antibodies (40 ug/ml, Invitrogen Cat# PA1-37437,
RRID: AB 1073599). Secondary antibodies used were Alexa Fluor 594-conjugated
donkey anti-mouse I1gG (4 mg/ml, Molecular Probes Cat# A-21203, RRID: AB_141633),
Alexa Fluor 647-conjugated donkey anti-rabbit IgG (4 mg/ml, Molecular Probes Cat# A-
31573, RRID: AB 2536183), Alexa Fluor 647-conjugated donkey anti-goat IgG (4
mg/ml, Molecular Probes Cat# A-21447, RRID: AB 141844), or Alexa Fluor 488-
conjugated donkey anti-goat IgG (4 mg/ml, Molecular Probes Cat# A-11055, RRID:
AB_2534102). Sections were mounted on slides with Vectashield mounting medium

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

Confocal Imaging and Analysis
Confocal images of the stratum radiatum (SR) and stratum lacunosum-moleculare (SLM)

layers of CA1 hippocampus were taken with a Leica SP2 and Zeiss 880 confocal laser-
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scanning microscope. A series of high-resolution optical sections (1,024 x 1,024-pixel
format) were captured with a 20x or 63x water-immersion objective (1.2 numerical
aperture) and 1x zoom at 1-pum step intervals (z-stack of 10 optical sections). All images
were acquired under identical conditions. Each z-stack was collapsed into a single image
by projection, converted to a tiff file, encoded for blind analysis, and analyzed using
Image J Software. Three adjacent projections from SR were analyzed per each
hippocampus from at least three animals/group. Cell area, integrated fluorescent
intensity, and cell perimeter were determined for each GFAP-positive and ephrinB1-
positive cell (100-300 astrocytes, z-stacks at least 10 optical images, 5—11 brain slices,
3—4 mice per group). For the analysis of vGlutl, GAD65, and PSD95 immunolabeling, at
least six sequential images were captured for selected area at 1-pum step intervals, each
image in the series was threshold-adjusted to identical levels (0-160 intensity) and puncta
(0.5-10 pm?) were measured using ImageJ software (RRID: nif-0000-30467). Cell body
and dendritic labeling were excluded from the analysis. Three adjacent areas from SR and
SLM were imaged and analyzed per each hippocampus from at least three animals/group.
Statistical analysis was performed with one-way ANOVA followed by Tukey post-hoc
analysis using GraphPad Prism 6 software (RRID: SCR_002798), data represent mean =

standard error of the mean (SEM).
Dendritic spine analysis
Animals were anesthetized with isoflurane and transcardially perfused with 4%

paraformaldehyde in 0.1 M PBS, pH 7.4. Brains were post-fixed for 2 h in 4%
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paraformaldehyde in 0.1 M PBS and 100 um coronal sections were cut with a vibratome.
Dendritic spines were labeled using a DiOlistic approach (Henkemeyer et al., 2003).
Tungsten particles coated with fluorescent lipophilic dye 1,1°-dioctadecyl-3,3,3°,3’-
tetramethyl-indocarbocyanine perchlorate (Dil, D282, Molecular Probes) was delivered
by helium-powered ejection (Bio-Rad Helios Gene Gun System) into hippocampal slices.
Labeled neurons were imaged using a LSM 510 Carl Zeiss confocal microscope. 10-15
Dil-labeled neurons were randomly selected per group and dendrites were imaged using a
63x objective (1.2 NA), 1x zoom. Three-dimensional fluorescent images were created by
the projection of each z stack containing 50-100 high-resolution optical serial sections
(1,024 x 1,024-pixel format) taken at 0.5 pum intervals in the X-Y plane. Quantifications
of the spine density (spines per 10 pm dendrite), lengths (um), and volumes (um®) were
carried out using Neurolucida 360 software (MicroBrightField RRID: SCR_001775).
Statistical analysis was performed with one-way ANOVA followed by Tukey post-hoc
analysis using GraphPad Prism 6 software (Graphpad Prism, RRID: SCR _002798), data

represent mean + SEM.

Synaptosome Purification

Synaptosome purification was performed as previously described (Hollingsworth et al.,
1985). Hippocampal tissues from adult WT or EphB1,2,3 KO mice were homogenized in
1 ml synaptosome buffer (124 mM NaCl, 3.2 mM KCI, 1.06 mM KH,PO4, 26 mM
NaHCOs3, 1.3 mM MgCl,, 2.5 mM CaCl,, 10 mM Glucose, 20 mM HEPES).

Homogenates were filtered through a 100 um nylon net filter (NY 1H02500, Millipore)
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and 5 pm nylon syringe filter (SF15156, Tisch International). Homogenate flow through
was collected and synaptosomes were spun down at 10,000 g, 4°C, for 30 min.
Synaptosomes were resuspended in 800 ul synaptosome buffer. To confirm synaptosome
enrichment, levels of synapsin-1, PSD95, and histone deacetylase (HDAC I) were
analyzed in tissue homogenates and synaptosome fractions with western blot analysis.
Synaptosomes for engulfment assays were also stained with 5% (w/v) Dil (D282,

Molecular Probes) in DMSO for 10 min.

Western Blot Analysis

Tissue homogenate or purified synaptosome samples were centrifuged at 10,000 g, 4°C,
for 30 min, pellets were re-suspended in lysis buffer (50 mM Tris, 100 mM NaCl, 2%
TritonX-100, 10 mM EDTA,) containing 2% protease inhibitor cocktail (P8340, Sigma-
Aldrich) and incubated for 2 h at 4°C. Samples were added to 2X Laemmli Buffer
(S3401, Sigma-Aldrich) and run on an 8-16% Tris-Glycine Gel (EC6045BOX,
Invitrogen). Protein samples were transferred onto a nitrocellulose blotting membrane
(10600007, GE Healthcare). Blots were blocked with 5% milk in TBS (10 mM Tris, 150
mM NaCl, pH 8.0) followed by immunostaining with mouse anti-PSD95 (1.65 pg/ml,
Invitrogen Cat# MA1-045, RRID: AB 325399), rabbit anti-GluA1 (1:100, Millipore
Cat# AB1504, RRID: AB 2113602), rabbit anti-GluA2/3 (0.1 pg/ml, Millipore Cat#
AB1506, RRID: AB 90710), rabbit anti-HDAC I (0.40 pg/ml, Santa Cruz
Biotechnologies Cat# sc-7872, RRID: AB 2279709), rabbit anti-synapsin-1 (0.2 pg/ml,

Millipore Cat# AB1543P, RRID: AB_90757), or mouse anti-GAPDH (0.2 pg/ml,
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Thermo Fisher Scientific Cat# 39-8600, RRID:AB 2533438) antibodies in 0.1% tween
20/TBS at 4°C for 16 h. Secondary antibodies used were HRP conjugated donkey anti-
mouse IgG (Jackson ImmunoResearch Cat#715-035-150, RRID: AB_2340770) or HRP
conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Cat# 111-035-003, RRID:

AB 2313567). Blots were incubated in ECL 2 Western Blotting Substrate (Pierce Cat#
80196) and a signal was collected with CL-XPosure film (34090, Pierce). Band density
was analyzed by measuring band and background intensity using Adobe Photoshop
CS5.1 software (RRID: SCR_014199). Statistical analysis was performed with a one-way
ANOVA followed by Tukey post-hoc analysis using GraphPad Prism 6 software (RRID:

SCR _002798), data represent mean + SEM.
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Results
Contextual memory is enhanced in astrocyte specific ephrin-B1 KO mice following
fear conditioning.

As immature synapses are preferential sites for spine enlargement (Matsuzaki et
al., 2004), I next tested whether ablation of astrocytic ephrin-B1 enhanced contextual
hippocampal-dependent learning using a fear-conditioning test. WT, WT+TAM and
KO+TAM mice were trained to associate an electric shock with a tone in context A.
Their ability to recall the context and tone was then tested by measuring the amount of
time freezing in context A without tone (context recall) and in context B with a tone (tone
recall) respectively (Fig. 3.1 A). A significant 30% increase in freezing during contextual
recall was observed in KO+TAM (66.95 + 3.77) mice as compared to WT (54.29 £ 5.90)

and WT+TAM (Fig 3.1E; 51.15 + 5.68; F, |, =3.601, p=0.05) mice. WT+TAM and

KO+TAM mice were tested for fear extinction after fear conditioning (Fig. 3.2 A-E).
KO+TAM (63.56 + 10.25) mice also showed a significant 78% increase in contextual
memory renewal following fear memory extinction and reactivation compared to

WT+TAM (Fig 3.2 E; 38.51 = 8.34; ¢ = 2.534 p= 0.047) mice.

> Loy
Maturation of excess dendritic spines in ephrin-B1 KO mice is activity dependent.
Coronal hippocampal sections from WT+TAM and KO+TAM mice perfused 1h
after context A recall and stained for c-fos to distinguish activated (c-fos+) from non-
activated (c-fos -) neurons (Fig. 3.3 A,B). Dendritic spines were labeled with DiO and

measured using Neurolucida 360 software to determine spine density (C), length (D), and
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average spine volume (E) in WT+TAM and KO+TAM mice (Fig. 3.3 C-E). Activated (c-
fos-positive) CA1 pyramidal neurons had a significant increase in dendritic spine density
in KO+TAM (c-fos (+): 15.98 £0.78; c-fos (-): 12.42 £ 0.98) compared to a smaller but
significant increases observed in WT+TAM (c-fos (+): 12.99 + 0.608; c-fos (-): 10.60 £

0.86; F, .,

=12.52, p =0.001) mice. Activated neurons also showed an increase in
average spine volume compared to c-fos negative cells (WT+TAM c-fos (-): 0.471 +
0.007; WT+TAM c-fos (+): .555 £ 0.028; KO+TAM c-fos (-): 0.440 £ 0.015; KO+TAM

c-fos +: 0.533 £ 0.017; F(2’26) =9.606, p = 0.0008). The results suggest astrocytic

ephrin-B1 negatively regulates learning-induced dendritic spine formation in the adult
hippocampus as greater increases are seen in activated KO neurons compared to activated

WT cells.

Astrocyte specific ephrin-B1 deletion increases synapse formation after fear
conditioning.

To determine if KO mice have an increased number of synaptic connections in the
CA1 hippocampus after fear-conditioning coronal hippocampal sections were stained for
presynaptic vGlutl and the postsynaptic PSD95 (Fig. 3.4A-D). A 34% increase in
vGlutl/PSD95 co-localization was seen in trained KO+TAM (2.678 = 0.116) compared

to trained WT+TAM (Fig. 3.4F; 1.999 + 0.215; Loy 2.828, p =0. 008) mice.

Surprisingly, no differences were seen in vGlutl-positive puncta in trained WT+TAM

(3.549 + 0.173) and KO + TAM (Fig 3.4E; KO+TAM: 3.601 £ 0.1753; ¢.,. = 0.213, p =

29

0. 833) mice. Increases in co-localization may be due to an increased number of PSD95-
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positive puncta seen in trained KO+TAM (5.592 + 0.088) compared to trained WT+TAM

(Fig. 3.4F; WT+TAM: 4.727 + 0.425; 2= 2.104, p = 0. 043, ¢ test). The results suggest

excess synapse formation in KO mice may contribute to enhanced contextual recall.

Fear conditioning promotes AMPAR recruitment in KO synapses.

Hippocampal tissues were collected following context recall and synaptosomes
were assessed for AMPAR and PSD95 levels (Fig. 3.5A). In contrast to reduced levels of
synaptic AMPAR in naive KO mice as compared to WT (chapter 2), we observed similar
synaptic levels of AMPAR subunits GluA1 (Fig. 3.5C; WT+TAM: 1.003 + 0.007 vs
KO+TAM: 0.918 £ 0.091, t(12) =0.6931 p=0.505, t-test) and GluA2/3 (Fig. 3.5D;
WT+TAM: 1.032 £ 0.062 vs KO+TAM: 0.799 £ 0.106; t(12)=1.537, p=0.152, t-test) in
the hippocampus of trained WT and KO mice, suggesting that immature synapses may
recruit more AMPARSs in KO mice following training. Levels of PSD95 were also similar
in trained KO+TAM and WT+TAM groups (Fig. 3.5B; WT+TAM: 1.073 = 0.191 vs KO:
1.517 £ 0.5009, t9) = 0.7545, p= 0.4698), most likely due to increased number of synapses
in WT mice following training.

The results suggest that the excess immature synapses observed following
astrocyte-specific loss of ephrin-B1 in adult mice most likely mature following learning

contributing to enhanced contextual memory.

Ablation of astrocytic ephrin-B1 has no effect on inhibitory circuits in the CA1

hippocampus during fear conditioning.
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Hippocampal sections were stained for GAD65 following training and memory
recall to determine differences in inhibitory circuits in the CA1 hippocampus (Fig. 3.6
A). No significant differences were seen in GAD65-positve puncta between WT+TAM
and KO+TAM mice in the SR of the CA1 hippocampus (Fig 3.6E; WT+TAM: 1.036 +
0.103; KO+TAM: 1.247 + 0.150; lany* 1.159, p = 0.255) or SLM (WT+TAM: 1.452 +

0.219; KO+TAM 1.784 + 0.230; ¢,,,. = 1.159, p = 0.306). To determine if astrocytic

(32)
ephrin-B1 regulates excitatory inputs on inhibitory cells hippocampal sections were
stained for vGlutl and PV (Fig. 3.6 C, D) in naive (C) and trained (D) mice. No
significant differences were seen in the number of vGlutl-positive presynaptic sites per

100pum?* PV interneuron between WT and KO mice before (Fig. 3.6 F; WT+TAM: 1.780

+ 0.088 vs KO+TAM: 1.968 + 0.084; Lsa0) = 1.536, p =0.125) or after (Fig 3.6 G;

WT+TAM: 1.280 £ 0.070 vs KO+TAM: 1.451 + 0.083; te63) 1.516 p=0.114) fear

conditioning. Astrocytic ephrin-B1 shows no effect on inhibitory circuits in the CA1

suggesting enhanced contextual recall in KO mice is due to changes in excitatory circuits.

Contextual memory is deficient in astrocyte specific ephrin-B1 overexpressing mice
following fear conditioning.

To determine if overexpression (OE) of ephrin-B1 in adult hippocampal
astrocytes also affected hippocampal-dependent learning, we examined contextual
memory acquisition and recall using a fear-conditioning paradigm. 14 days post-
injection, mice were trained to associate an electric shock with a tone in context A (Fig.

3.7A-G). Their ability to recall context and tone association was then tested 24 h after the
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training by measuring mouse freezing-time in context A without tone (context recall, Fig.
3.7E) and in context B with a tone (tone recall), respectively (Fig. 3.7G). We found no
differences between control and astrocytic ephrin-B1 OE groups during the training (Fig.
3.7D), but a significant reduction in freezing was observed during contextual recall in
astrocytic ephrin-B1 OE mice (22.23 + 5.12) as compared to control mice (Fig. 3.7E;
35.14 £2.11, ¢y =2.534 p=0.039, t-test). It appears that freezing time of astrocytic
ephrin-B1 OE mice during contextual recall 24 h after training (22.23 + 5.12) was not
significantly different from their freezing time during initial habituation to the context A
before the training (14.85 + 2.11). In contrast, control mice expressing tdTomato retained
fear memory of context A and were freezing more 24 h after training (35.14 + 2.11) than

during habituation (16.68 + 0.28, t5) =8.673, p=0.0004, t-test).

Overexpression of astrocytic ephrin-B1 inhibits activity dependent dendritic spine
formation.

Coronal hippocampal sections from AAV-tdTomato and AAV-ephrinB1 Thyl-
GFP mice were perfused 1h after context A recall and stained for c-fos to detect activated
neuron (Fig. 3.8A,B). Dendritic spines were measured using Neurolucida 360 software to
determine spine density (C), length (D), and average spine volume (E) in AAV-tdTomato
and AAV-ephrinB1 mice (Fig. 3.8C-E). Similar to WT mice, in AAV-tdTomato mice
activated neurons showed a slight 28% increase in dendritic spine density in activated c-
fos+ neurons as compared to c-fos- neurons (c-fos (-): 7.168 £ 0.555; c-fos (+): 9.167

0.680). However overexpression of ephrin-B1 inhibited activity dependent dendritic
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spine formation in AAV-ephrinB1 mice (Fig 3.8C; c-fos (+): 7.48 £ 0.797; c-fos (-):

7843 F,

=1.795, p =0.162). In addition, activated c-fos+ neurons in both AAV-
tdTomato (0.641 + 0.018) and AAV-ephrin-B1 (0.665 + 0.022) showed an increase in
spine volume compared to c-fos negative cells (Fig. 3.8F; AAV-tdTomato: 0.540 +

0.029; AAV-ephrin-B1 0.595 + 0.020; F(3 45~ 6.085, p =0.0014). The results suggest

deficits in contextual recall may be due to a loss of available immature dendritic spines

on activated CA1 hippocampal pyramidal neurons.

Astrocytic ephrin-B1 regulates post-synaptic sites during memory formation.
Hippocampal excitatory connections were determined by co-localization of
presynaptic vGlutl and postsynaptic PSD95 in the SR and SLM of the CA1 hippocampus

following their training in the fear conditioning test (Fig. 3.9A-D). No difference were
observed in vGlutl positive puncta between trained AAV-tdTomato (5.736 + 0.275) and

AAV-ephrinB1 (Fig 3.9G; 5.352 £ 0.1588, ¢, = 1.120, p = 0.159, ¢ test). However, a

(32
25% reduction in vGlut1/PSD95 co-localization was seen in trained AAV-ephrinB1

(2.036 £ 0.232) compared to trained AAV-tdTomato (Fig. 3.91; 2.719 + 0.158; bany =

2.433, p=0. 022, ¢ test). Although not significant a 15% decrease in total PSD95 puncta
is also seen in trained ephrin-B1 OE mice (Fig. 3.9H; (AAV-tdTomato: 5.600 & 0.336;

AAV-ephrinB1: 4.835 £ 0.148 =2.084, p = 0. 078, ¢ test). Inhibitory connections

e
were detected by staining hippocampal sections for GAD65 (Fig. 3.9E, F). No significant

differences were seen in GAD65 staining between trained AAV-tdTomato (1.550 +
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0.080) and AAV-ephrinB1 (1.450 + 0.077) mice. Reduced formation of synapses after
fear conditioning may be the cause of contextual recall deficits in ephrinB1 OE mice.
However, no significant differences were seen between trained WT and OE mice in
synaptic GluA1 (Fig. 3.10C; AAV-tdTomato: 1.006 + 0.063 vs AAV-ephrinB1: 1.251 +

0.161, 1(8)= 1.637, p =0.140, t test) of GluA2/3 (Fig. 3.10D; AAV-tdTomato: 1.007 +
0.065 vs AAV-ephrinB1: 0.757 £ 0.238, 18)= 1.221, p =0.257, ¢ test). Astrocytic

ephrin-B1 may affect the formation of new synapses during memory formation without

influencing their maturation.
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Discussion

Hippocampal excitatory neurons play an integral role in associative memory
formation, in particular activation of CA1 pyramidal neurons is observed during
contextual recall in mice (Ji & Maren, 2008). Activity dependent maturation of
hippocampal synapses during memory formation promotes structural changes to dendritic
spines (Knott, Holtmaat, Wilbrecht, Welker, & Svoboda, 2006; Lichtman & Colman,
2000; Draft & Lichtman, 2009; Holtmaat & Svoboda, 2009) and increases synaptic
AMPA receptor levels (Matsuo et al., 2008). Activity dependent synapse maturation in
the hippocampus suggests immature dendritic spines are potential sites for new memory
formation (Matsuzaki et al., 2004). Our goal was to investigate the role of astrocyte
specific ephrin-B1 in regulating CA1 hippocampal synapse during contextual memory
formation.

Activation of neuronal EphB receptors facilitates dendritic spine formation and
maturation (Dalva ef al., 2000; Grunwald ef al., 2001) and increases contextual recall
(Dines et al.,2015). However, previously reported results demonstrate that astrocytic
ephrin-B1 induces the elimination of immature synapses decreasing the availability of
potential sites for memory formation. Indeed, astrocytic ephrin-B1 KO mice showed an
increase in contextual recall following fear conditioning as compared to WT mice. In
addition, we observed a two-fold increase in contextual memory reactivation following
extinction, suggesting the formation of long-lasting connections in astrocytic ephrin-B1
KO hippocampus. In contrast, contextual recall was impaired in mice overexpressing

astrocytic ephrin-B1, possibly due to the removal of EphB expressing immature synapses
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by astrocytes overexpressing ephrin-B1. Activation of hippocampal neurons during
learning was analyzed by detecting cFos immunoreactivity and promoted dendritic spine
maturation in both KO and WT mice compared to non-activated c-Fos negative cells.
Activated neurons in KO mice had a significant increase in dendritic spine density, which
suggests astrocytic ephrin-B1 mediated regulation of synapses is activity dependent. A
30% increase in pre- and postsynaptic co-localization in the SR region of the CA1
hippocampus in trained KO mice as compared to trained WT mice indicates dendritic
spines in KO mice are making functional synaptic connections contributing to enhanced
memory formation. OE of astrocytic ephrinB1 inhibited activity dependent
synaptogenesis as compared to AAV-tdTomato (WT) mice possibly due to increased
elimination of newly formed immature synapses. A 25% decrease in pre- and
postsynaptic co-localization in trained OE mice as compared to trained WT mice suggests
reductions in the number of immature synapses in naive OE mice reduces the number of
potential sites for new memory formation during memory formation. Surprisingly,
deletion and overexpression of astrocytic ephrin-B1 had no effect on the number of
glutamatergic presynaptic sites after fear conditioning. However, an 18% increase of
postsynaptic sites in trained KO mice and a 15% decrease in trained OE mice as
compared to trained WT mice confirms that astrocytic ephrin-B1 regulates the
elimination of postsynaptic sites, which is also observed following learning. In contrast,
synaptic AMPA receptor levels were similar in KO and WT mice following fear
conditioning suggesting maturation of excess immature synapses during memory

formation in KO mice. Increased synaptic GluA1 levels seen in naive OE mice as
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compared to naive WT were not observed following fear conditioning probably due to
additional recruitment of AMPAR in WT but not OE mice following training.

Inhibitory circuits in hippocampal interneurons also contribute to memory
formation and contextual recall. A partial deletion of GABA, receptor a5 subunit leads to
similar increases in contextual recall during fear conditioning (Crestani et al., 2002; Yee
et al., 2004) and a complete deletion enhances spatial learning (Collinson et al., 2002). In
addition an inverse agonist to a5 subunit increases spatial learning (Sternfeld et al., 2004;
Chambers et al., 2004). As GABA4 receptor a5 subunit is highly expressed on
hippocampal pyramidal neurons (Pirker et al., 2000; Rudolph & Mohler, 2006), changes
in inhibitory cell activity may be involved in enhanced recall in KO and deficits in OE
mice. However, after deletion or overexpression of astrocytic ephrin-B1 we observed no
differences in GADG65 positive sites in the hippocampus of naive and trained mice, no
differences were also seen in the number of glutamatergic synapses on PV-positive
inhibitory interneurons in KO mice compared to WT mice before and after fear

conditioning.

The studies presented here suggest astrocytic ephrin-B1 regulates excitatory
connections in the CA1 hippocampus by eliminating immature synapses during
contextual memory formation in an activity dependent manner (Fig. 3.11A). In addition
astrocytic ephrin-B1-mediated regulation of synapses appears to be specific to excitatory
synapses. We propose that astrocytic ephrin-B1 is involved in the elimination of
hippocampal synapses by astrocytes, which reduces the number of site available for new

memory acquisition.
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Figure 3.1. Performance of astrocytic ephrin-B1 KO mice is improved in contextual

fear conditioning test.

(A) Schematic depiction of fear conditioning test. Mice were habituated to contexts A
and B for 10 min on day 1. On day 2 mice were placed in Context A and received 5
random 0.7 mA foot shocks for 2 s after a 30 s tone at 70 Hz, training the mice to
associate the tone with the foot shock. On day 3 mice were placed in Context A for 5
min, 1 h later mice were placed in Context B for 6 min and exposed to a 70 dB tone for
the last 3 min. (B-G) Graphs show the percentage of time that mice freeze during each
trial, including Context A habituation (B), Context B habituation (C), Context A training
(D), Context A recall (E), Context B without (F), and with tone (G) KOI'TAM mice
show higher freezing than WT and WT+TAM mice during Context A recall. Graphs
show mean values and error bars represent SEM (n = [120 —21 mice per group, two-way

ANOVA followed by Bonferroni multiple-comparison post-test; F| (4,146) = 3.601 *p [1=

0.05). Graphs show mean values and error bars represent SEM.
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Figure 3.2 Astrocytic ephrin-B1 KO mice have improved contextual renewal after a

contextual fear extinction test.

(A) Schematic depiction of fear extinction test. After fear conditioning mice were placed
context A for 10 min on day 1-3. On day On day 4 mice were placed in Context A for 10
min, 1 h later mice were placed in Context B for 6 min and exposed to a 70 dB tone for
the last 3 min. 1 h later mice were placed in Context A for 5 min. (B-E) Graphs show the
percentage of time that mice freeze during extinction in Context A (B) Context B recall
without tone (C), memory reactivation in Context B with a tone (D), and memory
renewal in Context A (E). KO+TAM mice show higher freezing than WT+TAM mice
during memory renewal in Context A. Graphs show mean values and error bars represent

SEM (n =3- 5 mice per group, ¢ test; *p = 0.05 (7= 2.534 p=0.05). Graphs show mean

values and error bars represent SEM.
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Figure 3.3
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Figure 3.3. Excess dendritic spines in KO mice mature during fear conditioning.

(A) Confocal image showing DiO (green) labeled neurons, c-fos (red) in CA1
hippocampus of KO+TAM adult mice. Scale bar, 150 um. (B, C) Magnified image of c-
fos-positive (red) Thy-1GFP (green) CA1 pyramidal neuron. (C—F) Graphs show the
average number of dendritic spines per 10um dendrite (C), average spine length (D), and
average spine volume (E). (C) There is a significant 51% increase in average dendritic
spine density in c-fos positive KO+TAM neurons compared with and c-fos negative
WT+TAM mice; error bars represent SEM (n = 3— 6 mice, WT+TAM c-fos (+): 10.597 =

0.862 vs KO+TAM c-fos (-): 15.98 + 0.781; F(1’41) =12.52, p=0.001; one-way

ANOVA, Tukey’s post hoc test, ***p =0.001). A significant decrease in the proportion

of dendritic spines with smaller heads (volume 0 — 0.5 um3) was seen in c-fos positive

neurons compared c-fos negative in both WT+TAM (n = 3— 6 mice, £(1,126) = 8.369, p

=0.0001; two-way ANOVA followed by Tukey’s post hoc, *p = 0.05, ***p = 0.001).

Graphs show mean values and error bars represent SEM.
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Figure 3.4. Ablation of astrocytic ephrin-B1 increases synapse formation after fear

conditioning.

(A-D) Confocal images showing vGlutl (green) and PSD95 (red) immunolabeling in SR

(A,B) and SLM (C,D) areas of the CA1 hippocampus of WT+TAM (A,C) and KO+TAM
(B,D) adult mice after fear conditioning. Scale bar, 50 um. (E,F) Graphs show the density
of vGlutl-positive (E), PSD95-postive (F) and vGlut1/PSD95 co-localized (G) puncta per

2

10 um“ of the SR and SLM areas in the CA1 hippocampus of WT+TAM and KO+TAM

mice. There is no significant difference in vGlutl- positive puncta between WT+TAM
and KO+TAM mice (n = 3— 6 mice, WT+TAM: 3.549 £ 0.173 vs KO+TAM: 3.601 +

0.1753, 129)= 0.213, p = 0. 833, ¢ test). However, KO+TAM mice had a significant 18%

increase in PSDO95 positive puncta (WT+TAM: 4.727 £ 0.425; KO+TAM: 5.592 + 0.088;

1(32)= 2.104, p = 0. 043, ¢ test) and a 34% increase in vGlutl/PSD95 co-localization (n =
3— 6 mice, WT+TAM: 1.999 £ 0.215 vs KO+TAM: 2.678 + 0.116, 1(29)=2.828, p = 0.

008, ¢ test) in the SR CA1. Graphs show mean values and error bars represent SEM.
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Figure 3.5
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Figure 3.5. Fear conditioning promotes synaptic AMPAR recruitment in KO mice.

(A) Western blots show levels of AMPAR subunits (GluA1 and GluA2/3), PSD95 and
GAPDH in synaptosomes isolated from the hippocampus of WT and KO mice 1h after
context A recall. (B-D) Graphs show ratios of synaptic GluA1 or GluA2/3 levels to
PSDO95 levels and PSD95 to GAPDH ratios. Following training, PSD95 levels were
similar between KO+TAM and WT+TAM (WT+TAM: 1.073 £ 0.191 vs KO: 1.517 +

0.509, 19)= 0.7545, p = 0.4698). There were also similar levels of AMPAR (GluAl
WT+TAM: 1.059 + 0.167 vs KO+TAM: 1.380 + 0.428, #(9) = 0.647, p = 0.534, ¢ test;
GluA2/3 WT+TAM: 1.105 + 0.213 vs KO+TAM: 1.890 + 0.885, #(9) = 0.788, p = 0.451,

t test) and AMPAR/PSD95 ratios (GluA1l: WT+TAM: 1.003 + 0.007 vs KO+TAM: 0.918

+0.091, 7(12) = 0.6931 p = 0.505, ¢ test; GluA2/3: WT+TAM: 1.032 + 0.062 vs
KO+TAM: 0.799 £ 0.106; 1(12)= 1.537, p =0.152, ¢ test). Graphs show mean values and

error bars represent SEM.
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Figure 3.6
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Figure 3.6. Astrocytic ephrin-B1 deletion does not effect inhibitory circuits during
fear conditioning.

(A, B) Confocal images showing GADG65 (red) immunolabeling in SR and SLM areas of
the CA1 hippocampus of WT+TAM (A) and KO+TAM (B) adult mice after fear
conditioning. (C, D) Confocal images showing vGlutl (green) and PV (red)
immunolabeling in the CA1 hippocampus of WT+TAM and KO+TAM adult mice before
(C) and after (D) fear conditioning. Graphs show immunoreactivity of GAD65 (E) and
vGlutl-positive puncta per 100um PV cell in naive (F) and trained (G) mice. There was
no significant difference in the number of inhibitory GAD65-positive puncta between
WT+TAM and KO+TAM mice in the SR (n = 3— 6 mice, WT+TAM: 1.036 +£0.103 vs

KO+TAM: 1.247 + 0.150, (32) % 1.159, p =0.255, ¢ test) or SLM (n = 3— 6 mice,
WT+TAM: 1.452 +0.219 vs KO+TAM: 1.784 £+ 0.230, #29) = 0.1254, p = 0.306, ¢ test).

There was also no significant difference in vGlutl co-localization with PV cell in naive

(n =250-300 cells, WT+TAM: 1.780 + 0.088 vs KO+TAM: 1.968 + 0.084, 1(520)

=1.536, p = 0.125, ¢ test) or trained (n = 250-300 cells, WT+TAM: 1.280 + 0.070 vs

KO+TAM: 1.451 £ 0.083, £(663) = 1.516, p = 0.114, ¢ test). Graphs show mean values

and error bars represent SEM.
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Figure 3.7. Mice over expressing astrocytic ephrin-B1 showed deficits in contextual

recall.

(A) Schematic depiction of fear conditioning test. Mice were habituated to contexts A
and B for 10 min on day 1. On day 2 mice were placed in Context A and received 5
random 0.7 mA foot shocks for 2 s after a 30 s tone at 70 Hz, training the mice to
associate the tone with the foot shock. On day 3 mice were placed in Context A for 5
min, 1 h later mice were placed in Context B for 6 min and exposed to a 70 dB tone for
the last 3 min. (B-G) Graphs show the average mouse freezing during each trial,
including Context A habituation (B), Context B habituation (C), Context A training (D),
Context A recall (E), Context B without (F) and with tone (G). Ephrin-B1 OE mice show
reduced freezing compared with WT mice during Context A recall (n = 5 mice per group,

astrocytic ephrin-B1 OE: 22.23 £ 5.12 vs control: 35.14 £ 2.11, (7)= 2.534 p=10.039, ¢

test, *p = 0.05). However, freezing time of astrocytic ephrin-B1 OE mice during initial
habituation to Context A before training and during contextual recall 24 h after training
was not significantly different (astrocytic ephrin-B1 OE Context A habituation: 14.85 +
2.11 vs astro-ephrin-B1 OE Context A recall: 22.23 + 5.12). In contrast, control mice
expressing tdTomato retained Context A fear memory and were freezing more 24 h after
training than during habituation (n = 5 mice per group, tdTomato control Context A

habituation: 16.68 = 0.28 vs tdTomato control Context A recall: 35.14 £ 2.1, #(g) = 8.673,

p = 0.0004, ¢ test). Graphs show mean values and error bars represent SEM.
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Figure 3.8
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Figure 3.8. Overexpression of astrocytic ephrin-B1 inhibits activity dependent

dendritic spine formation.

(A) Confocal images of the CA1 hippocampus Thy1-EGFP (green), c-fos (blue),and
tdTomato (red) scale bar = 100um. (B) Magnified images of c-fos-positive (blue) Thy-1
GFP (green) pyramidal neurons. (C) There was no significant difference in average
dendritic spine density in c-fos positive KO+TAM neurons compared with and c-fos-
negative WT+TAM mice; error bars represent SEM (n = 3— 6 mice, KO+TAM c-fos (+) :

7.168 £ 0.555 vs WT+TAM c-fos (-): 7.476 £ 0.797; F(5 156) = 0.0213, p =0.001; one-

way ANOVA, Tukey’s post hoc test, ***p = 0.001). A significant decrease in the

proportion of dendritic spines with smaller heads (volume 0 — 0.5 um3 ) in c-fos negative
AAV-tdTomato and c-fos positive neurons compared c-fos negative AAV-tdTomato (n =

3— 6 mice, F(5’156) =120.9, p = 0.0001; two-way ANOVA followed by Tukey’s post

hoc, *p = 0.05,). Graphs show mean values and error bars represent SEM.
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Figure 3.9
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Figure 3.9 Astrocytic ephrin-B1 OE decreases excitatory synapse formation after

fear conditioning.

(A-D) Confocal images showing vGlutl (green) and PSD95 (red) immunolabeling in SR
(A,B) and SLM (C,D) areas of the CA1 hippocampus of AAV-tdTomato (A,C) and
AAV-ephrinB1 (B,D) adult micelh after fear conditioning. (E,F) Confocal images
showing GADG6S5 (red) Scale bar, 50 um. (G-J) Graphs show the density of vGlutl-
positive (G), PSD95-positive (H), vGlutl/PSD95 co-localized (I), and GAD65-positive

2 of the SR and SLM areas in the CA1 hippocampus of AAV-

(J) puncta per 10 pm
tdTomato and AAV-ephrinB1 mice. There is no significant difference in vGlutl-positive

puncta between AAV-tdTomato and AAV-ephrinB1 mice (» = 3— 6 mice, AAV-

tdTomato: 5.736 £ 0.275 vs AAV-ephrinB1: 5.352 + 0.1588, (32) % 1.120, p =0.2709, ¢

test). AAV-ephrinB1 mice had a 15% decrease in PSD-95 puncta (AAV-tdTomato: 5.600

+ 0.336; AAV-ephrinB1: 4.835 + 0.148; 132)= 2.084, p =0. 0453, ¢ test) AAV-ephrinB1

mice had a significant 25% decrease in vGlut1/PSD95 co-localization (n = 3— 6 mice,

AAV-tdTomato: 2.719 £ 0.158 vs AAV-ephrinB1: 2.036 + 0.232, 132)= 2.433,p=0.

021, ¢ test). No significant differences were seen in GADG65 staining. Graphs show mean

values and error bars represent SEM.

116



Figure 3.10
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Figure 3.10. Astrocytic ephrin-B1 OE and Control mice show no differences in

synaptic AMPAR after fear conditioning.

(A) Western blots show levels of AMPAR subunits (GluA1 and GluA2/3), PSD95 and
GAPDH in synaptosomes isolated from the hippocampus of Control and OE mice 1h
after context A recall. (B-D) Graphs show ratios of synaptic GluA1 or GluA2/3 levels to
PSDO95 levels and PSD95 to GAPDH ratios. There were also similar levels of
AMPAR/PSD95 ratios (GluA1l; AAV-tdTomato: 1.006 £ 0.063 vs AAV-ephrinB1: 1.251
+0.161, 1(8) = 1.637 p = 0.140, ¢ test; GluA2/3 AAV-tdTomato: 1.007 + 0.065 vs AAV-

ephrinB1: 0.757 + 0.238, 1(8) = 1.221, p = 0.1285, ¢ test). Graphs show mean values and

error bars represent SEM.
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Figure 3.11
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Figure 3.11. Astrocytic ephrin-B1 mediated regulation of synapses during fear
conditioning.

(A). Model of the synaptogenic effects of ephrin-B1 deletion and overexpression in
astrocytes after fear conditioning. Ablation of astrocytic ephrin-B1 saw activity
dependent increases in dendritic spine density and volume. In addition to PSD95 puncta,
vGlutl/PSD95 co-localization was increased in KO mice. Overexpression of ephrin-B1
inhibited activity dependent increases in dendritic spine density and saw decreased

vGlutl/PSD95 co-localization.
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Chapter 4- Ephrin-B1 mediates synaptosome engulfment in primary hippocampal
astrocytes.

Abstract

Previously presented in vivo studies implicate astrocyte specific ephrin-B1 as a negative
regulator for immature synapses in the adult CA1 hippocampus. Deletion of astrocytic
ephrin-B1 leads to an increase in AMPA silent immature excitatory synapses that mature
during fear conditioning leading to enhancing contextual recall in KO mice. In contrast,
overexpression of astrocytic ephrin-B1 in the hippocampus results in fewer immature
synapses contributing to reduced contextual recall, and OE mice had fewer excitatory
connections after fear conditioning suggesting memory formation was inhibited by the
lack of available immature synapses. How hippocampal astrocytes eliminate immature
synapses, however, is still unclear. Our in vitro experiments suggest neuronal EphB
receptors may be an “eat me” signal for synapse elimination by trans-phagocytosis in
hippocampal astrocytes. In fact, inhibition of ephrin-B1 reverse signaling reduces
synaptosome engulfment by hippocampal astrocytes, and a deletion of neuronal EphB
receptors impairs the ability of astrocytes expressing functional ephrin-B1 to engulf

synaptosomes in vitro.

121



Introduction

Many astrocyte-secreted factors are involved in promoting synaptogenesis
(Christopherson et al., 2005; Eroglu et al., 2009; Ullian, Sapperstein, Christopherson, &
Barres, 2001) and promote synaptic AMPAR recruitment (Allen et al., 2012). Despite
robust synaptogenic effects from secreted proteins, neurons treated with ACM had fewer
synapses than neurons co-cultured with astrocytes (Christopherson et al., 2005),
indicating that contact mediated factors play a role in synapse formation. In fact,
astrocytic integrins and y-Protocadherins promotes synaptogenesis through contact
mediated signaling (Garrett & Weiner, 2009; Hama, Hara, Yamaguchi, & Miyawaki,
2004). EM microscopy showing neuronal debris within astrocytic endosomes also
implicates astrocytes in synaptic pruning in the adult hippocampus by trans-phagocytosis.
Indeed, primary astrocytes are shown eliminate synapses from RGCs through trans-
phagocytosis utilizing the MEGF10 and MERTK pathways (Chung et al., 2013). A
specific signal for synapse elimination in astrocytes, however, is still unknown. Here |
propose neuronal EphB receptors as a potential “eat me” signal for synapse elimination

through the activation of ephrin-B1 and trans-phagocytosis by hippocampal astrocytes.

Eph/ephrin signaling play various roles in proper CNS formation and maintenance, and
are associated with both cell repulsion and adhesion. Trans-synaptic EphB/ephrinB
interactions promote are also shown to promote formation and stabilization of synapses
(Klein, 2009; Pasquale, 2005). EphB2 signaling contributes to dendritic spine maturation
by inducing reorganization of the actin cytoskeleton through the activation of Rho-family

GTPases. EphB2 association with interesectin-1 and N-WASP increases actin
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polymerization by activating the Cdc42 (Irie & Yamaguchi, 2002). In addition, EphB2
activation stimulates dendritic spine formation by Rac1 activation through Rho-GEF
protein Kalirin (Penzes et al., 2003). Although EphB/ephrinB are involved in synaptic
maturation and stabilization, EphB induced actin remodeling can also promote cell
repulsion during axon guidance (Egea & Klein, 2007; Goldshmit, McLenachan, &
Turnley, 2006; Pasquale, 2008). EphB1 stimulation promotes the internalization of
ephrin-B1 ligand through clatherin mediated endocytosis (Parker et al., 2004) and the
disassembly of F-actin by recruiting adaptor protein Grb4 SH2 domain (Cowan &
Henkemeyer, 2001) which contributes to detachment during cell repulsion (Zimmer,
Palmer, Kohler, & Klein, 2003). Debris from EphB expressing cells can also be found in
endosomes of ephrinB expressing cells immediately after cell repulsion (Marston,
Dickinson, & Nobes, 2003). Astrocytic ephrin-B1 may utilize similar pathways as seen in
cell repulsion to eliminate immature synapses. Indeed, Neuronal ephrin-B1 activation
promotes endocytosis of neuronal exosomes expressing EphB2 by increasing Tiam1 and

Tiam?2 activity leading to actin reorganization (Gaitanos et al., 2016)

Our in vivo studies suggest astrocytic ephrin-B1 may be an “eat me” signal from
synaptic EphB receptors leading to the elimination of the synapse possibly by increasing

RhoGTPase activity.
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Materials and Methods

Astrocyte cultures

Astrocytes were isolated from Cre“““*ephrin-B1 Xy or WT mouse hippocampi at
postnatal day 0 (P0)-P1 as previously described (Barker et al., 2008). Hippocampi were
treated with 0.1% trypsin/EDTA solution for 25 min at 37°C, and mechanically
dissociated. Cells were plated on cell culture flasks and cultured in DMEM containing
10% FCS and 1% pen-strep, under 10% CO2 atmosphere at 37°C. To enrich astrocyte
cultures (>95% astrocytes) cells were shaken after 4 days in vitro (DIV) for 1 h. After
shaking, the medium was removed and cells were washed twice with 0.1 M PBS (pH
7.4). Cells were then treated with 0.1% trypsin/EDTA solution for 20 min at 37°C and
plated on 10-cm Petri dishes with DMEM containing 10% FBS. Once confluent
astrocytes were detached with trypsin and plated on six-well plates at a density of
330,000 cells per plate and cultured for 2 days before being transfected with pEGFP,
pEGFP and pcDNA-ephrin-B1, or pEGFP and pcDNA-Cre plasmids using Lipofectamine

according to the manufacturer’s instructions (Invitrogen, 11668-019).

Ephrin-B1 Mutants

Mutagenesis was carried out using QuikChange Lighting Multi Site-Directed
Mutagenesis Kit (Catalog No. 210513, Agilent Technologies, Santa Clara, CA) to
generate ephrin-B1Y294F, ephrin-B1Y310F and ephrin-B1Y294F/Y310F mutants by
changing tyrosine (TAC) at positions 294 and 310 to phenylalanine (TTC) using pcDNA

plasmid containing mouse ephrin-B1 cDNA (Fig 4.1B).
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Synaptosome Purification

Synaptosome purification was performed as previously described (Hollingsworth et al.,
1985). Hippocampal tissues from adult WT or EphB1,2,3 KO mice were homogenized in
1 ml synaptosome buffer (124 mM NaCl, 3.2 mM KCIl, 1.06 mM KH,PO4, 26 mM
NaHCOs3, 1.3 mM MgCl,, 2.5 mM CacCl,, 10 mM Glucose, 20 mM HEPES).
Homogenates were filtered through a 100 pm nylon net filter (NY 1H02500, Millipore)
and 5 pm nylon syringe filter (SF15156, Tisch International). Homogenate flow through
was collected and synaptosomes were spun down at 10,000 g, 4°C, for 30 min.
Synaptosomes were resuspended in 800 ul synaptosome buffer. To confirm synaptosome
enrichment, levels of synapsin-1, PSD95, and histone deacetylase (HDAC I) were
analyzed in tissue homogenates and synaptosome fractions with western blot analysis.
Synaptosomes for engulfment assays were also stained with 5% (w/v) Dil (D282,

Molecular Probes) in DMSO for 10 min.

Engulfment Assay

Astrocytes were isolated as described above. 14 DIV astrocytes were plated onto poly-D-
lysine (0.5 mg/ml) coated coverslips at 50,000 cells per coverslip and maintained at 37°C
10% CO,. Astrocytes were transfected 24 h after plating with pcDNA-eGFP, pcDNA-
eGFP + pcDNA3-ephrin-Bl, pcDNA-eGFP + pcDNA3-ephrin-B1Y294F, pcDNA-eGFP
+ pcDNA3-ephrin-B1Y310F, or pcDNA-eGFP + pcDNA3-ephrin-B1Y294/310F using
Lipofectamine 2000 (Invitrogen; 11668-027). Isolated synaptosomes (see synaptosome

purification) were added to astrocyte cultures and incubated for 2-4 h at 37°C 10% CO,.
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Astrocytes were washed with 0.1 M PBS (16 mM NaH,PO4, 96 mM Na,HPOg, 137 mM
NacCl), followed by fixation for 30 min with 2% paraformaldehyde in 0.1 M PBS.
Cultures were immunostained (see immunohistochemistry) against ephrin-B1 and imaged
using a Zeiss 510 confocal microscope (see Confocal Imaging and Analysis). In brief,
astrocytes were randomly selected per group and imaged using a 63x objective (1.2 NA)
and 1x zoom. A series of 3-5 high-resolution optical sections (1024x1024) were taken at
0.5 pm-interval in the X-Y plane. Synaptosome engulfment was determined by
measuring integrated density of Dil-labeled synaptosomes associated with GFP-
expressing astrocytes using ImagelJ Software. Statistical analysis was performed with a
one-way ANOVA followed by Tukey post-hoc analysis using GraphPad Prism 6

software (RRID: SCR_002798), data represent mean = SEM.
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Results
Reverse signaling through ephrin-B1 regulates astrocyte engulfment of
synaptosomes containing EphB receptors.

To determine whether ephrin-B1/EphB receptor interactions are responsible for
astrocyte-mediated engulfment of pre-synaptic boutons, we tested the ability of astrocytes
expressing ephrin-B1 to engulf synaptosomes. WT primary hippocampal astrocytes were
transfected with loss-of-function ephrin-B1 mutant (Fig. 4.1B) 24h prior to engulfment
assay. Astrocyte cultures were incubated for 2h with Dil labeled crude synaptosomes
isolated from WT mouse hippocampi. Enrichment of synaptic proteins PSD95 and
synapsin-1 in synaptosomes was confirmed by immunoblotting (Fig. 4.1A). Interestingly
immunostaining indicated clustering of astrocytic ephrin-B1 around WT synaptosomes
suggesting possible interactions between astrocytic ephrin-B1 and neuronal EphB
receptors in synaptosomes (Fig. 4.2A). I observed a significant 69% decrease in
synaptosome engulfment by astrocytes expressing ephrin-B1Y294F/Y310F mutant (5.04
+ 1.27) as compared to astrocytes expressing ephrin-B1 (Fig. 4.2B; 12.99 + 2.40, F(9,24s)
=10.04, p=0.009, ANOVA). Partial loss-of-function mutants Y294F (6.2454 + 1.356) and
Y310F (4.852 + 1.074) showed similar deficits in synaptosomes engulfment to
Y294/310F expressing astrocytes. Our results show ephrin-B1 reverse signaling promotes
synaptosome engulfment in astrocytes and requires phosphorylation of both tyrosine 294
and 310 on ephrin-B1.

Ephrin-B1 mediated synaptosome engulfment in astrocytes diminishes over time.

To investigate whether compensatory mechanisms increase synaptosome
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engulfment over time, WT and loss-of-function astrocytes were incubated with Dil
labeled synaptosomes for 4hr. Pro-longed incubation with synaptosomes did not increase
engulfment in mutant astrocytes despite the presence of available free synaptosomes in
culture (Fig. 4.3A). Astrocytes expressing WT ephrin-B1 (12.406 + 3.841) maintained a
73% increase in synaptosome engulfment compared to Y294/310F (Fig. 4.3B; 4.532 +
1.050; F4,162) =2.436, p=0.049, ANOVA) mutants compared to a 69% increase during 2h
incubation. Deficits in Y294/310F mutants demonstrate ephrin-B1 mediated synaptosome
engulfment is not compensated for by other signaling mechanisms. Interestingly WT
ephrin-B1 expressing astrocytes did not see an increase in synaptosome uptake from 2h
(12.99 £ 2.40) to 4h (12.406 £ 3.841) possibly due to a lack of surface ephrin-B1
receptors which were probably internalized with synaptosomes early in the engulfment
assay.
Neuronal EphB receptors are necessary for synaptosome engulfment in astrocytes.
To determine if neuronal EphB receptors trigger synaptosome engulfment in
astrocytes synaptosomes were extracted from the hippocampi of EphB1,2,3 KO mice.
WT ephrin-B1 and loss-of-function mutant expressing astrocytes were incubated with Dil
labeled EphB1,2,3 KO synaptosome for 2h. Astrocyte expressing ephrin-B1 contained
significantly more WT synaptosomes (12.99 + 2.40) than synaptosomes lacking
EphB1/2/3 receptors 2 h after the addition of synaptosomes (Fig. 4.2C; 2.11 £0.71,
F(9,248) =10.04, p=0.000154, ANOVA), which indicates that synaptic EphB receptors

are the trigger for ephrin-B1 mediated synapse elimination.
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Discussion

Previously reported elimination of synapse could be due to engulfment of
immature synapses during memory formation. While astrocytes are shown to prune
neuronal synapses (Chung et al., 2013; Spacek, 2004), what triggers synapse engulfment
by astrocytes is still unclear. Our in vitro studies indicate ephrin-B1 reverse signaling is
necessary for synapse engulfment as loss-of-function mutants showed significant
decreases in synaptosome engulfment in primary hippocampal astrocytes. Reduced
synaptosome engulfment in full (Y294/310F) and partial (Y294F, Y310F) mutants
indicates phosphorylation of ephrin-B1 is required for ephrin-B1 mediated synapse
removal. Interestingly, synaptosome engulfment in astrocytes diminishes after 2h hour
incubation. Activation induced internalization of ephrin-B1 (Parker et al., 2004) may
deplete surface ephrin-B1 levels reducing astrocytes ability to uptake more synapses after
initial engulfment. An observed association between ephrin-B1 and Dil labeled
synaptosomes suggest engulfment of synaptosomes is accompanied by internalization of
ephrin-B1. Inhibition of engulfment in EphB1,2,3 synaptosomes by WT ephrin-B1
astrocytes indicate EphB receptors are the neuronal trigger for ephrin-B1 mediated
synapse removal by astrocytes. Synaptosome engulfment is likely mediated by ephrin-B1
stimulated actin remodeling as neuronal ephrin-B1 receptors were shown to increase
Tiam1 and Tiam?2 during exosome engulfment (Gaitanos et al., 2016). Further studies
into what mechanisms astrocytic ephrin-B1 utilizes during synaptosome engulfment may

yield interesting results.
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Figure 4.1. Synaptosome isolation and loss-of-function ephrin-B1
mutants.
(A) Western blots showing enrichment of synaptic proteins (PSD95 and synapsinl) and a
decrease in nuclear protein (HDAC1) in isolated synaptosomes. (B) Schematics of

ephrin-B1 and ephrin-B1 mutants with tyrosine (Y) to phenylalanine (F) mutations.

Graph shows ephrin-B1 immunoreactivity per 100 umz primary hippocampal astrocytes
treated with synaptosomes isolated form WT or mice. Graph shows that there are no
significant differences in ephrin-B1 levels in primary astrocytes transfected with
pcDNA3ephrin-Bl, pcDNA3ephrinB1Y294F, pcDNA3ephrinB1Y310F, or
pcDNA3ephrinB1Y294/310F. Graphs show mean values and error bars represent SEM (n

=28 -30 astrocytes, one-way ANOVA followed by Tukey’s post hoc test).
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Figure 4.2. Ephrin-B1 reverse signaling is necessary for astrocyte mediated

synaptosome engulfment.

(A) Confocal images of primary astrocytes expressing ephrin-B1, ephrinB1-Y294F,
ephrinB1-Y310F, or ephrinB1-Y294/310F stained for ephrin-B1 (green) that were co-
cultured with Dil-labeled synaptosomes (red) isolated from adult mouse hippocampi for
2h. (B). Graph shows the integrated density of Dil-labeled synaptosomes in astrocytes
treated for 2 h with WT synaptosome Astrocytes expressing ephrin-B1Y294Y/Y310F
mutant had significantly decreased synaptosome engulfment compared with astrocytes
expressing ephrin-B1 (ephrin-B1Y294F/Y310F mutant astrocytes: 4.533 + 1.05 vs

ephrin-B1-expressing astrocytes: 12.406 + 3.842, F(9,248) =10.04, p = 0.009, ANOVA).

Graphs show mean values and error bars represent SEM.
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Figure 4.3. Astrocyte engulfment of synaptosomes is reduced after 2h incubation.

(A) Confocal images of primary astrocytes expressing ephrin-B1, ephrinB1-Y294F,
ephrinB1-Y310F, or ephrinB1-Y294/310F with GFP that were co-cultured with Dil-
labeled synaptosomes (red) isolated from adult mouse hippocampi for 4h. (B). Graph
shows the integrated density of Dil-labeled synaptosomes in astrocytes treated for 4h
with WT synaptosome Astrocytes expressing ephrin-B1Y294Y/Y310F mutant had
significantly decreased synaptosome engulfment compared with astrocytes expressing
ephrin-B1 ephrin-B1Y294F/Y310F mutant astrocytes: 5.04 + 1.27 vs ephrin-B1-

expressing astrocytes: 12.99 +2.40, F(5 199) = 5.55, p <0.001, ANOVA). Graphs show

mean values and error bars represent SEM.
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Figure 4.4. Synaptic EphB receptors are necessary for astrocytic synaptosome

uptake.

(A) Graph shows the integrated density of Dil-labeled synaptosomes in astrocytes treated
for 2h with WT and EphB1,2,3 KO synaptosome. (A) Astrocytes expressing ephrin-B1
contained significantly more WT synaptosomes than synaptosomes lacking EphB1/2/3
receptors 2h after addition of synaptosomes (n = 28 =30 cells; WT: 12.99 £ 2.40 vs

EphB1/2/3 KO: 2.11 £0.71, F(9,248) =10.04, p = 0.000154, one-way ANOVA, Tukey’s

post hoc test; *p =0.05, **p = 0.01, ***p = 0.001). (B) Graph shows ephrin-B1

2 primary hippocampal astrocytes treated with

immunoreactivity per 100 um
synaptosomes isolated EphB1,2,3 KO mice. Graphs show that there are no significant
differences in ephrin-B1 levels in primary astrocytes transfected with pcDNA3ephrin-B1,
pcDNA3ephrinB1Y294F, pcDNA3ephrinB1Y310F, or pcDNA3ephrinB1Y294/310F.

Graphs show mean values and error bars represent SEM (n = 28 —30 astrocytes, one-way

ANOVA followed by Tukey’s post hoc test).
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Chapter 5- Conclusion

Persistent synapse pruning and restructuring play an important role in maintaining
synaptic homeostasis in the adult hippocampus (Maletic-Savatic et al., 1999; Paolicelli et
al., 2011; Spacek, 2004a; Stevens et al., 2007) and contributes to life long-long learning
and memory formation. In these studies I demonstrate a new role for astrocytic ephrin-B1
as a negative regulator of immature synapse formation in the adult CA1 hippocampus
during memory formation. While synaptic EphB/ephrinB interactions promote the
stabilization and maturation of synapses (Matthew B. Dalva et al., 2000; Henkemeyer,
Itkis, Ngo, Hickmott, & Ethell, 2003; Kayser, McClelland, Hughes, & Dalva, 2006)
astrocytic ephrin-B1 and neuronal EphB interactions inhibit synapse formation. Indeed,
ablation of astrocytic ephrin-B1 in the adult mouse resulted in increased glutamatergic
excitatory synapses in the SR region but not the SLM of the CA1 hippocampus.
Decreased glutamatergic synapses are also observed specific to the SR in mice OE
astrocytic ephrin-B1. Inputs from the CA1-CA3 express high levels of EphB1 and EphB2
receptors (Chenaux & Henkemeyer, 2011; Liebl, Morris, Henkemeyer, & Parada, 2002)
and connect to CA1 pyramidal neurons in the SR. It is possible a lack of EphB receptor
on inputs from the entorhinal cortex to the CA1 in the SLM contribute to regional
differences. In addition, postsynaptic EphB receptor expression in CA1 neurons is also
implicated in synaptic development (Ethell et al., 2001; Henderson et al., 2001;
Henkemeyer, Itkis, Ngo, Hickmott, & Ethell, 2003b; Liebl et al., 2002; Takasu et al.,
2002) by promoting clustering and recruitment of NMDA and AMPA receptors to the

synapse (M B Dalva et al., 2000; Kayser, McClelland, Hughes, & Dalva, 2006b; Nolt et
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al., 2011; Takasu et al., 2002). It is possible that competitive binding of postsynaptic
EphB receptors disrupts trans-synaptic EphB/ephrinB interactions decreases synaptic
strength. I would suspect deletion of astrocytic ephrin-B1 would promote synaptic
maturation by increased trans-synaptic interactions. I did, however, find a decrease in
synaptic maturation after ephrin-B1 deletion and an increase in OE mice.

Newly formed synapses are often associated with smaller postsynaptic dendritic
spines characterized by a presence of NMDAR but an absence of AMPAR, and are
generally considered silent (Durand et al., 1996; Isaac et al., 1995). Deletion of ephrin-B1
led to a two-fold increase in the number of dendritic spines with smaller heads and
decreased synaptic AMPA receptors. In contrast OE of ephrin-B1 resulted in a 28%
increase in spine volume and increased levels of synaptic AMPAR subunit GluAl.
Astrocytic ephrin-B1 appears to negatively regulate immature synapses in the CA1
hippocampus possibly through the removal of excess synapses (Fig. 5.1A).

Astrocytes are implicated in synaptic pruning of synapses by trans-phagocytosis
(Chung et al., 2013; Spacek, 2004). Ephrin-B1 activation may be a trigger for synaptic
pruning by astrocytes. Ephrin-B1 is shown to regulate Tiam1 and Tiam?2 activity and
stimulate actin cytoskeleton restructuring (Gaitanos et al.,2016). Inhibition of ephrin-B1
reverse signaling resulted in a 69% decrease in synaptosome engulfment by primary
hippocampal astrocytes in vitro, while WT ephrin-B1 expressing astrocytes readily
engulfed synaptosomes after 2h of incubation. Surprisingly, engulfment rate diminished
by 4h incubation possibly due to reduced surface ephrin-B1 receptors on astrocytes after

initial engulfment. Deficits in WT ephrin-B1 astrocyte engulfment of EphB1,2,3 KO
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synaptosomes suggest neuronal EphB receptors are an “eat me” signal for hippocampal
astrocytes.

The hippocampus plays a significant role in memory formation (Milner, Squire, &
Kandel, 1998; Neves, Cooke, & Bliss, 2008). More specifically activation of CA1
pyramidal neurons (Strekalova et al., 2003) raises the possibility that astrocytic ephrin-B1
regulates hippocampal synapses during memory formation. Indeed, ephrin-B1 KO mice
showed a 30% increase in contextual recall and a 78% increase in contextual renewal.
Increased co-localization of pre-synaptic vGlutl and post-synaptic PDS95 suggests
maturation of excess synapses in naive mice contributed to enhanced recall.

KO mice showed an increase in the number of mature dendritic spines on
activated pyramidal neurons and the recruitment of synaptic AMPAR after fear
conditioning. In contrast OE mice had a 33% decrease in contextual recall and a
reduction in pre- and postsynaptic co-localization after fear conditioning. Activity
dependent dendritic spine formation was also inhibited in OE mice possibly due to
increased synaptic pruning of newly formed immature dendritic spines on activated CA1
pyramidal neurons. Recruitment of synaptic AMPAR in WT mice after fear conditioning
was not seen in OE mice, possibly due to a lack of immature synapses prior to fear
conditioning that are available for new memory formation and synaptic maturation.
Taken together our results suggest astrocytic ephrin-B1 mediated elimination of
immature synapses is activity dependent and eliminates immature, possibly newly

formed, synapses and in turn inhibit memory formation.
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Hippocampal dependent memory formation requires a balance of both excitatory
and inhibitory inputs. High PV expressing interneurons have a greater ratio of excitatory
to inhibitory inputs compared to low PV cells (Donato et al. 2015). In addition
glutamatergic innervation of PV interneurons correlates with increased PV expression
after fear conditioning (Donato et al. 2013; Donato et al. 2015). This raises the possibility
that astrocytic ephrin-B1 may regulate excitatory input onto PV expressing inhibitory
cells. However, no difference was seen in glutamatergic inputs on CA1 PV interneurons
in KO mice before or after fear conditioning. Hippocampal dependent memory formation
can also be inhibited by increased inhibitory signaling to excitatory neurons (Collinson et
al., 2002; Crestani et al., 2002; Yee et al., 2004). While I saw no differences in GAD65
puncta suggesting astrocytic ephrin-B1 synapse regulation is specific to excitatory
synapses further studies looking at inhibitory inputs onto pryramidal neurons may show
interesting results.

Our research implicates astrocytic ephrin-B1 in regulating excitatory synapse
elimination in the SR region of the CA1 hippocampus by trans-phagocytosis of immature
synapses diminishing the availability of potential sites for new memory formation (fig.

5.2).
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Figure 5.1. Ephrin-B1 mediated synapse engulfment model.

(A) Astrocyte-mediated pruning of synapses is mediated through the interactions between
astrocytic ephrin-B1 and synaptic EphB receptors, leading to the engulfment of synaptic
sites that requires ephrin-B1 reverse signaling. Unoccupied synaptic EphB receptor may

serve as an ‘“‘eat me signal” to target synapses for removal.
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Figure 5.2
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Figure 5.2. Astrocytic ephrin-B1 mediated synapse regulation before and after fear
conditioning.

[llustrations show the effects of astrocytic deletion and overexpression in (A) naive and
(B) trained adult mice. Astrocytic ephrin-B1 reduces the number of immature synapses in

the CA1 hippocampus, targeting activated excitatory neurons.
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