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ABSTRACT OF THE DISSERTATION

Interaction between Ephrin/Eph and BDNF in Modulating Hippocampal

Synaptic Transmission and Synapse Formation

By CAIXIA BI

Dissertation Director:

Mark R. Plummer, Professor

The hippocampus is a brain structure known to be critical for learning and
memory consolidation. Abnormal development or damage to this structure is known to
play a role in developmental or degenerative neurological disorders such as autism and
Alzheimer’s disease. In this thesis, I argue that an interaction between ephrin/Eph and
BDNF signaling pathways is critical for the development of the selective connection of
CA3 neurons to CA1l neurons in hippocampus. This claim was evaluated on the basis of
electrophysiology evidence about the ephrin/Eph — BDNF interaction in synaptic activity,
and the effect of the interrupting Eph and BDNF signaling on the hippocampal
projection specificity onto CA1 neurons by functional synapse identification via the

combination of electrophysiology and immunocytochemistry.



First, I confirmed that the primary hippocampal neuronal culture can be a model
for studying the specificity of synaptic connection within the hippocampal circuitry.
Functional synapses were characterized by recording from pairs of cells which we
subsequently identified with immunocytochemical labeling. Most connections were
unidirectional, and I found that when one of the cells was a CA1 neuron (identified by
labeling with the CA1 marker anti-SCIP) it was predominantly the postsynaptic member
of the pair, a result consistent with in vivo connectivity. Second, ephrin-A/EphA
signaling was shown to produce a transient increase in synaptic transmission and be
able to inhibit the effect of subsequent BDNF application on synaptic activity. These
electrophysiological experiments were suggestive of possible interaction between
ephrin-A/EphA and BDNF in modulation synapse formation. Third, interruption of the
endogenous EphA signaling by the kinase dominant negative EphA constructs
significantly changed the natural synaptic connection selectivity in the hippocampal
circuitry and dramatically increased the bi-directional connections in the culture as a
consequence.

The empirical results presented in this thesis provide a valuable mechanism for
hippocampal trisynaptic circuitry development and function through balancing opposite

influences of various modulating factors at specific developmental phases.
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TERMINOLOGY

Ephrin-A5: also known as AL-1, RAGS, LERK-7, and EFL-5, a member of the
ephrin ligand family which binds members of the Eph receptor family

EphAb5: also known as Ehkl, Bsk, Cek?7, Hek?7, and Rek?7, a member of the Eph
receptor family which binds members of the ephrin ligand family

EphA3: also known as Cek4, Mek4, Hek, Tyro4, and Hek4, a member of the Eph
receptor family which binds members of the ephrin ligand family

Ephrin-A5-Fc: Recombinant Ephrin-A5/Fc Chimera from R & D (the extracellular
domain of ephrin-A5 was fused to the Fc region of IgG1)

EphA5-Fc: Recombinant EphA5/Fc Chimera from R & D (the extracellular
domain of EphA5 was fused to the Fc region of IgG1)

EphA: refer to the general EphA receptor family

Ephrin-A: refer to the general Ephrin-A ligand family
EphA5(K-)-GFP: GFP-tagged kinase deficient EphA5 mutant DNA
EphA3(K-)-GFP: GFP-tagged kinase deficient EphA3 mutant DNA
EphA(K-)-GFP: refer to both EphA3(K-)-GFP and EphA3(K-)-GFP

SCIP: also known as Oct-6 and Tst-1, a POU-III subfamily member that is a
marker of hippocampal CA1 neurons



CHAPTER 1

INTRODUCTION

Abnormal neuronal connections have been found in variety of neurological
diseases, such as Huntingtion’s disease, Alzheimer’s disease, schizophrenia and Autism
(Dityatev and El-Husseini, 2006). So, it is of much significance to investigate the
mechanisms underlying the brain circuitry development. It is well known that the
formation of neural connectivity is influenced by a variety of attractive/repulsive
guidance cues and neurite promoting/collapsing factors. For example, brain-derived
neurotrophic factor (BDNF) has been extensively demonstrated to promote synapse
formation and neuronal function while the ephrin/Eph family of ligands and receptors
are prominent guidance molecules in pruning and synapse elimination. This thesis
focuses on the question of how the BDNF and ephrin/Eph interaction affect the

hippocampal synapse formation and function.

1.1  Hippocampal Tri-synaptic Circuitry

The hippocampus is part of the brain structures of the brain limbic system, and
numerous studies have revealed its function in learning and memory consolidation

(Scoville and Milner, 1957; Zola-Morgan etc., 1986; Bliss and Collingridge 1993; Parkin



1996; Izquierdo et al., 2008; Bird and Burgess 2008; Neves et al., 2008), although precise
mechanisms remain elusive. The intrinsic connections in hippocampus comprise a
"trisynaptic circuit" or loop when cut transverse to its longitudinal (septal-temporal) axis
(Figure 1.1, Neves et al., 2008). The first synapse is made by cells from the surface layers
of the entorhinal cortex onto granule cells of the dentate gyrus, through the perforant
pathway. The second synapse is made by granule cells of the dentate gyrus onto
pyramidal cells of Cornu Amonnis subfield 3 (CA3), via the mossy fiber system. The
third synapse is made by axon collaterals of the CA3 pyramidal cells onto the pyramidal
cells of the CA1 subfield, known as the Schaffer collateral system (Blackstad, 1956; Atoji
and wild, 2006).

In addition to these ipsilateral connections, hippocampal neurons communicate
with cells in the contralateral hippocampus via commissural pathways (Blackstad, 1956;
Buzsaki and Eidelberg, 1981). For example, in the rodent brain, both CA3 and CA1 of
the hippocampus receive topographically organized projection from the opposite CA3,
and the dentate gyrus receives a major input from the cells of the contralateral
polymorphic layer of the DG (dentate gyrus).

An apparently important feature of the intrinsic circuitry of the hippocampal
proper is its unidirectional projections or connection selectivity. The dentate gyrus cells
project to CA3 field whereas the CA3 cells do not generally project back to the dentate
granule cells. Similarly, CA1 pyramidal cells do not project back to CA3 (Blackstad,

1956; Atoji and wild, 2006; Neves et al., 2008; Raisman G et al., 1966; Hjorth-Simonsen,
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Figure 1.1 A diagram of the hippocampal trisynaptic circuit.

The major input to the hippocampus is from the perforant path, which conveys sensory
information from neurons in layer II of the entorhinal cortex to the dentate gyrus.
Perforant path axons make excitatory synaptic contacts with the dendrites of granule
cells. Granule cells project to the proximal apical dendrites of CA3 pyramidal cells
through the mossy fibres. CA3 pyramidal cells project to ipsilateral CA1 pyramidal cells
through Schaffer collaterals and to contralateral CA3 and CA1 pyramidal cells through
commissural connections.

In addition to the sequential trisynaptic circuit, there is also a dense associative network
interconnecting CA3 cells on the same side. The distal apical dendrites of CAl
pyramidal neurons receive a direct input from layer III cells of the entorhinal cortex.
There is also substantial modulatory input to hippocampal neurons. The three major
subfields have an elegant laminar organization in which the cell bodies are tightly
packed in an interlocking C-shaped arrangement, with afferent fibres terminating on
selective regions of the dendritic tree. (Neves et al., 2008)



1973). Thus, information flow from the DG through the other sub-fields of hippocampus
follows a largely serial path. To understand the nature of developmental disorders that
involve the hippocampus, it is very important to clarify the mechanisms that produce
this selectivity of connectivity, which is highly organized and presumably strictly
regulated.

There are numerous mechanisms that shape synaptic connectivity during
development, involving both synaptogenic and antisynaptogenic factors that promote
and prevent synapse formation, respectively. A variety of factors (such as
neurotrophins and neural guidance molecules etc.) are involved in this process. Among
them, BDNF has been widely accepted as a promoting factor for synapse formation and
neuronal function (Rose et al., 2004; Stoop and Poo, 1996). The ephrin/Eph family of
ligands and receptors are guidance molecules well known for their repellant action in
neuronal path-finding and effects on synapse formation (Martinez and Soriano, 2005).
In the following sections, the function of BDNF and ephrin/Eph families in neuronal

development will be described.

1.2 BDNF and Synapse development

As synaptic modulators, neurotrophins play important roles in the development
and maintenance of synapses and the acute modification of synaptic structure and

function. BDNF has been studied extensively and has been shown to modulate the



development of neural connections in various systems, ranging from the neuromuscular
junction to the cortex (Lewin and Barde, 1996; Rose et al., 2004; Stoop and Poo, 1996;
Tyler et al., 2002).

BDNF has been implicated in axonal path-finding during neuronal development.
Both excess BDNF (Engelhardt et al., 2007; Galuske et al., 2000; Cabelli et al., 1995) and
blockade of BDNF signaling (Cabelli et al., 1997, Mandolesi et., 2005) can lead to
abnormal patterning of ocular dominance columns during a critical period of visual
cortex development. In the hippocampal system, BDNF-TrkB signaling inhibition by
K252a interfered with mossy fiber pathfinding during the development and
regeneration (Tamura et al., 2006). It was also reported that BDNF gradient oriented
axonal growth in cultured granule cells by causing a localized intracellular Ca2+
gradient around growth cones through TRPC (transient receptor potential canonical)
channels (Li et al., 2005; Gomez, 2005).

Roles have been assigned for the dynamic elaboration of axon terminals and
dendritic spines, indicating a direct and mostly promoting role for target-derived BDNF
during synaptic patterning in the developing central nervous system. BDNF treatment
for twenty-four hours can increase polarized retinal ganglion cell (RGC) neurite
outgrowth (Bosco et al.,, 1999) and spine density in apical dendrites of CA1 neurons
(Alonso et al., 2004; Tyler et al., 2003).

BDNF also has significant roles in shaping dendritic and axonal morphology
(Horch and Katz, 2002; McAllister et al., 1997; Murphy et al., 1998; Tolwani et al., 2002;

Cohen-Cory et al., 1995; Gallo et al., 1998). Over-expression of BDNF can increase basal



dendrite sprouting and regression of dendritic spines while decreasing higher order
processes (Horch et al, 1999), implying that BDNF signaling is involved in both
neuronal connectivity formation and pruning during development.

Actually, the effects of BDNF signaling on dendritic morphology are unexpectedly
complex. For example, the presence of serum in tissue culture media can affect the
cellular response to BDNF (Chapleau et al., 2008). For hippocampal slices cultured in
serum-free media, BDNF increased the proportion of mature spines (stubby spines) in
apical dendrites of CAl pyramidal neurons, while BDNF had the opposite effect on
spine morphology when slices were maintained in serum-containing media: it increased
the proportion of immature spines (mushroom and thin spines) and decreased the
proportion of mature spines (Chapleau et al., 2008).

Regarding synapse formation, there is considerable evidence for positive effects
of BDNF. Overexpression of BDNF in mice increased the number of synapses in
sympathetic ganglia in the developing visual cortex (Huang et al., 1999), while loss of
function experiments with TrkB knockout in vivo at early developmental time reduced
hippocampal Schaffer collateral synapse formation in mice (Luikart et al., 2005).
Although there is some controversy about whether excitatory or inhibitory synapses
were affected by BDNF, the majority view is that BDNF can promote the formation of
both excitatory and inhibitory functional synapses (Vicario-abejon et al., 1998; Collin et
al., 2001; Aguado et al., 2003; Seil et al., 2000; Mclean Bolton et al., 2000; Elmariah et al.,

2004; Palizvan et al., 2004).



More specifically about synaptic proteins, it was demonstrated that exogenous
BDNF accelerated the maturation of quantal size and synaptic localization of vesicle
proteins, such as synapsin-1, synaptophysin and synaptobrevin (Wang et al., 1995; Liu et
al., 1997; Tyler et al., 2001; Tartaglia et al., 2001), and increased NMDA receptor and
GABA receptor cluster size, number, synaptic localization (Elmariah et al., 2004).
Research on the mechanisms generally suggested a requirement for TrkB signaling (Rico
et al., 2002; Martinez et al., 1998) at both presynaptic and postsynaptic sites (Luikart et
al., 2005) during synapse formation. Consistently, BDNF was also transported to, and
released from, both pre- and postsynaptic sites in an activity-dependent manner (Magby
et al., 2006; von Bartheld et al., 1996; Haubensak et al., 1998; Hartmann et al., 2001;
Kohara et al., 2001). Overall, BDNF/TrkB signaling appears necessary for synapse

formation during activity-dependent refinement of synaptic connectivity.

1.3 BDNF and Synaptic Transmission

Related to its roles in neural development and synapse formation, BDNF
modulates excitatory transmission in various systems and appears to be essential to
molecular mechanisms of synaptic plasticity (Lu and Gottschalk, 2000).

BDNF has been demonstrated to be a modulator in synaptic transmission. The
basal release of BDNF is necessary for maintaining the presynaptic transmitter release
machinery and enabling sustained presynaptic transmission during high-frequency

stimulation (HFS) (Figurov et al.,, 1996). Previous work in our lab has shown a



retrograde signaling effect on synaptic transmission where the depolarization induced
postsynaptic BDNF release can signal back to the presynaptic cells to increase the
transmitter release probability (Magby et al., 2006). In addition, BDNF and the ERK
pathway has been shown to be involved in the enhancement of immature CA3 - CA1
connections by correlated network activity in the hippocampus (Mohajerani et al., 2007).
Bath perfusion of hippocampal slices with BDNF has been shown to potentiate CA3-
CAl synapse transmission persistently (Kang and Schuman, 1995, 1996). From a
different aspect, BDNF also attenuated synaptic fatigue at CA1 synapses induced by
HEFS (Gottschalk et al., 1999). Similar effects were also shown in vivo in the dentate
gyrus, visual cortex, and insular cortex (Messaoudi et al., 1998; Jiang et al., 2001; Escobar
et al, 2003). In some cases, loss-of-function experiments indicated the deficits in
hippocampal basal synaptic transmission and LTP (long-term potentiation) in BDNF
knock-out animal that was rescued by BDNF application, suggesting an acute role for
BDNF in synaptic function (Patterson et al., 1996).

The response to exogenous BDNF application in the hippocampus can be very
different for different preparations (cell culture, slice, and whole animal), different
means and durations of BDNF delivery, and different concentrations of BDNF applied.
For example, BDNF treatment of embryonic or early postnatal hippocampal neurons
resulted in an acute and lasting potentiation in excitatory synaptic transmission (Alder
et al., 2002; Alder et al., 2005; Levine et al., 1995a; Levine et al., 1998; Crozier et al., 1999;
Lessmann et al.,, 1994; Li et al., 1998). However, in the adult hippocampus, a brief

application of BDNF induced a calcium transient in dendrites and spines without



affecting synaptic efficacy while several minutes application of BDNF triggered a long-
lasting increase in synaptic efficacy which was termed as BDNF-LTP (BDNF-induced
long-term potentiation) (Kovalchuk et al., 2002).

Aside from excitatory transmission, BDNF was also shown to affect inhibitory
(GABAergic) synaptic transmission, but in a different way. In general, BDNF has been
shown to decrease the efficacy of inhibitory synaptic transmission by down-regulation
of chloride transport as well as its presynaptic effects (Tanaka et al., 1997; Frerking et al.,
1998, Wardle and Poo, 2003). Thus, BDNF appears to strengthen excitatory
(glutamatergic) synapses and weaken inhibitory (GABAergic) synapses, resulting in

increased neuronal activity.

1.4 BDNF and LTP (long-term potentiation)

A role of BDNF in synapic plasticity LTP has also been demonstrated (Lu et al.,
2008; McAllister et al., 1999; Korte et al., 1995, 1996, Bramham and Messaoudi, 2005;
Patterson et al., 1996, Kang, 1997). Inhibiting BDNF/TrkB signaling by TrkB inhibitors
blocked LTP in hippocampal or visual cortical slices (Figurov et al.,, 1996). BDNF
knockout animals also exhibited impaired LTP in hippocampal slice (Korte et al., 1995)
which was restored by re-expression or treatment with BDNF (Korte et al.,, 1996;
Patterson et al., 1996). Following the induction of hippocampal LTP, the spine density
can increase possibly via generation of new spines (Trommald et al., 1996, Maletic-

Savatic et al., 1999; Engert et al., 1999), or multiple spine synapses (Toni et al., 1999),
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suggesting that neuronal activity can enhance local synthesis/secretion of BDNF, which
would in turn regulate synaptic efficacy or growth. Promisingly, BDNF has been shown
to be able to rescues LTP in Huntington's disease (HD) knock-in mice that had discretely
disrupted processes required for both induction and stabilization of LTP, which
suggested the potential of neurotrophin regulation in treating cognitive deficits (Lynch
et al., 2007).

Different from other neurotrophins, although diffusible, BDNF works through a
spatially restricted, synapse-specific and activity-dependent manner (Stent, 1973; Bliss
and Collingridge 1993; Linden, 1994; Malenka and Nicoll 1999; Zhang et al., 2002). For
example, it was reported that BDNF must be applied to the synapse (spatially close) but
not cell body (further from synapse), to elicit the acute effect (Stoop and Poo, 1995)
whereas focal application of NT3 to any part of motor neurons, without the spatial
restriction, could elicit acute synaptic potentiation (Chang and Popov, 1999). The
localized BDNF-induced synaptic potentiation was indicated to be related with the
spatially restricted calcium influx (Zhang et al., 2002). As for the synapse specific
function, BDNF was demonstrated to preferentially potentiate immature synapses with
lower release probability without affecting nearby mature synapses in hippocampal
cultures (Lessmann and Heumann 1998; Berninger et al. 1999). BDNF action is also
activity-dependent regarding its selection of targets. When two sets of Schaffer
collaterals-CA1 synapses in the same hippocampal slice are monitored simultaneously,
BDNF treatment potentiates the tetanized pathway without affecting the untetanized

pathway (Gottschalk et al. 1998). Interestingly, accordant to the activity-dependent
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BDNF action, activity-dependent release of BDNF has also been demonstrated
(Goodman et al., 1996; Balkowiec and Katz, 2000; Hartmann et al., 2001; Kohara et al.,
2001; Gartner and Staiger, 2002). BDNF is unique in many different ways, though the
mechanism has remained quite open.

Whether BDNF-induced synaptic potentiation occurs primarily by a presynaptic
or postsynaptic action is intensely debated. Many studies have provided evidence for
presynaptic mechanisms through enhancement of glutamate release (Xu et al., 2000;
Tyler et al., 2002; Kafitz et al., 1999 ; Lessmann et al., 1994; Li et al., 1998; Jovanovic et al.,
2000; Zakharenko et al., 2003). Enhancement of transmitter release by BDNF may be
caused by a BDNF-induced increase in cytosolic calcium (Berninger et al., 1993; Stoop et
al., 1996), eventually resulting in changes in the efficacy of synaptic vesicle exocytosis
(Pozzo-Miller et al., 1999; Bradley et al., 1999). Evidence for postsynaptic actions has
also been obtained, such as phosphorylation of neurotransmitter receptors and
electrophysiological modulation (Black, 1999; Crozier et al., 1999; Levine et al., 1995;
Levine et al., 1998; Thakker-Varia et al., 2001; lin et al., 1998; for review see Rose et al.,
2004). Overall, both pre- and postsynaptic trkB signaling might significantly contribute
to BDNF-induced synaptic potentiation (Drake et al., 1999). Supporting this idea, the
pre- and postsynaptic BDNF action on synaptic transmission in hippocampal neurons
can be dissected into two components, with the early and late phase of the BDNF
response presumed to be presynaptic and postsynaptic mechanism respectively (Alder

et al., 2005).
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Combining with physiological consequences of BDNF signaling in the
hippocampus, i.e. modulation of presynaptic function (Tyler et al., 2002b), BDNF-
induced dendritic remodeling likely contributes to its role in the establishment and
activity-dependent refinement of neuronal networks necessary and fundamental for
synaptic plasticity and hippocampal-dependent learning and memory (Amaral et al.,
2007; Amaral and Pozzo-Miller, 2007; Tyler et al., 2002a; Chapleau et al.,, 2008). In
addition, BDNF has been implicated extensively in neurological disorders, such as
Alzheimer’s disease, Huntitington’s disease and psychiatric disorders etc (Chao et al.,

2006; Chen et al., 2006), which makes BDNF a very attracting candidate for this study.

1.5 Ephrin/Eph in Synapse formation

Ephrin ligands and Eph receptors are widely expressed in the developing and
adult nervous system (Lieble et al., 2003; Gao et al., 1998; Stein et al., 1999) and divided
into two subclasses, the A-family and the B-family, based on sequence conservation,
binding affinities and the mode of ephrin membrane attachment (Figure 1.2). Ephrin-A
ligands predominantly bind to EphA receptors while ephrin-B ligands bind to EphB
receptors, but some cross binding has also been found, such as ephrin-A5 binding to
EphB2 and ephrin-B3 binding to EphA4 (Martinez and Soriano, 2005). Unlike BDNF,
ephrins/Ephs are not diffusible molecules but require cell-to-cell contact to activate
signaling and have bi-directional signaling from both the receptor and the ligand (Aoto

and Chen, 2007; Holland et al. 1996; Bruckner et al. 1997; Knoll & Drecher, 2002; Davy et
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This family is divided into two subclasses, the A-family and B-family, based on
sequence conservation, binding affinities and the mode of ephrin membrane attachment.
Ephrin-A1-A5 are tethered to the cell membrane by a glycosyl phosphatidylinositol
(GPI) anchor, while ephrinB1-B3 have a transmembrane domain that is followed by a

short cytoplasmic region. (Martinez and Soriano, 2005)
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al., 2000; Knoll et al., 2001). Ephrin/Eph members are involved not only in axonal
guidance and topographic mapping but also in subsequent synapse formation and
maturation (Flanagan & Vanderhaeghen, 1998; Klein, 2004; Liebl et al., 2003; Knoll &
Drescher, 2002; McLaughlin & O'Leary, 2005).

Regulating the formation of topographic maps is one of the major roles of
ephrins/Ephs in various systems such as the visual system (Dickson, 2002; Rasband et al.,
2003; Nakagawa et al.,, 2000; Williams et al., 2003; Sakurai et al., 2002), the olfactory
system (Cutforth et al., 2003; Dufour et al, 2003), motor neuron innervations
(Helmbacher et al., Eberhart et al., 2004) and the spinal cord neuronal circuit of central
pattern generators (Kullander et al., 2003). This axon guidance action of ephrins/Ephs
has generally been found to be based on repellant cues. During intercellular
communication, activation of EphA by ephrin-A was found to induce spine retraction
and reduce the number of neurites (Brownlee et al., 2000; Murai et al., 2003; Xu et al.,
2003; Munoz et al., 2005; Weinl et al., 2003; Harbott et al., 2005 Yue et al., 1999).

Some ephrin-A members are also able to activate EphB2-mediated growth cone
collapse and neurite retraction (Himanen et al., 2004). Ephrin-Bs have a similar
repulsive action on neurite outgrowth (Benson et al., 2005, Hoogenraad et al. 2005;
Vermeren et al., 2000). Mechanistically, the ephrin/Eph mediated process retraction may
be due to protease mediated ephrin cleavage, internalization and axonal detachment
(Hattori et al.,, 2000; Holmberg et al., 2000), or the inhibition of integrin-mediated
adhesion by dephosphorylation of FAK and paxillin following EphA activation (Miao et

al., 2000).
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The actions of ephrins/Ephs are not exclusively repellent, however. In addition to
the collapsing effect, branch-promoting activity during neuronal development has also
observed for both ephrin-A and ephrin-B members (Mann et al., 2002; Zhou et al., 2001;
Gao et al,, 1999). It was reported that ephrin binding to Eph could activate different
signaling cascades in subsets of neurons and exert distinct effects (Eberhart et al., 2004;
Gao et al., 2000). It is also interesting that axonally localized EphA and ephrin-A
induced opposite functions through the same integrin and MAP kinase signalling
pathway but in different directions, with activation of EphA resulting in repulsion and
ephrin-A leading to increased attraction and/or adhesion of growth cones (Davy et al.,
1999; Miao et al., 2000; Miao et al., 2001; Huai & Drecher, 2001; Marquardt et al., 2005).
The dual effects of ephrin/Eph were suggested to be functionally significant.
Ephrin/Eph may regulate topographic map formation by stimulating axonal outgrowth
and arborization early during pathway formation followed by pruning mistargeted
axons later (Gao et al., 1999), an idea consistent with the progressive expression of
inhibition on outgrowth of embryonic spinal motor neurites by ephrin-A5 (Wang et al.,
2001).

Ephrin/Eph signaling is also involved in synapse formation and maturation. In
vitro studies on cultured neurons implicated EphB receptor forward signaling as a
positive signal in spine formation (Palmer & Klein, 2003). Triple knockout of EphB1,
EphB2, and EphB3 in mice significantly impeded morphogenesis and synapse formation
and disturbed clustering of both f-actin and PSD-95 in the dendritic protrusions (Kayser

et al,, 2006; Henkemeyer et al., 2003). In ephrinB3 knock-out mouse shaft synapse
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formation was reduced in the hippocampus, which was rescued by overexpression of
glutamate receptor-interacting protein 1 (GRIP1) (Aoto et al, 2007). EphA family
signaling disruption by overexpressing EphA5-Fc reduced the density of synaptic
terminals in the entorhinal and commissural termination layers in hippocampus
(Martinez et al., 2005). Consistently, in vivo knock-out of ephrin-A5 decreased synapse
density in those layers that receive commissural/associative axons (Otal et al., 2006),
indicating the positive regulation of ephrin-A/EphA interactions in synapse
development and neural connectivity of hippocampus. Furthermore, neuron-glial cross-
talk through ephrin-A3/EphA4 signaling was demonstrated to be critical for modeling
hippocampal spine morphology with either ephrin-A-Fc application or in EphA
knockout mice (Murai et al., 2003).

Is there a direct association of ephrin/Eph with structural and signaling molecules
at the synapse to support ephrin/Eph regulation of the formation or function of synapses?
Specific interactions between the extracellular domains of the EphB2 receptor and the
NRI1 subunit of NMDA receptors have been found, which was triggered by ephrin-B
ligand stimulation independent of EphB receptor signaling and resulted in an increase in
the density of NMDA receptor synaptic clusters and the number of presynaptic release
sites in culture (Dalva et al., 2000). This suggests that ephrin-B ligands in synaptic
membranes can induce the maturation of glutamatergic synapses by promoting NMDA
receptor aggregation. The specific EphB2/NMDA receptor association might link

ephrin/Eph signaling to the synaptic functions with activity-driven mechanisms.
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1.6  Ephrin/Eph and Synaptic Function

The extensive expression of Ephrin/Eph family members in developing and adult
hippocampus (Gao et al., 1998; Murai et al., 2003; Otal et al., 2006; Lieble et al., 2003
Rodenas-Ruano et al.,, 2006; Grunwald et al., 2004; Stein et al., 1999) suggests the
potential participation of ephrin/Eph in hippocampal plasticity beyond neuronal
pathfinding and synapse formation. Biochemical inhibition of ephrin-A/EphA signaling
caused significant impairments in LTP, LTD and behavioral performance (Gerlai, 2001;
Gerlai & McNamara, 2000; Gao et al., 1998; Gerlai et al., 1999). Results from EphB2-
deficient and ephrin-B3-deficient mice demonstrated the requirement for ephrin-B/EphB
in hippocampal long-term synaptic changes (Grunwald et al. 2001; Henderson et al. 2001;
Murai and Pasquale 2002; Armstrong et al., 2006). The importance of the ephrin-B
ligand reverse signaling was also indicated by rescue of the defects in LTP by addition of
the EphB2 receptor isoform suggested to play role at the synapse (Grunwald et al. 2001;
Henderson et al. 2001; Grunwald et al., 2004; Rodenas-Ruano et al. 2006;), which might
be supported by the much higher ephrinB2/B3 expression level in postsynaptic CA1
neurons than in presynaptic CA3 neurons for Schaffer collateral pathway (Grunwald et
al. 2001; Liebl et al. 2003).

Regarding mechanisms of ephrin involvement in synaptic plasticity, there is
evidence showing that it can be similar to the mechanism for BDNF modulation. For
instance, in young cultured neurons, EphB2 receptor activation by ephrin-B1 stimulation

recruited and activated Src-family kinases, which then phosphorylated certain subunits
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of the NMDA receptor and enhanced NMDAR-mediated Ca2+ influx and
phosphorylation of the transcription factor CREB and the following CREB-dependent
transcriptional events (Grunwald et al. 2001; Takasu et al. 2002). This suggested that
ephrin/Eph signaling might influence activity-dependent plasticity by modulating Ca2+
related gene expression during development of synaptic connections. The cross-over
between BDNF modulation and Eph signaling mechanisms suggests the potential
interaction between these two pathways, which might be critical for neuronal
development.

Ephrin/Eph signaling may also influence protein trafficking and synaptic currents
(Song & Huganir, 2002) through bi-directional internalization of Eph—ephrin complexes,
which might therefore trigger internalization of other co-localized proteins, such as ion
channels (Murai & Pasquale, 2003; Hattori et al., 2000). In addition to synaptic partners,
extrasynaptic interaction also contributes to ephrin modulation of synaptic plasticity.
There are data implicating ephrinB-EphB interactions in non-NMDA receptor-
dependent forms of synaptic plasticity — Mossy fiber LTP, which requires clustering of
postsynaptic EphB receptors via PDZ interactions (Contractor et al. 2002).

Ephrins also have crosstalk with other signaling pathways, such as the receptor
tyrosine kinase Ryk (Trivier et al., 2002; Halford et al., 2000) and the multi-
transmembrane protein ARMS (Ankyrin Repeated-rich Membrane Spanning). ARMS is
a common substrate for Eph and Trk receptors (Kong et al.,, 2001), suggesting an
interesting interaction between ephrins and neurotrophin signals during axonal growth,

synaptogenesis and plasticity. So far, there have been few studies of neurotrophin -



19

ephrin interactions in synaptic function. The goal of this thesis is to shed light on this
issue by investigating the interaction between BDNF and ephrin/Eph in synaptic

transmission and synapse formation.

1.7  Aims of the Thesis

The central aim of this thesis is to argue that ephrin/Eph — BDNF interaction is
critically involved in shaping the development of selective hippocampal synaptic
connectivity, especially the CA3 - CA1 synapse, and to empirically test this claim with
electrophysiological, immunocytochemical and molecular biological techniques.

The first step was to establish an in-vitro model to be able to study the selective
synapse formation of CA3 pyramidal cells onto CA1 pyramidal cells. Although the in-
vivo or acutely cut hippocampal slice preparation is best for keeping the hippocampal
circuitry intact, it is not compatible with the single-cell analysis and molecular biological
manipulations needed to understand mechanism. An alternative is the dissociated
hippocampal neuron culture, which is much easier to manipulate experimentally. The
most important question to ask, however, is whether hippocampal neurons in
dissociated cultures maintain the unidirectional connectivity seen in the intact
hippocampus. For the CA3 - CA1 synapse, I provide evidence that the answer is “yes”
by characterizing functional synaptic connections with paired-cell patch clamp
recording and identifying the CA1l neurons with immunocytochemistry using an

antibody against SCIP, a CA1 pyramidal cell-specific transcription factor (for more detail,
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see Figure 2.1). Having established this point, the way was clear to perform detailed
experiments with dissociated hippocampal neuron cultures.

The second step was to investigate whether ephrin/Eph signaling interacts with
BDNF signaling in hippocampal synaptic activity measured by electrophysiology.
Soluble ephrin-A5 ligand (ephrin-A5-Fc) or soluble EphA5 receptor (EphA5-Fc) was
applied to the culture during whole-cell patch recording of ongoing synaptic activity.
BDNF was subsequently applied to determine whether the BDNF modulation was
affected. These molecules were also applied in the reverse order, with BDNF perfusion
preceding ephrin-A5-Fc or EphA5-Fc application to test the potential effect of BDNF
signaling activation on the EphA/ephrin-A signaling. After the ephrin/Eph — BDNF
interactions were described, the potential mechanisms were investigated in terms of pre-
or postsynaptic action through the analysis of miniature excitatory postsynaptic currents.
Furthermore, the involvement of EphA receptor signaling in the direct synaptic effect of
Ephrin-A5-Fc was tested using the kinase domain negative EphA3 and EphA5
constructs to interrupt the endogenous EphA signaling.

The final part of the thesis was to study the involvement of ephrin-A/EphA —
BDNF interaction in hippocmapal synapse formation, which is hypothesized on the
basis of the above data. First of all, the ephrin-A and EphA distribution pattern during
development was investigated to see if there is any correlation between their expression
patterns and formation of the hippocampal circuitry. Then, the balance of ephrin/Eph
and BDNF signaling was manipulated to study the role of their interaction in the

specificity of CA3 - CA1 connection. An EphA3 dominant negative construct linked
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with GFP (EphA3(K-)-GFP) and an EphA5 dominant negative construct linked with GFP
(EphA5(K-)-GFP) were used to interfere with the endogenous EphA signaling, and anti-
BDNF antibody was used for the functional blocking of BDNF signaling in the
hippocampal cultures. Then electrophysiology and immunocytochemistry were
combined to identify the types (CA1 or CA3) of the presynaptic and postsynaptic cells
forming the functional synapses in order to see whether the connection specificity of the
CA3 - CA1 synapse was changed. The hypothesis is that EphA signaling is involved in
the establishing the unidirectional nature of the CA3 - CA1 connectivity, and that it is
mediated through an interaction with BDNF.

The global significance of this research is to provide the groundwork necessary for
deciphering the neurological diseases with abnormal synapse formation especially in the

hippocampus system.
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CHAPTER 2

EXPERIMENTAL METHODS

21 Primary Hippocampal Neuronal Cultures

Embryonic day 18 (E18) fetuses of time-mated pregnant Sprague-Dawley rats or
embryonic day 16 (E16) fetuses of time-mated pregnant C57BL_6 mice were removed in
accordance with institutional guidelines for the care and use of animals. Fetal
hippocampi were dissected and dissociated by trypsinization followed by trituration
through fire-polished Pasteur pipettes. Neurons were plated in poly-D-lysine coated 35-
mm Nunc dishes (Nalge Nunc International, Roskilde, Denmark) at 4 x 105 cells/dish
and maintained in serum-free medium (SFM). SFM was composed of a 1:1 mixture of
Ham’s F-12 and minimal essential medium containing GLUTAMAX and Earle’s salts
supplemented with 25 pg/mL insulin, 100 plg/mL transferrin, 60 uM putrescine, 20 nM
progesterone, 30 nM selenium, and 6 mg/mL glucose (Gibco, Grand Island, NY). Cells

were grown at 37° C in 5% COs.

2.2 Electrophysiological Recordings
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Whole-cell patch clamp recordings were performed after 13-16 (mostly 14) days in
culture (DIV). The in house software WINCLAMP (developed by Dr. Mark R Plummer)
was used. Currents were recorded with an Axoclamp 200 amplifier, digitized at 2.9 kHz
and filtered at 5 kHz. Pyramidal-type cells were recorded in voltage clamp mode with a
holding potential of -50mV. The external bath solution (NRS) was (in mM) 1.67 CaClz, 1
MgClz, 5.36 KCl, 137 NaCl, 17 glucose, 10 HEPES and 13.15 sucrose. The pipette
solution contained (in mM) 105 Cs-methanesulfonate, 17.5 CsCl, 10 HEPES, 0.2 EGTA, 8
NaCl, 2 Mg-ATP, 2 Na-ATP, 0.3 Na-GTP, and 20 phosphocreatine. The pH of the
internal solution was set to 7.3 with CsOH. Pipette resistance ranged from 3-5 MQ. Cell
capacitance was typically 10-20 pF and access resistance was 7-20 MQ.

To record ongoing synaptic activity, cells were held at -50 mV. To isolate
spontaneous miniature postsynaptic currents (mEPSCs) in synaptic activity experiments,
1 uM tetrodotoxin (TTX) was added to the perfusing solution (NRS) and NRS
supplemented with other test compounds. To block NMDA currents, 50 uM APV or 20
uM MK801 was added to the perfusing NRS.

For paired recording, two pipettes were used to record from a pair of neurons.
The modified internal solution contained (in mM) 105 K-methanesulfonate, 17.5 KClI, 10
HEPES, 0.2 EGTA, 8 NaCl, 2 Mg-ATP, 2 Na-ATP, 0.3 Na-GTP, and 20 phosphocreatine.
The pH of the internal solution was set to 7.3 with KOH. One neuron (presynaptic) was
injected with 30 ~ 80 mA of depolarizing current to fire a single action potential in
current-clamp mode at a frequency of 0.2 Hz, while another neuron (postsynaptic) was

voltage clamped at -50 mV to record evoked postsynaptic currents. For some
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experiments where the cells were labeled while being recorded, 1 mM pyranine (8-
hydroxypyrene-1,3,6-trisulfonic acid; Sigma) was added to the electrode solution.
20ng/ml BDNF (Peprotech, Rocky Hill, NJ), 2ug/ml ephrin-A5-Fc, 2ug/ml EphAb5-
Fc, or 2ug/ml Fc (R&D systems, Minneapolis, MN) solutions for perfusion were diluted
in NRS. Vehicle control was the 10 BSA/PBS (BSA, Sigma) solution, which was also

used to prepare BDNF and Ephrin-A5-Fc/EphA5-Fc aliquots.

2.3 Data Analysis

The data were analyzed by integrating the synaptic currents for each sweep
(synaptic charge) or summing the number of miniature events per sweep and then
grouping into one minute bins with the in house software WINDISP (developed by Dr.
Mark R. Plummer). Baseline is considered the average value during the 2 min prior to
switching the perfusion system (from NRS to the first experimental condition). Percent
increases were determined by dividing the binned data during experimental exposure
by the baseline value. Student’s t-test was used for statistical comparisons (P < 0.05
indicating significance).

For the miniature events frequency analysis, the currents were picked up by
WINDISP by setting a certain threshold that can best mimic the actual events frequency
and amplitude. The frequency and average amplitude of these events during a certain

period of time were given by the program.
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For paired recordings, the peak amplitude of evoked EPSC wunder each

experimental condition was analyzed by averaging 10 sweeps.

24 Immunocytochemistry

Ephrin-A5-Fc and EphA5-Fc (R&D system) were used to examine the cellular
distribution of EphA/ Ephrin-A. DIV 14 hippocampal cultures were incubated with
2ug/ml Ephrin-A5-Fc or EphA5-Fc in conditioned medium for 30 min at 37 degrees.
Dishes were rinsed twice with cold PBS (Sigma), Fixed in 100% cold methanol for 5
minutes at -20 degrees, rehydrated with PBS for 10 minutes at room temperature, and
blocked for 30 minutes in 5% normal goat serum (NGS) diluted in 5% bovine serum
albumin (BSA, Sigma) in PBS. Secondary antibody (Goat anti Human Fc-FITC, Sigma)
was applied at 1:100 in 5% NGS/PBS for 1 hour. In order to determine the synaptic
localization of EphA/Ephrin-A, the cultures were then double labeled with rabbit anti-
synaptophysin (1:200, Sigma) and mouse anti-MAP2 (1:200, Chemicon) together for 2
hours. Dishes were washed with PBS, incubated with goat anti-rabbit A546 (1:500,
Molecular Probes), and goat anti-mouse A350 (1:200, Molecular Probes), in 5% NGS for 1
hour, rinsed in PBS, mounted by DABCO, and cover-slipped.

The primary antibodies to EphA5 (1:100) and EphA3 (1:100) (R&D system) were
also used to determine the distribution pattern of the EphA5 or EphA3 receptor in

hippocampal neurons. Dishes were fixed in 4% Para-Formaldehyde (PFA) for 7 minutes
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at room temperature and then 100% cold methanol for 3 minutes at -20 degrees, blocked
for 30 minutes in 10% donkey serum (DS) in PBS, and incubated with the antibodies to
EphA5 or EphA3. Secondary antibody (donkey anti-goat alexa 546, Molecular Probe)
was applied at 1:400 in 10% NGS/PBS for 1 hour. In order to determine the localization
of EphA5 or EphA3 in CA1l or CA3 neurons, the cultures were then blocked for 30
minutes in 5% NGS, double labeled with rabbit anti-SCIP (1:200, a generous gift from Dr.
Dies Meijer, Ilia et al., 2002) and mouse anti-MAP2 (1:200, Chemicon) together for 2
hours in 5% NGS. Dishes were then incubated with goat anti-rabbit A488 (1:100,
Molecular Probes), and goat anti-mouse A647 (1:700, Molecular Probes) for 1 hour.
Images were taken with an Olympus 1X81 fluorescence microscope and analyzed
with 3D-blind deconvolution using IPLab (Scanalytics, Fairfax, VA) V3.62 imaging
software. The average intensity quantification in certain regions of interest for each
color channel was done consistently after background subtraction with IPLab. All
images were processed in the same way. To count the average density of the
presynaptic or postsynaptic ephrin-A or EphA, the images were segmented as puncta
based on an intensity threshold for the individual channels to be analyzed, and the
number, size and intensity were quantified with IPLab. For example, in order to analyze
the colocalization of ephrin-A or EphA (green channel) with synaptophysin (red

channel), the yellow puncta were quantified.

2.5 Mapping the Type of Recorded Cells
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In order to identify the origin (hippocampal CA3 or CA1) of the cells that form a
functional synapse determined by electrophysiology (Figure 2.1a), the fluorescent dye
pyranine was injected to the cells during paired recording. After recording,
photographs were taken at 40X with both regular light (Hoffman modulation optics)
(Figure 2.1b) and fluorescence (Figure 2.1c) illumination with the field centered on the
recorded cells. The images were then used as a map to identify the presynaptic and
postsynaptic cells in the whole dish after the subsequent immunocytochemical staining.
Once immunolabeling with anti-SCIP was finished, fluorescence pictures (Figure 2.1e, f
and g) were taken again. By comparing those pictures, I was able to tell whether the
presynaptic or postsynaptic cell was SCIP positive versus SCIP negative. The SCIP
positive cells were considered to be CA1 pyramidal cells, whereas the SCIP negative
cells that made excitatory synapses were most probably CA3 pyramidal cells (usually
the pyramidal-like cells were selected to do recording) but might also be dentate gyrus
cells since the source of the cells in the culture includes all parts of the hippocampus:
dentate gyrus, CA3 and CAl regions. Please see Figure 2.1 for the better illustration of

this method.

2.6 Immunohistochemistry for Slice

Hippocampal slices obtained from animals of various ages were used for the

immunohistochemistry with the anti-SCIP antibody. The slice was fixed in 4% Para-
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Figure 2.1 Method for identifying the recorded cells

a. Paired recording from two pyramidal cells in culture. Left: action potential recorded
by current clamp recording from cell 2; right: postsynaptic current recorded by voltage
clamp recording from cell 1 in picture b. b. Regular light Hoffman picture shows the
morphology and location in the context of the recorded cells. c. Fluorescence picture for
the same field as panel b shows that the recorded cells were successfully labeled with
pyranine. d. merged picture of b and c. e. The recorded cells were found based on the
pyranine labeling. According to the location and morphology in pictures b and c, cell 1
and cell 2 were identified. f. Cell 1 but not cell 2 was labeled by anti-SCIP antibody (red).
g. merged picture of e and f. Switching the recording orientation revealed that cell 1 did
not form a functional synapse onto cell 2. Thus, in this pair of cells, the synaptic
connection is unidirectional with the postsynaptic cell being a CA1 pyramidal cell (SCIP
positive) and the presynaptic cell presumed to be a CA3 pyramidal cell since it is
pyramidal-like and SCIP negative.
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Formaldehyde (PFA) for 20 minutes at room temperature and then 100% cold methanol
for 7 minutes at -20 degrees, blocked for 60 minutes in 10% donkey serum (DS) in PBS,
and incubated with the antibody to SCIP (1:200) for 2 hours. After washing for 45
minutes, the secondary antibody (goat anti-rabbit alexa 546, Molecular Probe) was then
applied at 1:400 in 10% NGS/PBS for 2 hours. The slice was then counter stained with

DAPI (1:100), washed for 45 minutes, and cover-slipped.

2.7 Biochemistry

The Dissociated hippocampal neurons were treated with 10ng/ml BDNF with or
without 2g/ml ephrin-A5-Fc for varying time periods. Western blot analysis was used to
assess the extent of p42/44 MAPK phosphorylation using a phosphorylation-specific
antibody. The blots were then reprobed for total p42/44 MAPK to evaluate relative
protein levels. Intensity was quantified with Image]. (This work was done in

collaboration with Dr. Renping Zhou's lab at Rutgers University)

2.8 Molecular Biology

DNA
EphA5(K-)-GFP and EphA3(K-)-GFP constructs are EphA5 or EphA3 kinase

domain deficient DNA linked with GFP, which are generous gifts from Dr. Renping
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Zhou (Yue et al., 2002). Enhanced GFP (EGFP) construct was used as the control.

Neuronal Transfection

The neurons were typically transfected at DIV 5 and recorded 9 days later. The
Plasmid-Ca-Pi coprecipitation was carried out on dissociated hippocampal neuronal
cultures. Briefly, for each 35 mm dish, 3 ug of DNA (at 0.5 ug/ul) was mixed with 2 M
CaClz and 20 ul sterile water, and then added with 30 ul 2XHBSS by drop while
vortexing. 2XHBSS contained 50 mM HEPES, 1.5 mM 280 mM NaCl, 10 mM KCl, and
15 mM glucose (all from Sigma). After keeping the DNA mixture for 20 minutes
precipitation in the dark, cells were washed with DMEM (Sigma) three times, 80% of the
medium exchanged each time. 1 ml DMEM was left in the dishes after the final round of
washing. 60 ul of the DNA-Ca-Pi mixture was added to each dish. Cells were incubated
with the DNA in for 40 minutes in the incubator. The medium was then discarded, the
dish washed with SFM three times, and incubated for 1 hour at 37° C in 5% CO2 for the
thorough clearing of the remaining DNA-Ca-Pi reagents. Finally, the medium was
replaced with the original conditioned medium taken from the original dishes and the

cells were returned into the incubator.
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CHAPTER 3

AN IN-VITRO MODEL FOR STUDYING SPECIFICITY OF

SYNAPTIC CONNECTIVITY

As stated in “Aims of the Thesis”, it is essential to establish that elements of in vivo
synaptic connectivity can be reproduced in vitro. This is a critical first step needed to
perform our research on the interaction of ephrin-A/EphA and BDNF in the
development of Schaffer collateral connection in the hippocampus. What is necessary is
a good model where the selectivity still exists but where conditions can be easily
manipulated and reproducible results obtained. Dissociated primary hippocampal
neuronal culture is a good candidate since it is amenable to electrophysiological
recording, immunocytochemistry is practical, and more functional synaptic connections
can be studied between cell pairs.

The question then comes: does the dissociated neuronal culture have the same
unidirectional CA3 neuron projection pattern onto CA1l neurons as in the intact
hippocampus? If so, are there any obvious candidate molecules that could account for
this  specificity? Experiments using immunocytochemistry combined with

electrophysiology were done to answer these questions.
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3.1 Most Functional Synaptic Connections in Primary Hippocampal

Neuronal Cultures are Unidirectional

Although cells from different hippocamal subregions has been dissociated and
mixed in the culture, they might still retain the determinant factors (as yet unknown)
that establish the unidirectional connection pattern of hippocampal circuitry. Our
hypothesis regarding this research project was that, in the hippocampal neuronal culture,
cells from CA3 regions still project to CA1 neurons while cells from CA1 do not synapse
onto CA3 neurons. In the other words, CA1l pyramidal neurons can only serve as
postsynaptic cell (in CA3 - CA1 synapses) while CA3 cells can be either presynaptic (in
CA3 > CA1 synapses) or postsynaptic cells (in CA3 -> CA3 synapses). If this
hypothesis is true, utilizing the CA1 pyramidal neuron marker SCIP and paired-cell
recording, presynaptic cells should generally be SCIP negative (CAl pyramidal
cell/Dentat granule cell) whereas postsynaptic cells could either be SCIP negative or
SCIP positive. Conversely, if we see equal proportions of presynaptic SCIP positive and
SCIP negative cells, we would have to conclude that synapse formation in the cultured
cells is no longer representative of cell type specificity and instead depends on other
factors such spatial proximity or simply random interactions.

The most straightforward way to gain some idea about cell type selectivity in
functional synapse formation is to characterize electrophysiologically the synaptically

connected pyramidal cells by paired-cell recordings. In this set of recordings on cells
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studied after DIV 14, one pyramidal cell (cell 1) was depolarized by current injection to
fire an action potential while the other nearby pyramidal cell (cell 2) was voltage
clamped to see whether an excitatory postsynaptic current (EPSC) was elicited right
after the action potential. Then, the two cells were reversed regarding the pre- post-
relationship, which means that cell 2 would be depolarized to fire an action potential
while cell 1 would be in the voltage clamp mode to test the related EPSC.

A stable EPSC evoked reliably a short latency by a single presynaptic action
potential indicates that a successful synaptic connection has been formed between a pair
of neurons (Figure 3.1a). Inhibitory postsynaptic synaptic current (IPSCs) were also seen,
which indicated that the presynaptic cell was an inhibitory neuron. If no postsynaptic
current was elicited by the presynaptic action potential, then a functional synapse was
not formed between this particular set of presynaptic cell and postsynaptic cells (Figure
3.1b). All the recorded cell pairs were categorized based on these criteria for synapse
formation (Figure 3.1c). As shown in Fiture 3.1d, out of the 289 paired-cell recordings,
very often (52% of the recordings), we saw no synpase in either direction (0---0) which
means that the two cells didn’t form synapse onto each other at all or they did not
simply select cells in close proximity as their targets. When an EPSC was observed (23%
of the recordings), it was typically unidirectional (E---0) which suggested a selective
synaptic connection (maybe CA3 > CAl). Only very rarely (3% of the recordings) were
bi-directional excitatory (E---E) connections observed. In addition, 16% of the cell pairs
showed inhibitory synapse in one direction with no synapse in the other direction (I---0),

6% showed inhibitory synapse in one way and excitatory synapse in other (E---I, an
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Figure 3.1 The rates for unidirectional and bi-directonal connections in embryonic
hippocampal neuron cultures

a. An example of an excitatory connection. The upper trace is an action potential fired by
a presyaptic cell, and the lower trace shows an EPSC in the postsynaptic cell. b. An
example of a paired recording without synapse identified. The upper trace is an action
potential fired by a presyaptic cell, while the lower trace does not show any
corresponding current in the postsynaptic cell. ¢. The diagram shows how to categorize
the synapses into 6 categories based on the paired cell recordings: unidirectional
excitatory connection (E---0), bi-directional excitatory connection (E--E), excitatory—
inhibitory connection (E--I), bi-directiaon inhibitory connection (I—I), unidirectional
inhibitory connection (I---0), and no synapse (0---0). d. There are 289 recordings
included in this figure. 52% of all the recordings showed 0---0 connection, 23% of all the
recorded cell pairs formed E---0 connection, and 3% of all the cell pairs formed E---E.
16% cell pairs showed I---0, 6% were E---I and only 1 recording revealed I---1.
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inhibitory cell and an excitatory cell form synapses onto each other), and 0.34% (1
recording out of 289 recordings) revealed bi-directional inhibitory synapses between
two GABAergic neurons (Figure 3.1d). In no case in these cultures were any autapses
observed.

Of the synaptically connected cell pairs, the E---0 and I---0 connections
predominated. There were significantly fewer E---E connections and only 1 I---I
connection. This result strongly suggested that the dissociated hippocampal neurons
did not form synapses simply as a result of proximity. I hypothesized that there must be
some intrinsic factors determining where the axon of a neuron should target, and these
factors remain functional in the culture as replicate processes that occur in vivo. Thus,
our assumption that selectivity of synaptic connectivity was preserved in the embryonic
hippocampal neuronal cultures was strongly supported. But, more direct evidence was

required to reach the conclusion.

3.2 Immunocytochemical identification of CA1 Pyramidal Cells

The previous section provides support for the generally unidirectional nature of
synaptic connectivity in tissue culture, but does not demonstrate that this occurs
according to cell type. In order to test this prediction, a cell type-specific marker is
essential to distinguish the cells in the culture that came from CAIl region and those

came from CA3 region. It has been shown that SCIP (a suppressed cyclic AMP-
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q excitatory synapse
q inhibitory synapse

Figure 3.2 SCIP is selectively expressed in hippocampal CA1 region

A P4 rat hippocampeal slice was used for the SCIP immunohistochemistry. The primary
antibody was rabbit anti-SCIP, and the secondary antibody was goat anti-rabbit alexa
546. The black granules in the picture are SCIP stained cells. Notice that the SCIP
positive cells are all in the CA1 region, which told us that this SCIP antibody can be a
marker for CA1 pyramidal cells.



37

inducible POU domain protein) is an early gene expressed in CAl pyramidal cells
specifically after the stage of field-specific differentiation (~E14.5) during hippocampal
development (Tole et al. 1997; Ilia et al., 2002; Grove and Tole, 1999; Tole & Grove, 2001).
So, SCIP has been used as a CA1 marker, but mostly in tissue slices (Zorick et al., 1996;
Ilia et al., 2002; McEvilly et al., 2002; Tole, et al. 1997; Tole & Grove, 2001).

To test the specificity of the anti-SCIP antibody for the hippocampal CA1 region
before using it for our study, immunohistochemistry was done on acutely cut
hippocampal slices from postnatal rats and mice. The slice was fixed in PFA and
Methanol, blocked in NGS/BSA/PBS, stained with the primary antibody rabbit anti-SCIP
(a generous gift from Dr. Dies Meijer), and then detected by the secondary antibody goat
anti-rabbit alexa 594. The SCIP expression was found to be exclusively in CA1 region of
the hippocampeal slice (Figure 3.2), thus this antibody was considered as an ideal marker

for discriminating CA1 neurons from other pyramidal cells.

3.3 The CA1 Pyramidal Cells did not Project Back to CA3 Cells

With a CA1 marker in hand, the next step was to provide direct evidence that the
unidirectional excitatory synaptic connections matched those expected from the in vivo
situation. To accomplish this, I combined electrophysiology with immunocytochemistry
(for methods, see Figure 2.1) to identify the type of the pre- and postsynaptic cells. If

our prediction is true, then cells labeled with anti-SCIP should only receive excitatory
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connections and not make them since CA1 cells do not project onto CA3 or DG cells in
vivo.

Hippocampal neurons at DIV 14 or older were used for this purpose. Two
relatively close pyramidal-like cells were selected for paired-cell recording. This
allowed us to tell whether and how those two cells formed synapses. Our modified
internal solution was supplemented with the fluorescent dye pyranine, allowing
enabling me to know which cells I had recorded from. Immediately after recording, and
immunocytochemistry was in the usual way for anti-SCIP staining. Finally, images
were taken and analyzed.

I found that in the unidirectional connection, when one of the cells was SCIP-
positive, the presynaptic cell was almost always SCIP negative while the postsynaptic
cell was SCIP positive (Figure 3.3, upper panel), reminiscent of a CA3 pyramidal neuron
projecting to a CAl pyramidal neuron. There were two exceptions where the
presynaptic cell was identified as SCIP positive. In once case, the postsynaptic neuron
was an inhibitory interneuron, entirely consistent with in vivo hippocampal connectivity.
In the other case, the presynaptic CAl connection may have been onto an excitatory
neuron, perhaps reflecting an immature connection that would be eliminated with time
(discussed more in Chapter 5). For the bi-directional connections that were observed,
neither neuron was labeled by anti-SCIP (Figure 3.3, lower panel), indicating the
possible CA3 - CA3 commissural connections. Taken together, these results gave the
strongest evidence that neurons in dissociated tissue culture retained the ability to form

synapses according to cell type-specificity.
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Figure 3.3 Identities for neurons after paired recording

After paired recordings, the recorded cells were stained for SCIP. The green channel is
the Pyranine dye in the recording pipette, and the red is the SCIP staining. a. a pair of
neurons with postsynaptic neuron as SCIP+ and presynaptic cell as SCIP- (CA3/DG >
CA1), which is what was seen most of the time. b. The rare bi-directional connections
with both neurons as SCIP- cells (very likely CA3 - CAS3). c¢. Diagram for recordings
from pairs of cells in which one is SCIP positive.
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In order to see this result in a clearer way, statistics were done on the total of 16
pairs of cells that formed unidirectional excitatory synapses. Table 3.1a showed the
frequency of different types of synaptic connectivity for a variety of cell type
combinations, such as a presynaptic SCIP- cell synapsing onto a postsynaptic SCIP+ cell,
a presynaptic SCIP- synapsing onto a postsynaptic SCIP- cell, and so on. Notice that
there was only one pair of neurons with a SCIP+ presynaptic cell, and a SCIP-
postsynaptic cell (Table 3.1a). Typically, SCIP- cells were presynaptic and formed
synapses onto either SCIP- or SCIP+ cells. For the bi-directional synapses (Table 3.1b), I
only labeled two cell pairs successfully, and out of those only one survived the
immunocytochemical staining procedure. In that case both cells were SCIP-. For the
other pair, only one cell survived after staining and was found to be SCIP-, which is still
consistent with our hypothesis. The Fisher exact probability test was employed to
confirm that the conclusion of SCIP+ cells (CA1 pyramidal neurons) not projecting back
to CA3 pyramidal cells is of statistical significance (P=0.5, accept the hypothesis HO: the
observed proportion (1/6) of presynaptic cells that are SCIP- are not significantly
different from the expected proportion (0/6), which support the predition that SCIP

positive cells mostly do not serve as presynaptic cells.).

3.4 The Predominant Presynaptic Ephrin-A and Postsynaptic EphA

Expression Pattern in E18 Hippocampal Neuronal Cultures



a. Unidirectional synapses (N =16)

Postsynaptic neuron Not
SCIP + SCIP -
Presynaptic neuron identified
SCIP + 0 1 0
SCIP - 4 6 2
Not identified 2 2 0
b. Bi-directional synapses (N = 2)
Pre/post-synaptic neuron
SCIP + SCIP -
Post/presynaptic neuron
SCIP + 0 0
SCIP - 0 1
Not identified 0 1

Table 3.1

This figure shows the frequency for each kind of cell type combination between the
presynaptic and postsynaptic cells for unidirectional (a) and bi-directional excitatory
The values indicate the number of recordings that showed the
corresponding row label (identity of postsynaptic cell) and column label (identity of
presynaptic cell) combination. “Not identified” means the cell was lost after staining.
Notice that SCIP+ cells were rarely found to be presynaptic . On the other hand, SCIP-
cells were presynaptic to either SCIP- or SCIP+ cells. A total 16 pairs of cells that formed
unidirectional excitatory synapses and 2 pairs of cells that formed bi-directional

connections (b).

excitatory synapses were included in this analysis.

CA1 pyramidal cells did not serve as presynaptic cells
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Since ephrin/Eph expression pattern has been shown to be critically involved in
the topographic mapping of neuronal projections in a variety of systems (McLaughlin
and O'Leary, 2005; Knoll and Drescher, 2002), I was interested in how they are expressed
in our hippocampal neuronal cultures.

Immunocytochemistry was used to identify the synaptic localization pattern of
EphA and ephrin-A. Firstly, ehrin-A5-Fc was used to label endogenous EphA receptors
and EphA5-Fc to label endogenous ephrin-A5 ligand in 12-14 days old cultures. Cells
were then double stained with anti-synaptophysin (presynaptic marker) and anti-MAP2
(neuronal dendritic marker) to determine whether the ephrin-A5 or EphAS5 labeling was
pre- or postsynaptic. It was shown that most ephrin-A5-Fc labeled puncta were apposed
to but not overlapping with synaptophysin (neighboring red and green puncta in Figure
3.4a, bottom panels), suggesting the predominantly postsynaptic localization of EphA5
receptors. Ephrin-A5 distribution was in an opposite pattern as revealed by Eph-A5-Fc
labeling. Ephrin-A5 was also found on dendritic spines but its distribution was different
from EphA, was primarily co-localized with synaptophysin (yellow puncta in Figure
3.4b, bottom panels), suggesting a predominant presynaptic expression of ephrin-A
ligands.

Notice that, despite of the predominant (not exclusive) distribution pattern that
may have occurred during the development of connectivity, the pictures also showed
some presence of EphA and ephrin-A at both pre- and postsynaptic sites.

This presynaptic ephrin-A and postsynaptic EphA localization pattern suggested

that ephrin-A/EphA singaling might be involved in synapse formation and potentially
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Figure 3.4 Predominant presynaptic ephrin-A ligand and postsynaptic EphA
receptor expression in 12-14 DIV embryonic hippocampal neuron cultures

a. Synaptic distribution of endogenous EphA receptor labeled by ephrin-A5-Fc (FITC).
Top panels: Anti-synaptophysin (Alexa 546) labeling of presynaptic terminals and anti-
MAP2 labeling of dendrites. Middle panels: Labeling for EphA receptor and MAP2.
Bottom panels: Merged images of the top and middle panels. Left and right sets of
images were from different platings. The ephrin-A5-Fc labeling revealed that EphA can
be both presynaptic (yellow puncta of EphA overlapping wtih MAP2) and postsynaptic
(green puncta apposed to red puncta), with the postsynaptic sites as the predominant
location. b. Synaptic distribution of ephrin-A labeled by EphA5-Fc (FITC). Top panel:
Double labeling for synaptophysin (Alexa 546) and MAP2. Middle panel: Labeling for
ephrin-A and MAP2. Bottom panels: Merged images of the top and middle panels. Both
pre- and post-synaptic localization was also observed for ephrin-A, but the mainly
presynaptic distribution was suggested by the substantial abundance of yellow puncta.
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projection specificity. I therefore decided to determine whether EphA5 was distributed

in a cell type-specific manner.

3.5 The EphA5 Expression was Correlated with SCIP Localization in

E18 Hippocampal Culture

So far, it has been suggested that CAl pyramidal cells are postsynaptic in the
hippocampal culture in vitro as well as in the hippocampus in vivo. Based on the
previous results about the postsynaptic EphA expression (Figure 3.4), I speculated that
EphA might be correlated with CA1 pyramidal cells in the dissociated hippocampal
culture. To test this prediction, immunocytochemical experiments were pursued on
cultured hippocampal neurons culture to look for colocalization of EphA3 or EphA5
with SCIP.

Hippocampal neurons at DIV 14 or older were fixed using 4% paraformaldehyde
and 100% Methanol, blocked with 10% DS, and incubated with antibodies against
EphA3 or EphA5, followed by the secondary antibody detection. A second round of
staining was then done to label SCIP. Cells were blocked again with 5% NGS, incubated
with antibodies against SCIP and MAP2, and detected by other secondary antibodies
(for detail, see the methods section in Chapter 2). Images were taken and analyzed with
IPLab.

I found that almost all of the SCIP positive cells were also labeled by anti-EphA5
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SCIP
MAP2
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Figure 3.5 SCIP positive cells also express EphA5

Cultured hippocampal neurons used for the EphA5 — SCIP — MAP2 staining. The blue is
ant-SCIP, the green is anti-MAP2, and the red is anti-EphA5. I found that almost all the
SCIP labeling positive cells (arrows in the pictures) were also labeled by anti-EphA5
while most SCIP negative cells were also EphA5 negative.
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Figure 3.6 Quantification anti-SCIP and anti-EphA5 labeling luminance in
hippocampal neuron cultures

Morphologically identified pyramidal neurons from different platings were selected up
for luminance analysis for both SCIP and EphA5. Cells with SCIP luminance below 150
(background level) were considered to be SCIP negative cells wherease cells with SCIP
luminance higher than 150 were considered to be SCIP positive. All the SCIP positive
cells were grouped together to get the average EphAb5 intensity (y axis in the figure) as
were the SCIP negative group. This figure shows that SCIP positive cells have
dramatically higher EphA5 expression than SCIP negative cells. N =53. **P <0.001 by
Student’s t-test.
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Figure 3.7 EphA3 expression was not correlated with anti-SCIP labeling

a. Cultured hippocampal neurons used for the EphA3 — SCIP — MAP?2 staining. Green is
anti-SCIP, red is anti-EphA3, and blue is anti-Map2. Note that almost all the neurons
were labeled by anti-EphA3 regardless of whether they were SCIP positive or SCIP
negative. Left and right panels are from different fields in the dish. Pictures were taken
at 40X. b. Quantification for the luminance analysis for SCIP and EphA3 labeling in the
same way as the analysis in Figure 3.6. N =23, P > 0.15 (no significant difference) by
Student’s t-test.
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whereas most of the SCIP negative cells were EphA5 negative (Figure 3.5). The results
were quantified correlating anti-SCIP staining intensity and EphA5 intensity in
individual cells (Figure 3.6). The results suggested that EphA5 is predominantly
expressed on CA1 pyramidal neurons. Interestingly, however, EphA3 localization did
not show this relationship with anti-SCIP labeling, with almost all the neurons

expressing this EphA3 receptor (Figure 3.7).

This finding strongly suggested that the specific EphA5 expression in CAl
pyramidal cells might be a critical factor determining the specific hippocampal
projection formation. In addition, this feature is special for EphA5 since another
member in the Eph family EphA3 did not show the same result.

In summary, the data shown in this chapter revealed strong electrophysiological
and immunocytochemical evidence that embryonic neurons in dissociated embryonic
hippocampal culture preserve features of the in vivo synaptic circuitry. In addition, the
positive correlation between EphA5 expression and the CA1l pyramidal cell marker
expression was consistent with the result of postsynaptic labeling of EphA receptors in
mature hippocampal cultures (Figure 3.4), suggesting that EphA/ephrin-A signaling
might be contributing to this selectivity of connection (Figure 3.8). Thus embryonic
hippocampal neuron cultures can serve as a useful model for the next two chapter’s
investigation into the interaction between ephrin/Eph — BDNF in regulating the

selectivity of synapse formation selectivity in the hippocampus.



49

a Presynaptic Postsynaptic

ephrin-EphA5  SCIP

Figure 3.8 Summary of a possible mechanism for producing selective CA3 - CA1
synapse formation

Two possible orientations of EphA5 expression in hippocampal neurons. a. Most CAl
pyramidal cells (SCIP+) express EphA5 while the presynaptic CA3 neurons express
predominantly a corresponding ligand. Potential synapses of this configuration will
survive until maturation. This pattern is also consistent with the result of postsynaptic
labeling of EphA receptors in mature hippocampal culture (Figure 3.4). b. The opposite
configuration will be EphA5 expression in presynaptic CA1l cells and the ephrin-A
ligand in postsynaptic CA3 neurons. Potential synapses of this configuration will not
survive so it was not observed as predominant pattern in mature hippocampal culture
(Figure 3.4).



50

CHAPTER 4

EPHRIN/EPH - BDNF INTERACTION IN SYNAPTIC

TRANSMISSION

To pursue our hypothesis proposed in the previous chapter (Figure 3.8) that
presynaptic EphA activation by postsynaptic ephrin-A ligands binding prevents
hippocampal synapse formation, we turned to electrophysiology for studying ephrin-
A/EphA involvement in synaptic activity, which has been extensively proved to be
critical for synapse formation and maintenance. In particular, BDNF modulation has
been shown to be an important player during synapse development, so we will next
focus on the interaction between ephrin-A/EphA and BDNF signaling in synaptic
activity in hippocampal neurons.

The electrophysiology studies in this chapter can be divided into three parts. First,
I identified the direct effects of the endogenous EphA or ephrin-A signaling activation
by ephrin-A5-Fc or EphA5-Fc on synaptic transmission. Second, the effect of ephrin-A5-
Fc or EphA5-Fc application on the BDNF modulation of synaptic transmission was

examined. Third, the possible mechanism for the interaction was investigated.

41 Ephrin-A5-Fc and EphA5-Fc Increase Synaptic Activity in

Embryonic Hippocampal Neurons
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To gain some idea about whether ephrin-A5/EphA5 affects neuronal
electrophysiology, we examined the effects of ephrin-A5-Fc or EphA5-Fc application
alone on ongoing synaptic activity in cultured embryonic hippocampal neurons at DIV
14 or greater. Pyramidal-like neurons were recorded under voltage clamp mode and
held at -50mV to record ongoing synaptic activity. After baseline activity during NRS
perfusion had been stabilized for several minutes, the perfusion solution was switched
to soluble ephrin-A5-Fc or EphA5-Fc (2 pg/ml) for 20 minutes (Figure. 4.1a). Both of
these molecules increased synaptic activity rapidly and transiently in most neurons
recorded. Synaptic charge significantly increased within a minute of ephrin-A5-Fc
application, and returned to baseline within 10 minutes (Figure 4.1b, d). Similarly,
application of EphA5-Fc produced a rapid increase in synaptic activity that also decayed
to baseline within 10 minutes (Figure 4.1c, e). Note the decline of increased activity

despite of the maintained presence of ephrin-A5 or EphA5.

4.2 The Potential Postsynaptic Mechanism for the Excitatory Effects of

Ephrin-A5-Fc and EphA5-Fc

421 NMDA involvement in the excitatory effect of Ephrin-A5-Fc and EphA5-Fc on
synaptic activity

Since ephrin-B ligands have has been reported to be associated with NMDA
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Figure 4.1 Ephrin-A5-Fc/EphA5-Fc application elicited an acute and transient
increase in synaptic activity in cultured embryonic hippocampal neurons

a. Diagram of the experimental setup. A pyramidal-like neuron in the culture dish was
selected. Once the whole cell recording has been stabilized, experimental reagents such
as NRS, ephrin-A5-Fc, EphA5-Fc or BDNF etc. were applied through the perfusion
pipette. b. Example traces characterizing the baseline synaptic activity (upper panel) of
neurons cultured in vitro for 12 — 15 days, and showing the increase in ongoing neuronal
activity 2-3 minutes after the onset of 2g/ml ephrin-A5-Fc application (lower panel). c.
Upper traces showing the baseline activity and lower traces revealing the increased
synaptic activity by 2 ug/ml EphA5-Fc applications. d-e. Time course showing the
minute-binned response of hippocampal neurons to 20 min application of 2g/ml ephrin-
A5-Fc (c, N = 8) or EphA5-Fc (d, N = 6). In both cases, the increase in activity occurred
rapidly and transiently, and the activity returned to baseline within 10 minutes. In this
and subsequent figures, activity was quantified as synaptic charge and error bars
indicate s.e.m.).
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receptor function (Takasu et al, 2002; Henderson et al., 2001; Dalva et al., 2000;
Armstrong et al,, 2006), and EphB and ephrin-A family-cross binding has also been
shown, it is possible that the excitatory effects of ephin-A5 and EphA5 are related with
NMDA receptor function.

We began by testing possible NMDA receptor involvement in the ephrin-A5-Fc
effect. The same experimental protocol as above was used but with the NMDA
antagonist AP5 present during the recording. First, we confirmed that the vehicle for
ephrin-A5/EphAb5-Fc didn’t produce any effect on synaptic activity in the presence of
APS5 (Figure 4.2). Then, when ephrin-A5-Fc or EphA5-Fc were applied in the presence of
AP5, virtually no response was seen (Figure 4.2), indicating that inhibiting NMDA
receptors blocked or dramatically reduced the increase in synaptic activity elicited by
ephrin-A5-Fc/EphA5-Fc. It is thus suggested that ephrin-A5/EphA5 might be exerting

their direct excitatory effects mainly through synaptic NMDA receptors.

4.2.2 Ephrin-A5-Fc and EphA5-Fc did not affect presynaptic transmitter release

To examine whether Ephrin-A5-Fc and EphAb5-Fc also exerted their excitatory
effects through presynaptic mechanism, we used miniature excitatory postsynaptic
current (mEPSC) frequency as an index of presynaptic release probability. The
amplitude of mEPSCs was also analyzed since it could be an indicator for both
presynaptic and postsynaptic mechanisms. TTX was applied during the whole
recording to isolate the miniature events. Once the baseline has been stabilized for 5

minutes, ephrin-A5-Fc or EphA5-Fc would be applied for 20 minutes. It was found that
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Figure 4.2 NMDA antagonists blocked the excitatory effect of Ephrin-A5-Fc and
EphA5-Fc on synaptic activity

Recordings of synaptic activity from DIV14 hippocampal neuron cultures. AP5 was
added to NRS, ephrin-A5-Fc and EphAb5-Fc perfusion solution to block NMDA receptor
activity. Time 0 minutue is the onset of ephrin-A5-Fc and EphA5-Fc application. The
plot represents the minute-binned synaptic charge that was normalized to the baseline
(100%). Note that in the presence of AP5, neither ephrin-A5-Fc (N = 6) nor EphA5-Fc (N
= 5) showed any increase effect on synaptic activity, compared with the control effect
shown in Figure 4.1.
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neither ephrin-A5-Fc nor EphA5-Fc had any effect on the miniature frequency or

amplitude (Figure 4.3).

4.3 Ephrin-A5 Inhibited the Synaptic Actions of BDNF

We employed the combination of ephrin/Eph perfusion and BDNF perfusion in
the same recording to examine ephrin/Eph - BDNF interactions. After the baseline was
stabilized for at least 3 minutes, one test substance was applied for 5 minutes followed
by a second test substance for 15 minutes. We started with the possible effect of ephrin-
A5-Fc on BDNF modulation of synaptic transmission. When applied alone, BDNF (20
ng/ml) caused a long-lasting and dramatic increase of synaptic activity (averaged at 8-9
min: 241+18%, N = 4) when preceded with vehicle application which had no effect on
synaptic activity (Figure 4.4a). However, when ephrin-A5-Fc was pre-applied,
subsequent application of BDNF didn’t produce an obvious response (Figure 4.4b), and
synaptic activity did not increase compared to where it would have been (solid line in
Figure 4.4b) if the normal BDNF response (doubling of activity) was added to the
response to ephrin-A5 (Figure 4.4c; 100 £11%, N = 18).

Interestingly, this inhibition was not reciprocal. When I reversed the order of
BDNF and ephrin-A5 application, the inhibition of pre-applied BDNF on the response to
ephrin-A5 was not observed. When ephrin-A5 application was preceded by vehicle, the
transient increase in activity was observed as ephrin-Ab5 alone (Figure 4.4d; 190£12%, N

=6). When ephrin-A5 was preceded by BDNF, it still produced a normal increase in
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Figure 4.3 Ephrin-A5-Fc and EphA5-Fc did not affect spontaneous presynaptic
transmitter release

Recordings of miniature synaptic currents were made from DIV14 hippocampal neuron
cultures. Average mEPSC frequency and amplitude were analyzed and binned to plot
the time course. Time 0 is the onset of ephrin-A5-Fc and EphA5-Fc application.
Compared to the baseline (100%), neither ephrin-A5-Fc nor EphA5-Fc showed any effect
on mEPSC frequency or amplitude. For ephrin-A5-Fc, N = 6; EphA5-Fc, N =5.
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synaptic activity (data not shown; 163+40%, N = 10).

To exclude the possibility that the absence of an effect of BDNF on ephrin-A5 —Fc
might result from washout of BDNF during ephrin application, we used co-application
ephrin-A5-Fc and BDNF instead of sequential application following BDNF pre-
application, which showed similar results with normal ephrin-A5 response after BDNF

(Figure 4.4d, e; 172+£38%, N = 5).

44 EphA5 Reduced, but did not Eliminate, the Synaptic Actions of

BDNF

Since ephrin/Eph signaling has been shown to be bi-directional, with both the
ligand and receptor capable of activating intracellular signaling pathways, we examined
whether binding to ephrin-A could also modulate the synaptic responses to BDNF by
conducting similar experiments with EphA5-Fc (Figure 4.5). We found that pre-
application of EphA5-Fc also reduced the synaptic response to subsequently applied
BDNEF. But unlike ephrin-A5, EphAb5-Fc application especially inhibited the late phase
of BDNF application while the early phase of BDNF modulation was not affected so
much as by ephrin-A5-Fc (Figure 4.5a; 140+17%, N = 5 at 8-9 min, compare to response
following vehicle in Figure 4.4a), suggesting that EphA5 might inhibit postsynaptic
component of BDNF response. We also did co-application of BDNF and EphA5 after 5

min exposure to EphAS5 to control for the possibility of washout of EphA5 during the
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Figure 4.4 Ephrin-A5-Fc pre-exposure prevented the BDNF-induced increase in
synaptic activity

a. Time course of synaptic activity during sequential application of vehicle for 5 min and
20 ng/ml BDNF for 15 min. Vehicle didn’t have a significant effect and BDNF produced
a large and comparatively long-lasting increase in synaptic activity (N = 4). b. Time
course of response to 15 min of BDNF application preceded by exposure to ephrin-A5-Fc
instead of vehicle (N = 18). Note the failure of BDNF to induce a response after ephrin-
A5-Fc application (compared to the brown line, which is the superimposed response if
BDNF showed a response normally as shown in a). c. Quantification of BDNF peak
response (at 7-8 min) in the cases of Figure 4.4a and Figure 4.4b (** = p <0.01). d. Time
course for sequential 5 min application of BDNF vehicle and 15 min application of
ephrin-A5-Fc (N = 6). Note the transient response to ephrin-A5 as normal (compared to
Fig. 1c). e. Time course of response to 15 min ephrin-A5 co-applied with BDNF when
preceded by BDNF application instead of vehicle (N = 5). Note the similar increase in
activity by ephrin-A5 as in d (brown line). f. Quantification of ephrin-A5 peak response
(at around 7-8 min) in the cases of Figure 4.4d and Figure 4.4e (p > 0.65).
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BDNF perfusion being responsible for the lack of complete inhibition (Figure 4.5b). No
significant difference in the response was observed between co-application and
sequential application (170+17%, N = 7), and the amplitude of the BDNF peak response
was significantly lower when preceded by EphA5 exposure (Figure 4.5c).

We next tested for potential BDNF - EphAS5 interactions. As with ephrin-A5-Fc,
the EphA5-induced response was not altered significantly by pre-exposure to BDNF in
both sequentially applied (191+26%, N = 5 vs. 164+18%, N = 5; not shown) and co-

applied conditions (Figure 4.5d-f; 191£26%, N = 5 vs. 163:29%, N = 5).

4.5 The Inhibitory Effect of Ephrin-A5 is Presynaptic

To examine how and where ephrin-A5 was exerting its effects, we firstly took
miniature excitatory postsynaptic current (mEPSC) frequency as an index of presynaptic
mechanisms. The same experimental strategy was used as above. As the control, BDNF
application increased mEPSC frequency significantly when preceded with vehicle that
by itself produced no response (Figure 4.6a; N = 8). However when preceded by ephrin-
A5 application, subsequent applied BDNF did not increase mEPSC frequency (Figure
4.6b, c; N =5), and ephrin-A5 didn’t change mEPSC frequency either.

These data suggest that ephrin-A5, although it has no effect of its own on mEPSC
frequency, inhibits BDNF action presynaptically. EphA5 was also tested for potential

presynaptic effects. EphA5 had no effect on mEPSC frequency and also did not affect
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Figure 4.5 EphA5-Fc application partially inhibited the BDNF-induced increase in
synaptic activity

a. Time course of synaptic activity change during sequential 5 min application of EphA5-
Fc and 15 min application of BDNF (N = 5). Note the smaller and shorter-lasting BDNF
response after EphA5-Fc (compared to the brown line representing the superimposed
response if BDNF had the same response as in figure 2a). b. Time course of response to
BDNF co-applied with and proceeded by EphA5-Fc application (N = 7). The response
was similar to that observed in sequential application (a). c¢. Quantification of BDNF
peak response (at around 8-9 min) in the cases of Fig. 4.4a, Fig. 4.5a and 4.5b (** = p <0.01,
*=p <0.05). d. Time course of sequential 5 min application of BDNF vehicle and 15 min
application of EphA5-Fc. Note the absence of a response to vehicle and the transient
response to EphA5 produced a synaptic charge (N =5). e. Time course of response to 15
min EphA5 co-applied BDNF when preceded by BDNF (N = 5). Note the similar
increase in activity as in d (brown line). f. Quantification of EphA5 peak response (at
around 7-8 min) in the conditions of Fig. 4.5d and 4.5e (p > 0.4).
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the BDNF response. There was no statistical difference in the magnitude of BDNF
response in either sequential application (Figure 4.6b, c; N = 10). This suggested the
possibility that EphA5-Fc application might inhibit BDNF modulation on synaptic
transmission postsynatically, which is actually consistent with the EphA5-Fc inhibition
on the late phase (the postsynaptic component of BDNF effect; Alder et al., 2005) BDNF

effect on synaptic activity.

4.6 EphA Receptors Mediate the Excitatory Effects of Ephrin-A5-Fc on

Synaptic Activity and its Inhibition on BDNF Effect

It has been known that ephrin family ligands can bind approximately to various
Eph receptor members, so the ephrin-A5-Fc application might have activated more than
one kind of EphA receptors. It would be very meaningful to identify which receptors are
involved in this modulation process. It has been demonstrated that ephrin-A5 can bind
to the general EphA family receptors, but EphA3 and EphAS5 are the highest affinity
receptors for ephirn-A5-Fc (Himnen et al., 2004). The best candidate we have is EphA5
because of its selective distribution in SCIP positive cells. EphA3 isn't as good of a
candidate due to its lack of region specificity in expression. So we started by testing the
candidacy of EphA5 as a partner of ephrin-A5-Fc application for increasing synaptic
activity.

The EphA5 kinase domain negative (EphA5(K-)-GFP) and EphA3(K-)-GFP
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Figure 4.6 Ephrin-A5, but not EphA5 abolished the presynaptic modulation of
BDNF on mEPSC frequency

a. Time course of mEPSC event frequency during sequential application of 5 min vehicle
and 15 min BDNF. Vehicle had no effect whereas BDNF increased the mEPSC frequency
(N = 8). b. Time course of response to 15 min application of BDNF preceded by 5 min
ephrin-A5-Fc affliction (closed circle, N = 5) or EphA5-Fc application (open circle, N = 10).
Note the lack of increased response by BDNF after ephrin-A5 application and the normal
increased response by BDNF after EphA5 application (compared to the curve line
without data point symbols which is the normal BDNF response as in a). c.
Quantification of the averaged BDNF response (10-15 min) in the conditions of a and b (*
=p <0.05).
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Figure 4.7 EphA signaling interruption blocked the excitatory effect of ephrin-A5-
Fc on synaptic activity

Hippocampal neurons were transfected with EphA5(K-)-GFP or EphA3(K-)-GFP
construct on DIV 5, and recorded around DIV 14. The data from EphA5(K-)-GFP or
EphA3(K-)-GFP groups were averaged together as EphA(K-)-GFP to plot the graph b
and d. a. Demo of the configuration of recordings (in b) from an untransfected cell with
EphA(K-)-GFP transfected cells nearby. b. The untransfected cells still showed an
increase in activity by ephrin-A5-Fc, but did not prevent the subsequent BDNF action as
usual (N =5). c¢. Demo of the configuration of recordings (in d) from the EphA(K-)-GFP
transfected cell. d. The transfected cells did not show an increase in activity by ephrin-
A5-Fc, but the subsequent BDNF action was prevented as usual (N = 7). This suggests
that the presynaptic EphA receptors are responsible for the inhibitory effect of ephrin-
A5-Fc on BDNF modulation, while the postsynaptic EphA receptors are mediating
direct excitatory effect of ephrin-A5-Fc on synaptic activity.
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constructs linked with GFP (generous gifts from Dr. Renping Zhou) were used to
transfect dissociated hippocampal neurons on DIV 5. It has been shown that the
EphA5(K-) over-expression inhibited both the endogenous EphA5 and EphA3 activation
(Yue et al., 2002), and EphA3(K-) over-expression will have the similar inhibition on
both EphA5 and EphA3 signaling due to the promiscuous binding between ephrin-A
and EphA. So, transfection with either of these two constructs of EphA5(K-) and
EphA3(K-) might interfere with the activation of multiple members of the endogenous
EphA family. A construct containing only EGFP was used to transfect neurons as the
control group. Synaptic charge recordings were done on the transfected pyramidal
neurons at DIV 14 to match the previous recordings. The recording and drug
application strategy was the same as in the previous experiment (Section 4.1).

To address the consequence of the kinase dominant negative I recorded from
both transfected cells (Figure 4.7c) and untransfected cells found in the vicinity of
transfected cells (Figure 4.7a). The untransfected cell close to transfected cells still
showed increased in activity in response to ephrin-A5-Fc application (Figure 4.7b),
which was expected since it still had the normal EphA receptors that are responsible for
the postsynaptic action of ephrin-A5-Fc application. However, in this configuration of
recording, ephrin-A5-Fc pre-application did not inhibit the effects of subsequent BDNF
application, as shown in figure 4.7b. This is in keeping with our hypothesis in that the
recorded cell very likely received synapse from the nearby EphA(K-) transfected cells,

which means that its presynaptic EphA signaling was reduced by the EphA(K-)
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overexpression. This is entirely consistent with the idea that the inhibitory effect of
ephrin-A5-Fc on BDNF action is mediated by presynaptic EphA.

For the opposite configuration of experiments as shown in Figure 4.7c where the
EphA(K-) transfected cell with no EphA(K-) nearby was recorded, neither ephrin-A5-Fc
nor the subsequent BDNF produced an increase in activity (Figure 4.7d). In other words,
the direct excitatory effect of ephrin-A5-Fc was inhibited, but its inhibition on the BDNF
modulation was not prevented in the EphA signaling deficient cell itself since its
presynaptic cells still have the normal EphA receptors that can mediate the presynaptic
inhibition of ephrin-A5-Fc on the BDNF effect.

These results strongly suggested that EphA receptors are involved in the
electrophysiological effect of ephrin-A5-Fc on synaptic activity. Specifically, the
presynaptic EphA receptors are responsible for the inhibitory effect of ephrin-A5-Fc on
BDNF modulation, while the postsynaptic EphA receptors are mediating direct
excitatory effect of ephrin-A5-Fc on synaptic activity. Due to the reported promiscuous
binding between EphA and ephrin-A, the question of any specific Eph receptor
mediating any particular effect is left open for now, and will be investigated in the

future.

4.7 A Proposed Model to Link the Electrophysiology Effect of

ephrin/EphA with Synapse Formation
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At first glance, the results shown in the previous section about the presynaptic
inhibition by ephrin-A5-Fc and the potential postsynaptic inhibition by EphA5-Fc on
BDNF modulation on synaptic transmission would predict the presence of presynaptic
EphA receptors (to mediate the presynaptic inhibitory effect of ephrin-A5-Fc on the
BDNF-induced increase in mEPSC frequency) and the postsynaptic presence of existence
of ephrin-A (to mediate the potential postsynaptic inhibition of the response to BDNF by
EphAb5-Fc), as shown by the model in the left panel of Figure 4.8. As I showed earlier,
however, in figure 3.4 in Chapter 3, this is not the predominant pattern. While there is
clearly the presence of presynaptic EphAs ligands labeled by ephrin-A5-Fc (colocalized
with presynaptic marker synaptophysin) and postsynaptic ephrin-As receptors labeled
by EphAb5-Fc (opposite to synaptophysin, and colocalized with MAP?2), this is not the
primary distribution, at least in more mature cultures.

So why is the opposite distribution pattern (presynaptic ephrin-As and
postsynaptic EphAs) predominant in the neuronal culture after two weeks in vitro?
Regarding synapse formation, the pattern that supports ephrin-A/EphA inhibition of
BDNF actions in synaptic transmission, however, might not be preferred in vivo since
this will maximize inhibition of the synapse promoting actions of BDNF and may
prevent formation of synaptic connections. Instead, the opposite distribution pattern
might be expected to optimize the influences on synapse formation (Figure 4.8, right).
As a consequence, the “incorrect” potential synapses that possess the presynaptic EphA5
and postsynaptic ephrin-A5 pattern, such as synapses formed by CA1 projecting to CA3,

might be eliminated during development. On the other hand, the synapse candidates
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with presynaptic ephrin-A5 and postsynaptic EphA5 pattern will be supported by
BDNF modulation, allowing this pattern of distribution to be selected as the
predominant global localization as hippocampal development proceeds.

To summarize, this chapter presents evidence that both ephrin-A5-Fc activated
EphA signaling and EphA5-Fc activated ephrin-A signaling pathway have the excitatory
effects on synaptic activity, which might work through NMDA receptors postsynatically.
More interestingly, ephrin-A5-Fc prevents the BDNF modulation of presynaptic
transmitter release, and EphA5-Fc might inhibit the postsynaptic action of BDNF on
synaptic transmission, while BDNF does not inhibit the excitatory effect of either ephrin-
A5-Fc or EphA5-Fc. This pattern of ephrin-A/EphA — BDNF interaction suggests that
ephrin-A/EphA signaling has a higher priority than BDNF signaling. The positive effect
of BDNF and the inhibitory effect of ephrin-A/EphA signaling on BDNF modulation
might be critical for synaptic network refinement by promoting formation of the correct
synapses and pruning incorrect synapses during hippocampal development. In order to
explore this issue, the next chapter will provide evidence that ephrin-Eph signaling and
its interaction with BDNF has a mechanistic role in functional synapse formation in the

hippocampus.
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Figure 4.8 A model of how the presynaptic/postsynaptic orientation of ephrin-A
ligands and EphA receptors could have opposite effects on synapse formation

Models for two patterns of synaptic distribution of ephrin-A ligands and EphA
receptors are illustrated in this figure. Left panel: The configuration of the presynaptic
presence of EphA receptors (to mediate the presynaptic ephrin-A5-Fc inhibition of the
action of BDNF on mEPSC frequency) and the postsynaptic presence of existence of
ephrin-A (to mediate the potential postsynaptic inhibition of the response to BDNF by
EphAb5-Fc) are essential to support the electrophysiological effects that I observed, which
would be predicted to be detrimental to synapse survival. Right panel: The opposite
configuration of presynaptic ephrin-A ligands and postsynaptic EphA receptors would
leave the synaptic actions of BDNF intact and therefore could promote the actions of
BDNF and thus optimize the influences on synapse formation.
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CHAPTER 5

EPHRIN/EPH - BDNF INTERACTIONS AND SELECTIVE

HIPPOCAMPAL SYNAPSE FORMATION

This chapter focuses on the involvement of ephrin-A/EphA — BDNF interaction
in hippocampal synapse formation, since it has been strongly suggested by the results
from the previous chapters. The ephrin/Eph — BDNF signaling balance was
manipulated by EphA(K-)-GFP construct overexpression and a function blocking anti-
BDNF antibody, and the potential effects on the selectivity of synapse formation in the

hippocampus were studied.

51 EphA5 and EphA3 Signaling Contributes to the Cell Type

Selectivity of Hippocampal Synapse Formation

Since all the evidence so far strongly supports the hypothesis that ephrin-
A/EphA signaling is critical for the development of the selectivity of CA3 - CAl
synaptic connection in the hippocampus, a “loss of function” experiment would be very
important to test this a more direct way — functional synapse analysis by paired

recordings.
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In order to interfere with the endogenous EphA function, the truncated form
(kinase domain negative) of EphA5 or EphA3 constructs were transfected into
hippocampal neuron cultures at DIV5 and recorded around DIV14. EGFP was used as a
control. Paired recordings were done on cells pairs with at least one neuron transfected.
All the cell pairs recorded were categorized and counted. It was found that in either
EphA5(k-) (Figure 5.1b) or EphA3(k-) (Figure 5.1c) transfected cultures, the chance to get
a bi-directional excitatory (E---E) connection between two pyramidal neurons was
dramitically higher than that in the control culture (Figure 5.1a), while both the E---0
connections and the pairs without synapses (0---0) formed were much less than in the
EGFP control culture (Figure 5.1). In general, through the comparison between Figure
5.1a with Figure 5.1d and the quantification data in Fiture 5.1f, we see that interrupting
the endogenous EphA signaling decreased the specificity in hippocampal synapse
formation, resulting in the much increased E---E cell pairs and less E---0 connections.

This result supports the idea that EphA5 signaling contributes to the
selectivity of synapse formation in hippocampal circuitry by removing “incorrect”
synapses. But, is this synapse refinement function of EphA signaling related to the

ephrin/Eph— BDNF interaction? The following section will try to answer this question.

52 The EphA Modulation of the Selective Hippocampal Synapse

Formation Depends upon BDNF signaling
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Figure 5.1 Kinase domain negative EphA5 and EphA3 overexpression affect the
synaptic connection selectivity in a TrkB signaling related manner

The EphA5(K-)-GFP, EphA3(K-)-GFP, or EGFP were transfected into hippocampal
neuron cultures at DIV5 and recorded at DIV14. The percentages of every type of
synaptic connection of the total recorded cell pairs were plotted as shown in the pie
graphs. a. Control cultures with EGFP transfection (N = 17). b. Cultures with EphA5(k-)
overexpresstion (N = 7). c. Cultures with EphA3(k-) transfection (N = 6). Note that in
either EphA5(k-) (b) or EphA3(k-) (c) transfected cultures, the chance to get a bi-
directional excitatory (E---E) connection between two pyramidal neurons was
dramatically higher than in the control cultures (a), while both unidirectional excitatory
synaptic (e---0) connections and pairs without synapses formed (0---0) less frequently
than in the EGFP control cultures, with even a complete absence of no synapse formed
pairs in EphA5(k-) transfected cells (b). d. Cultures with EphA signaling interfered by
either EphA5(k-) (c) or EphA3(k-) (d) (N = 13). This is the sum of b and c. e. The
functional blocking antibody to BDNF was applied to the culture right after transfection
of EphA5(k-) or EphA3(k-) and at 4 day intervals thereafter (N = 6). Note the decreased
frequency of E---E connections and the increased frequency of E---0 connections. f.
Quantification of the rate of 0---0, E---0 and E---E types of cell pairs for the groups of
EGEFP control (blue bar), EphA(K-) (purple bar) and EphA(K-)_anti-BDNF (yellow bar).
Note that anti-BDNF treatment reversed the effects of EphA(K-) on the ratio of E---0 and
E---E synapses.
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To examine the involvement of BDNF signaling in the synaptic pruning process,
the function blocking anti-BDNF antibody (Promega) was added to the hippocampal
neuron cultures at a concentration of 4 pg/ml right after transfection of EphA5(K-)-GFP
and EphA3(K-)-GFP to block the BDNF function by scavenging the endogenous BDNF
(Magby et al., 2006, Flores-otero et al., 2007). To avoid being depleted during this time,
anti-BDNF was replenished at 4 day interval.

Paired-cell recording and data analysis were done in the same way as in the
previous section. The major finding of this experiment was that the number of bi-
directional excitatory connections was much lower than in the EphA(K-) transfected
groups, and close to the EGFP control (Figure 5.1e, f). On the other hand, the percentage
of unidirectionally connected cell pairs was greatly increased compared to the EphA(K-)
transfection group. Note that the N is small for this experiment, only 6 pairs of cells
were recorded, so this result might need to be consolidated in the future. It is thus
suggested that reduction of EphA signaling with the EphA(K-)-GFP construct resulted
in an increased number of bi-directional synaptic connections because of unregulated
promotion of synaptic connectivity by BDNEF.

In summary, this chapter shows that interruption of endogenous EphA signaling
resulted in increased functional synapse formation and apparently decreased connection
specificity in embryonic hippocampal neurons, which could be partially reversed by
blocking BDNF-TrkB signaling. This supports our hypothesis that the inhibitory effect
of ephrin-A/EphA on BDNF signaling plays a critical role in refining hippocampal

synapse formation possibly by eliminating the potential “incorrect” synapses. So, the
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dis-inhibition of BDNF signaling by kinase negative EphA5 or EphA3 overexpression

caused a loss of the synaptic projection selectivity in the hippocampus.
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CHAPTER 6

DISCUSSION

The major finding of this thesis is that there is a cross-talk between BDNF and
ephrin-A/EphA signaling pathways, and that this interaction playa an important role in
both hippocampal synaptic transmission and synapse formation. Interruption of EphA
signaling greatly decreased the selectivity of synapse formation onto CAl1 pyramidal
neurons in the hippocampus, which is rescued by the functional blocking of BDNF
signaling by the anti-BDNF antibody. All of these suggest that ephrin-A/EphA signaling
contributes to the selective Schaffer collateral synapse formation by its inhibitory effect
on the positive modulation of BDNF in synapse development and maturation. At
present I cannot discriminate between possible of DG = CA1 synapses and CA3 - CAl
synapses since I have not yet found a good CA3 marker to identify the presynaptic cell
as CA3 pyramidal cell. Although this ambiguity must be addressed in future work, it
does not compromise the conclusions of this study because one of the key findings in
this thesis is that CA1 pyramidal cells do not project back to their presynaptic neurons.
Nonetheless, my data is consistent with the well known repellent role of ephrin/Eph
guidance in topographic mapping in a variety of systems such as the visual system, the
olfactory system and motor neuron innervation (Cutforth et al., 2003; Dufour et al., 2003;

Eberhart et al., 2004; Dickson, 2002; Rasband et al., 2003; Nakagawa et al., 2000).
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6.1 The Unidirectional CA3 - CA1 Projection in the Hippocampus

The hippocampus is comprised of a predominantly unidirectional tri-synaptic
circuit, a pathway that relays information from the perforant path to the dentate gyrus,
dentate to area CA3 via mossy fibers, and CA3 to area CAl via the Schaffer axon
collaterals. It has been proposed that hippocampal information processing occurs along
the tri-synaptic circuit, making this specific projection orientation crucial for various
types of information processing (Goodrich-Hunsaker et al., 2008; Kesner, 2007; Bernard
and Wheal, 1994; Andersen et al., 1971). Our study has focused on the unidirectional
projection from CA3 pyramidal cells to CA1 pyramidal cells, an intensely investigated
synaptic connection most well know for NMDA receptor dependent LTP (Huang et al.,
2005; Malenka and Bear, 2004). The data presented in this thesis will contribute to the
understanding of how the hippocampus develops into such a unique and interesting

brain region.

6.2 Preservation of the Unidirectional Synaptic Connections in

Dissociated Cultures of Embryonic Hippocampal Neurons

To better understand the fundamental question addressed in this thesis, my study

focused on functional synaptic connections at the level of single cell-pairs. 1 first
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established an in vitro model for studying selectivity of connectivity onto CA1 neurons.
By combining paired-cell recording with immunocytochemical identification of CAl
pyramidal cell with anti-SCIP, I found that proximity is definitely not the most
important determinant of whether a synapse will be formed because cells that did not
receive synaptic input from nearby cells still receive remote input, and the unidirectional
projection from CAS3 (or potentially DG) neurons to CA1 pyramidal cells still exists in
the dissociated hippocampal cultures. This finding suggested that there must be some
endogenous mechanisms that determine the destination of the neuronal axon terminal
and the fate of the potential synapse, and these endogenous factors are preserved even
after being dissociated and cultured in vitro.

Using this model is what enabled my study to be successful. Although the
hippocampal slice preparation might preserve the endogenous synaptic circuit better
and represent a more physiological condition, it greatly limits the ways in which
hypotheses can be tested. Cultured neurons that reproduce the unidirectional CA3 >
CAl projection are significantly easier to manipulate with pharmacological,
electrophysiological and molecular biological tools, and also provide reproducibility and
comparability due to the large number of plates that can be obtained from the same
animal dissection.

The hippocampal culture preparation is not unique for preserving selective
synapse formation in vitro. For example, it has been reported that the cultured
dissociated Aplysia californica neurons form electrical synapses in a selective way: pairs

of neurons derived from the same ganglion, or homoganglionic pairs, form electrical



79

connections with high coupling coefficients in culture; by contrast, pairs of neurons from
different ganglia, or heteroganglionic pairs, form electrical connections with lower
coupling coefficients (Carrow et al., 1989; Hawver et al., 1993). Further more, this
specific manner can be manipulated by some molecules such as a lectin, Con A (Lin et al.,
1987). Hawver’s work on promoting (faciculation) and inhibiting factors (avoidance)
influencing Aplysia neurons’ target selecting decisions showed that Aplysia L10 neurons
selectively formed chemical connections with RB neurons rather than RUQ neuron
targets whereas R2 neurons preferred RUQ neuron as the reliable synaptic targets. In
contrast, L10 usually failed to form detectable chemical connections with RUQ targets in
co-cultures (Hawver et al, 1993). Selective fasciculation and avoidance was then
suggested to aid in target selection by regulating the amount of contact between
presynaptic processes and potential target cells (Hawver et al., 1993). In my study,
BDNF and ephrin/Eph were suggested to be the promoting and inhibiting factors

respectively affecting the synaptic connection decisions by the hippocampal neurons.

6.3  Facilitative Factors in Synapse Formation

During the development of the nervous system, many factors have been identified
that promote synapse formation. There are many trans-synaptic adhesion molecules
including cadherins, integrins, NCAM, nectins, neuoligins, SynCAMs, and SALMs
which are attractive candidates for regulation of synapse formation by initiating bi-

directional signaling simultaneously, and which are also involved in the maintenance of
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synapses and dendritic spines, or even synaptic plasticity (Kimberley Mcallister, 2007;
Akins and Biederer 2006; Scheiffele, 2003; Waites et al., 2005, Li and Sheng, 2003).
Besides the trans-synaptic molecules, there are also many secreted molecules that
promote synapse formation, such as glutamate, neurotrophins, Wnt-7a, Wnt-3, FGF, and
TGF (Kimberley Mcallister, 2007; Hall et al., 2000; Krylova et al., 2002; Umemori et al.,
2004; Marques et al., 2002).

Among these, the neurotrophin BDNF probably has been the mostly thoroughly
described with regard to its role in central nervous system (CNS) synapse formation.
BDNF treatment can increase the number of functional synapses, including both
excitatory and inhibitory synapses, whereas NT-3 induced formation of only excitatory
synapse (Vicario-Abejon, et al., 1998; Vicario-Abejon, et al., 2003). Using conditional
knockout mice with a deleted TrkB gene in pre- and postsynaptic cells at different
developmental stages, it has been demonstrated that TrkB-BDNF signaling is required
for Schaffer collateral synapse development at both presynaptic and postsynaptic sites
(Luikart et al., 2005). Presynaptically, BDNF-TrkB signaling can facilitate synaptic
vesicle docking at the active zone and thus promote synapse formation (Pozzo-Miller et
al, 1999), and increase presynaptic transmitter release (Magby et al., 2006).
Postsynaptically, BDNF-TrkB can regulate the surface expression of AMPA and GABA
receptors probably through post-transcriptional and post-translational mechanisms
(Narisawa-Saito et al., 1999; Narisawa-Saito et al., 2002; Vicario-abejon et al., 2003),
induce rapid surface translocation of the GluR2 subunit, and promote NMDA receptor

function and GABA receptor maturation (Yamada et al., 2002; Elmariah et al., 2004).
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6.4 Potential Inhibitory Factors in Synapse Formation

To form an efficiently functional neuronal network, it is not enough to just have
factors that promote synapse formation. Factors that limit synapse formation are also
essential for the development of proper, refined and specific neuronal circuitry. There
are a large number of molecules that can decrease synapse number such as Myocyte
enhancer factor 2 (MEF2) families (Flavell et al., 2006), major histocompatibility complex
I molecules (MCH I) (Wampler and McAllister, 2005), ephrin-A and ephrin-B families
(Brownlee et al., 2000; Murai et al., 2003; Hoogenraad et al., 2005).

What's interesting about ephrin families is that they are not just simple repulsive
guidance molecules as they are generally regarded. Both ephrin-A and ephrin-B
members can have branch-promoting activity in addition to the process collapsing
effects during neuronal development (Mann et al., 2002; Zhou et al., 2001; Gao et al.,
1999). Regarding synapse formation and maturation, the EphA and EphB family
signaling have also both been implicated as a positive signal in spine formation, synapse
development and neural connectivity of hippocampus (Palmer and Klein, 2003;
Martinez et al.,, 2005; Otal et al., 2006) in addition to their down regulation of
synaptogenesis.

The integration of these various promoting factors and inhibitory factors for

synapse development will help to form the final functional neuronal network. This



82

thesis particularly focused on the ephrin — BDNF interaction in the CA3 - CA1 synapse

selection process during development.

6.5 The Direct Excitatory Effect of Ephrin-A5-Fc and EphA5-Fc on

Synaptic Activity

In this project, the experiment to check whether ephrin-A/EphA signaling is
involved in hippocampal synaptic transmission examined the electrophysiological effect
of acutely applied ephrin-A5-Fc or EphA5-Fc on synaptic activity in hippocampal
neuron culture. The exogenous ephrin-A5-Fc or EphA5-Fc has been indicated to activate
the endogenous EphA or ephrin-A signalings since they are of the dimerized form
(Davy et al., 1999; Gerlai et al., 1999; Bluckner et al., 1997; Zamora et al., 2005). It was
shown that both ephrin-A5-Fc and EphA5-Fc application induced a rapid (1 — 2 minutes
right after application) and transient (lasting 4 — 5 minutes) increase in synaptic activity.
We do not know the exact meaning of the activity, but it represents the ongoing
neuronal activity due to the intrinsic neuronal transmitter transmission release between
synapses, which has been indicated to be important for neuronal synaptogenic activity.

It has been known that synapse formation, selection, maturation and maintenance
involve numerous activity-dependent processes (Nelson, et al., 1990; Tarsa and Goda,
2002; Constantine-Paton and Cline, 1998; Harms et al., 2005; Herrera and Zeng, 2003;

Barber and Lichtman, 1999; Buffelli et al., 2002), such as postsynaptic neurotransmitter
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receptor clustering and relocation. Nascent synapses can be eliminated if there is
insufficient activity to consolidate the synapse. So, the excitatory action of ephrin-A5
and EphAb5 singling activation are strongly implicated in some stage of the modulation

in synaptic development.

6.6 Interaction between Ephrin-A/EphA and BDNF Signaling in

Synaptic Transmission in Dissociated Hippocampal Neuron Culture

Since we are interested in studying the interaction between ephrin-A/EphA
signaling and BDNF signaling in synapse formation, and it was shown in this thesis that
both BDNF and ephrin-A/EphA signaling are involved in modulation of synaptic
transmission, it became very promising to study the electrophysiological consequences
of ephrin-A/EphA — BDNF interaction.

What I discovered in this study is that pre-exposure of hippocampal neurons to
ephrin-A5-Fc prevented the excitatory effect of subsequent BDNF application on
synaptic activity, and the pre-exposure to EphA5-Fc inhibited the late phase of BDNF
modulation without interfering with the early phase of BDNF modulation. Conversely,
BDNF has little if any effect on subsequently applied ephrin-A5-Fc or EphA5-Fc. This
result indicated that different factors that function during synapse development could

be categorized hierarchically, with the contact-mediated signaling (ephrin-A/EphA in
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this case) taking precedence over the diffusion-mediated effect (BDNF release induced
modulation).

BDNF has been demonstrated to have antagonistic relationships with other factors
in other studies. In the auditory system, BDNF and NT-3 elicit opposite effects on
neuronal phenotype (Adamson et al., 2002) and it has been shown that chronic treatment
with NT-3 can prevent the presynaptic effects of BDNF (Paul et al., 2001). One
important special point about our results, however, is that the inhibitory effects of
ephrin-A5-Fc and EphA5-Fc application on BDNF signaling modulation we observed
are non-reciprocal. It is predicted that, in this case at least, contact-mediated interactions
can overrule diffusion-mediated ones. Although the activity-dependent release of
BDNF provides some spatial specificity, it can not reach the precision of cell-to-cell
contact-mediated interaction. Such an attraction followed by pruning model has already
been suggested (Gao et al., 1999); this could provide an important mechanism which

limits the action of released BDNF to appropriate targets.

6.7 Mechanisms of the Ephrin-A/EphA - BDNF Interaction in

Hippocampal Synaptic Transmisson

The next question that I addressed was how ephrin-A/EphA signaling interacts
with BDNF/TrkB function. Previous work from our laboratory and others has shown

that BDNF acts both presynaptically and postsynaptically (Lessmann, 1998; Lu and
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Gottschalk, 2000; Magby et al., 2006) with the postsynaptic actions involving a variety of
ion channels and neurotransmitter receptors (Rose et al., 2004) including NMDA
receptors (Jarvis et al., 1997; Song et al., 1998; Lin et al., 1998; Levine et al., 1998; Lin et al.,
1999; Crozier et al., 1999; Levine & Kolb, 2000; Arvanian & Mendell, 2001; Slack et al.,
2004; Kolb et al., 2005). Even more, the pre- and postsynaptic actions of BDNF can occur
independently and can be studied in isolation (Alder et al., 2005).

Since ephrin-A5-Fc and EphA5-Fc have different representations of the inhibitory
effect on the BDNF modulation, we predict that they interfere with the BDNF signaling
at different synaptic loci. In order to better understand the inhibitory mechanisms, we
dissected out the presynaptic mechanisms out by isolating spontaneous mEPSCs in
hippocampal neurons and examining the frequency of mEPSCs as an indicator of
presynaptic release probability (Bouron, 2001). The results showed that application of
ephrin-A5-Fc itself did not change mEPSC frequency, but prevented the effect of
subsequently applied BDNF on presynaptic release probability, indicating that ephrin-
A5-Fc is working presynaptically to prevent the BDNF-induced upregulation of synaptic
activity. On the other hand, application of EphA5-Fc by itself did not have effect on
mEPSC frequency either, but the neuronal response to the subsequently applied BDNF
was normal, suggesting that EphA5-Fc is acting postsynaptically to interfere with BDNF
modulation. It has been reported that application of EphA5-IgG to hippocampal slices
could impair LTP induction without affecting baseline transmission (Gao et al., 1998),
which is consistent with our finding that EphA5-Fc inhibits the postsynaptic effects of

BDNF. It was also suggested that perfusion with ephrin-A5-IgG induced a sustained
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increase in normal synaptic transmission via presynaptic mechanisms. It is interesting
that the presynaptic/postsynaptic relationship for ephrin-A5 and EphA5 effect in
electrophysiology in our study is the same as in Gao’s study (Gao et al., 1998).

As to the molecular mechanisms, the inhibitory effect of ephrin-A5 on BDNF-
induced neural activity is predicted to be mediated by the down-regulation of MAP
kinase activity. This prediction is supported by the biochemical data showing that
BDNF-induced phophorylation of MAPK was reduced by ephrin-A5 (unpublished data
by Yue and Zhou). In the presence of ephrin-A5, BDNF failed to induce the rise of
Erk/MAP kinase activity. Ephrins have been shown to inhibit Erk activation by a
number of extracellular ligands including platelet-derived growth factor, epidermal
growth factor, and glutamate (Elowe et al., 2001; Miao et al., 2001; Grunwald et al., 2001).
There is evidence that the inhibition is mediated by RasGAP (Elowe et al.,, 2001).
RasGAP is physically associated with Eph receptors, and a dominant-negative mutant of
RasGAP prevented MAP kinase down regulation by ephrin-B2 (Elowe et al., 2001).
How signals from Trk and Eph receptors are integrated is not known. One candidate,
the ankyrin repeat-rich membrane spanning protein (ARMS), could be a convergence
point for BDNF and ephrin/Eph pathways. It has been shown that ARMS can bind to
both TrkB and ephrin/Eph signaling (Kong et al., 2001; Luo et al., 2005), and may be a
key to signal integration between different receptors. Altogether, these observations
suggest that Eph receptors converge onto the Erk/MAP kianse pathway to modulate Trk

receptor activity.
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6.8 Involvement of EphA Receptors in the Electrophysiological Effect

of Ephrin-A5-Fc

So far, we showed that ephrin-A/EphA activation had dual actions of both
excitation and inhibition. The promiscuous binding of ephrins ligands and their Eph
receptors makes it uncertain; however, which ligand/receptor combination responsible
for the inhibition of the BDNF effect is also responsible for the enhancement of synaptic
activity. We predict that the exogenous ephrin-A5-Fc induced effects may be mediated
by different binding partners and synaptic effectors and through different downstream
signaling mechanisms.

We began with EphA5 and EphA3 examination since they have been reported to
be the high affinity receptors for ephrin-A5 (Himanen et al., 2004). Based on our
experiments using kinase negative constructs for EphA3 and EphAb5 to interfere with the
endogenous EphA3 or EphAS5 signaling, it is suggested that both EphA3 and EphAS5 are
involved in the ephrin-A5-Fc induced excitatory effect on synaptic activity. Note that
we can not exclude the possibility of other Eph receptors to be involved in this
modulation since other Eph members might also be affected by these kinase negative
EphA constructs with low effectivity due to the promiscuous binding between ephrin-A
and EphA. The specific test of individual EphA type will be the future direction for this

research.
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6.9 Involvement of EphA Receptors in the Unidirectional Synapse

Connections

It is widely accepted that the regulation of synapse formation is activity-dependent
and that the stimulating factors in synaptic plasticity can also induce changes in synaptic
morphology (Marty et al., 2000; Frost, 2001; Poo, 2001; Zhou et al., 2004). Based on the
already characterized neuronal function of ephrin/Eph, it is quite possible that ephrin is
also involved in the activity-dependent formation of neuronal networks. So, the kinase
negative constructs for EphA3 and EphA5 were also used to test the potential
involvement of EphA signaling in the specificity of hippocampal CA3 - CA1 synapse
formation.

Our results showed that both EphA5(K-)-GFP and EphA3(K-)-GFP over-
expression in hippocampal neurons produced a much lower rate of unidirectional
synaptic connectivity and a much higher rate of bi-directional synaptic connections
compared to the GFP over-expression control, which is suggestive of a dramatic loss of
the unique CA3 - CAIl synaptic projection identified by the paired recordings and
immunocytochemistry. This is quite consistent with the hypothesis above about EphA

involvement in the selective formation of the intra-hippocampal neuronal connections.

6.10 Possible Mechanisms for EphA Modulation in Selective Synapse

Formation: Ephrin-A/EphA — BDNF Interaction
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Although EphA involvement in shaping the intra-hippocampal synaptic
projections has been suggested above, a more important issue will be how this is
accomplished. Since ephrin-A/EphA signaling have excitatory effects on synaptic
activity and inhibitory effects on the synaptic modulation of BDNF, we predict that the
endogenous EphA signaling might contribute to the CA3 - CA1 synapse specificity by
eliminating the “incorrect” potential synapses such as CA1 - CA3 connections due to
the interference with synaptic effects of BDNF.

We used the function blocking antibody anti-BDNF to interfere with the
endogenous BDNF signaling in cells that over-expressing the kinase negative EphA5 or
EphA3. Interestingly, we found that the unidirectional synaptic connection rate between
hippocampal pyramidal neurons was higher and the bi-directional rate was lower in the
EphA(K-)-GFP transfected and anti-BDNF treated cells than that without anti-BDNF
treatment. Although the sample number was small (N = 6), the result was very
consistent and obvious. It implicates the need for BDNF promotion of synaptic
connectivity in order to see the mis-targeting effects of EphA inhibition. It is thus
suggested that the EphA modulation in synapse selectivity might be due to their
interference interaction with BDNF signaling at certain cross points on their

downstream signaling pathways.

6.11 Distribution of Ephrin-A/EphA in Hippocampal Neurons
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All the modulatory effects of ephrin-A5-Fc and EphA5-Fc application should be
supported by the corresponding presence of appropriate Eph receptors or ephrin
ligands. So, the immunocytochemical experiments were done to localize the receptors
or ligands for ephrin-A5-Fc and EphAb5-Fc. Although the presynaptic Eph receptors or
ephrin-A5-Fc and postsynaptic ephrin ligands for Eph-A5-Fc were shown to be present
to mediate the presynaptic inhibitory effect of ephrin-A5-Fc and postsynaptic effect of
ephrin-A5-Fc, the predominant localization pattern was presynaptic ephrin ligands for
Eph-A5-Fc and postsynaptic Eph receptors for ephrin-A5-Fc.

Combining the immunocytochemical results with the electrophysiological effects
of ephrin-A/EphA signaling and BDNF signaling, a model we propose is that BDNF
provides a general beneficial and activity-dependent influence on neurite outgrowth
and synapse development. Presynaptic EphA or postsynaptic ephrin-A initiated
signaling can disrupt the action of BDNF while postsynaptic EphA or presynaptic
ephrin-A mediated signaling doesn’t inhibit BDNF modulation significantly. Therefore,
when cell pairs with EphA expressed presynaptically and ephrin-A expressed
postsynaptically make contact, they may become non-responsive to the synapse
promoting effects of BDNF and thus experience a repellent effect instead. Conversely,
synaptic connections would be able to be established between cells with presynaptic
ephrin-A and postsynaptic EphA since this pattern of ephrin-A/EphA distribution
doesn’t override the BDNF response. This could account for the distribution pattern of
predominant presynaptic ephrin-A and postsynaptic EphA protein that we observed in

mature neuronal cultures with immunohistochemistry. So, at the very early stage of
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hippocampal synaptic development, there should be more hippocampal neurons
possessing presynaptic EphA and postsynaptic ephrin-A proteins than the mature
hippocampus since the synapse selection has not been accomplished.

A more specific result about EphAb5 localization is from the double labeling with
the antibodies for SCIP and EphAb5. It showed an excellent correlation between EphA5
expression and SCIP labeling, which implied that EphA5 is mostly expressed in CA1l
pyramidal cells. This EphA5 expression gradient along the intra-hippocampal circuitry
might be one of the important contributors to the connection selectivity between CA3
and CA1 hippocampal neurons.

Thus, the unidirectional CA3 to CA1l projection might be shaped by specific
ephrin-A/EphA localization characteristics in hippocampus in vivo and the ephrin-
A/EphA — BDNF interaction.

Interestingly, BDNF-induced modulation of synaptic transmission by EphA and
ephrin-A may also be present in the adult nervous system, since EphA and ephrin-A are
present postnatally as well as in the developing hippocampus (Zhou, 1998). The
expression of EphA and ephrin-A in the adult brain suggests that the ephrin/Eph -
BDNF interaction may persist into adulthood and have an impact on synaptic plasticity

and cognitive function.

6.12 Conclusion and Future Directions
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It is well known that hippocampal neuronal circuits are assembled during
development between thousands of differentiating neurons. Proper synapse formation
during childhood provides the substrate for cognition, whereas improper formation or
function of these synapses leads to neurodevelopmental disorders, including mental
retardation and autism. To understand the causes of brain disorders, it is very
important to understand the mechanisms underlying synaptogenesis and cell type-
specific target selection. Recent work has begun to identify some of the early cellular
events in synapse formation as well as the molecular signals that initiate this process.

Based on the already characterized neuronal function of BDNF and ephrin/Eph,
this study shed light on the issue about how neurotrophin and ephrin/Eph families
would be integrated in synapse function and development. This thesis proposed that
EphA family signaling was involved in the development of synaptic selectivity in the
hippocampus, through its interaction with BDNF modulation on synapse formation.

However, it is still not clear which specific EphA member was responsible for the
specific process. This will be a big question that our future work will try to answer.
Since we have indicated the correlation between EphA5 (but not EphA3) and the CAl
pyramidal cells (Figure 3.6, 3.7), EphA5 is more likely to be the contributor than EphA3.
One thing that might be helpful is to study extensively the distribution of ephrin-A5 and
other ephrin-A ligands or EphA receptors within the hippocampus. There also might be
a compensatory expression of another ligand, such as ephrin-A5, in a different region
like CA3. Once we filter out some candidates, we can do the further study to specify the

target. ShRNA to each specific candidacy (for example, EphA5) will be used to



93

specifically knock down the endogenous signaling, and the consequences for connection
selectivity in the hippocampus will be analyzed.

In addition, a good CA3 marker will also be employed in order to critically
conclude about the involvement of the interaction between ephrin/Eph signaling and
BDNEF-TrkB signaling in the CA3 - CA1 projection specificity. With both the CA1 and
CA3 pyramidal cell markers in hand, it will be very helpful to identify wheether the
excess bi-directional connections in the EphA(K-) overexpressed culture are "mistakes"
in that CA1 neurons are frequently the presynaptic neuron whereas the CA3 pyramidal
cells are the postsynaptic neurons.

The development of hippocampal circuitry is an extremely complex process,
involving numerous factors. The results presented in this thesis, complemented with
the future study, will contribute by providing a valuable mechanism for hippocampal
synapse development and function through balancing opposing influences of various

modulating factors at specific developmental phases.



94

BIBLIOGRAPHY

Aguado, F., Carmona, M.A,, Pozas, E., Aguilo, A., Martinez-Guijarro, F.J., Alcantara, S.,
Borrell, V., Yuste, R., Ibanez, C.F. and Soriano, E. (2003) BDNF regulates
spontaneous correlated activity at early developmental stages by increasing
synaptogenesis and expression of the K+/Cl- co-transporter KCC2. Development 130,
1267-80.

Akins, M.R. and Biederer, T. (2006) Cell-cell interactions in synaptogenesis. Curr Opin
Neurobiol 16, 83-9.

Alder, J., Thakker-Varia, S. and Black, I.B. (2002) Transcriptional analysis in the brain:
trophin-induced hippocampal synaptic plasticity. Neurochem Res 27, 1079-92.

Alder, J., Thakker-Varia, S., Crozier, R.A., Shaheen, A., Plummer, M.R. and Black, I.B. (2005)
Early presynaptic and late postsynaptic components contribute independently to
brain-derived neurotrophic factor-induced synaptic plasticity. | Neurosci 25, 3080-5.

Alonso, M., Medina, ].H. and Pozzo-Miller, L. (2004) ERK1/2 activation is necessary for
BDNF to increase dendritic spine density in hippocampal CA1 pyramidal neurons.
Learn Mem 11, 172-8.

Amaral, M.D., Chapleau, C.A. and Pozzo-Miller, L. (2007) Transient receptor potential
channels as novel effectors of brain-derived neurotrophic factor signaling: potential
implications for Rett syndrome. Pharmacol Ther 113, 394-409.

Amaral, M.D. and Pozzo-Miller, L. (2007) TRPC3 channels are necessary for brain-derived
neurotrophic factor to activate a nonselective cationic current and to induce dendritic
spine formation. | Neurosci 27, 5179-89.

Anderson, P., Bliss, T.V. and Skrede, K.K. (1971) Lamellar organization of hippocampal
pathways. Exp Brain Res 13, 222-38.

Aoto, J. and Chen, L. (2007) Bi-directional ephrin/Eph signaling in synaptic functions. Brain
Res 1184, 72-80.

Aoto, J., Ting, P., Maghsoodi, B., Xu, N., Henkemeyer, M. and Chen, L. (2007) Postsynaptic
ephrinB3 promotes shaft glutamatergic synapse formation. | Neurosci 27, 7508-19.

Armstrong, J.N., Saganich, M.J., Xu, N.J., Henkemeyer, M., Heinemann, S.F. and Contractor,
A. (2006) B-ephrin reverse signaling is required for NMDA-independent long-term
potentiation of mossy fibers in the hippocampus. | Neurosci 26, 3474-81.

Arvanian, V.L. and Mendell, L.M. (2001) Acute modulation of synaptic transmission to



95

motoneurons by BDNF in the neonatal rat spinal cord. Eur | Neurosci 14, 1800-8.

Atoji, Y. and Wild, ].M. (2006) Anatomy of the avian hippocampal formation. Rev Neurosci
17, 3-15.

Balkowiec, A. and Katz, D.M. (2000) Activity-dependent release of endogenous brain-
derived neurotrophic factor from primary sensory neurons detected by ELISA in situ.
] Neurosci 20, 7417-23.

Barber, M.]. and Lichtman, J.W. (1999) Activity-driven synapse elimination leads
paradoxically to domination by inactive neurons. | Neurosci 19, 9975-85.

Benson, M.D., Romero, M.L,, Lush, M.E., Lu, Q.R., Henkemeyer, M. and Parada, L.F. (2005)
Ephrin-B3 is a myelin-based inhibitor of neurite outgrowth. Proc Natl Acad Sci U S A
102, 10694-9.

Bernard, C. and Wheal, H.V. (1994) Model of local connectivity patterns in CA3 and CA1
areas of the hippocampus. Hippocampus 4, 497-529.

Berninger, B., Garcia, D.E., Inagaki, N., Hahnel, C. and Lindholm, D. (1993) BDNF and NT-3
induce intracellular Ca2+ elevation in hippocampal neurones. Neuroreport 4, 1303-6.

Berninger, B., Schinder, A.F. and Poo, M.M. (1999) Synaptic reliability correlates with
reduced susceptibility to synaptic potentiation by brain-derived neurotrophic factor.
Learn Mem 6, 232-42.

Bird, C.M. and Burgess, N. (2008) The hippocampus and memory: insights from spatial
processing. Nat Rev Neurosci 9, 182-94.

Black, I.B. (1999) Trophic regulation of synaptic plasticity. | Neurobiol 41, 108-18.

BLACKSTAD, T.W. (1956) Commissural connections of the hippocampal region in the rat,
with special reference to their mode of termination. | Comp Neurol 105, 417-537.

Bliss, T.V. and Collingridge, G.L. (1993) A synaptic model of memory: long-term
potentiation in the hippocampus. Nature 361, 31-9.

Bolton, M.M.,, Pittman, A.]. and Lo, D.C. (2000) Brain-derived neurotrophic factor
differentially regulates excitatory and inhibitory synaptic transmission in
hippocampal cultures. | Neurosci 20, 3221-32.

Bosco, A. and Linden, R. (1999) BDNF and NT-4 differentially modulate neurite outgrowth
in developing retinal ganglion cells. | Neurosci Res 57, 759-69.

Bouron, A. (2001) Modulation of spontaneous quantal release of neurotransmitters in the
hippocampus. Prog Neurobiol 63, 613-35.

Bradley, J. and Sporns, O. (1999) BDNF-dependent enhancement of exocytosis in cultured



96

cortical neurons requires translation but not transcription. Brain Res 815, 140-9.

Bramham, C.R. and Messaoudi, E. (2005) BDNF function in adult synaptic plasticity: the
synaptic consolidation hypothesis. Prog Neurobiol 76, 99-125.

Brownlee, H., Gao, P.P., Frisen, J., Dreyfus, C., Zhou, R. and Black, I.B. (2000) Multiple
ephrins regulate hippocampal neurite outgrowth. | Comp Neurol 425, 315-22.

Bruckner, K., Pasquale, E.B. and Klein, R. (1997) Tyrosine phosphorylation of
transmembrane ligands for Eph receptors. Science 275, 1640-3.

Buffelli, M., Busetto, G., Cangiano, L. and Cangiano, A. (2002) Perinatal switch from
synchronous to asynchronous activity of motoneurons: link with synapse elimination.
Proc Natl Acad Sci U S A 99, 13200-5.

Buzsaki, G. and Eidelberg, E. (1981) Commissural projection to the dentate gyrus of the rat:
evidence for feed-forward inhibition. Brain Res 230, 346-50.

Cabelli, R.J., Hohn, A. and Shatz, C.J. (1995) Inhibition of ocular dominance column
formation by infusion of NT-4/5 or BDNF. Science 267, 1662-6.

Cabelli, R.J., Shelton, D.L., Segal, R.A. and Shatz, C.J. (1997) Blockade of endogenous ligands
of trkB inhibits formation of ocular dominance columns. Neuron 19, 63-76.

Carrow, G.M. and Levitan, I.B. (1989) Selective formation and modulation of electrical
synapses between cultured Aplysia neurons. | Neurosci 9, 3657-64.

Chang, S. and Popov, S.V. (1999) Long-range signaling within growing neurites mediated
by neurotrophin-3. Proc Natl Acad Sci U S A 96, 4095-100.

Chao, M.V, Rajagopal, R. and Lee, F.S. (2006) Neurotrophin signalling in health and disease.
Clin Sci (Lond) 110, 167-73.

Chapleau, C.A., Carlo, M.E., Larimore, ].L. and Pozzo-Miller, L. (2008) The actions of BDNF
on dendritic spine density and morphology in organotypic slice cultures depend on
the presence of serum in culture media. | Neurosci Methods 169, 182-90.

Chen, 2.Y,, Jing, D., Bath, K.G,, leraci, A., Khan, T., Siao, C.J., Herrera, D.G., Toth, M., Yang,
C., McEwen, B.S., Hempstead, B.L. and Lee, F.S. (2006) Genetic variant BDNF
(Val66Met) polymorphism alters anxiety-related behavior. Science 314, 140-3.

Cohen-Cory, S. and Fraser, S.E. (1995) Effects of brain-derived neurotrophic factor on optic
axon branching and remodelling in vivo. Nature 378, 192-6.

Collin, C., Vicario-Abejon, C., Rubio, M.E., Wenthold, R.J., McKay, R.D. and Segal, M. (2001)
Neurotrophins act at presynaptic terminals to activate synapses among cultured
hippocampal neurons. Eur | Neurosci 13, 1273-82.



97

Constantine-Paton, M. and Cline, H.T. (1998) LTP and activity-dependent synaptogenesis:
the more alike they are, the more different they become. Curr Opin Neurobiol 8, 139-
48.

Contractor, A., Rogers, C., Maron, C., Henkemeyer, M., Swanson, G.T. and Heinemann, S.F.
(2002) Trans-synaptic Eph receptor-ephrin signaling in hippocampal mossy fiber
LTP. Science 296, 1864-9.

Cortes, R.Y., Arevalo, ].C., Magby, J.P., Chao, M.V. and Plummer, M.R. (2007)
Developmental and activity-dependent regulation of ARMS/Kidins220 in cultured
rat hippocampal neurons. Dev Neurobiol 67, 1687-98.

Crozier, R.A., Black, I.B. and Plummer, M.R. (1999) Blockade of NR2B-containing NMDA
receptors prevents BDNF enhancement of glutamatergic transmission in
hippocampal neurons. Learn Mem 6, 257-66.

Cutforth, T., Moring, L., Mendelsohn, M., Nemes, A., Shah, N.M., Kim, M.M,, Frisen, J. and
Axel, R. (2003) Axonal ephrin-As and odorant receptors: coordinate determination
of the olfactory sensory map. Cell 114, 311-22.

Dalva, M.B., Takasu, M.A., Lin, M.Z., Shamah, S.M., Hu, L., Gale, N.W. and Greenberg, M.E.
(2000) EphB receptors interact with NMDA receptors and regulate excitatory
synapse formation. Cell 103, 945-56.

Darstein, M., Petralia, R.S., Swanson, G.T., Wenthold, R.J. and Heinemann, S.F. (2003)
Distribution of kainate receptor subunits at hippocampal mossy fiber synapses. |
Neurosci 23, 8013-9.

Davy, A., Gale, N.W., Murray, E.W., Klinghoffer, R.A., Soriano, P., Feuerstein, C. and
Robbins, S.M. (1999) Compartmentalized signaling by GPI-anchored ephrin-A5
requires the Fyn tyrosine kinase to regulate cellular adhesion. Genes Dev 13, 3125-35.

Davy, A. and Robbins, S.M. (2000) Ephrin-A5 modulates cell adhesion and morphology in
an integrin-dependent manner. EMBO | 19, 5396-405.

Dickson, B.J. (2002) Molecular mechanisms of axon guidance. Science 298, 1959-64.

Drake, C.T., Milner, T.A. and Patterson, S.L. (1999) Ultrastructural localization of full-length
trkB immunoreactivity in rat hippocampus suggests multiple roles in modulating
activity-dependent synaptic plasticity. | Neurosci 19, 8009-26.

Dufour, A., Seibt, J., Passante, L., Depaepe, V., Ciossek, T., Frisen, ]., Kullander, K., Flanagan,
J.G., Polleux, F. and Vanderhaeghen, P. (2003) Area specificity and topography of
thalamocortical projections are controlled by ephrin/Eph genes. Neuron 39, 453-65.

Dityatev, A. and El-Husseini, A. (2006) Molecular mechanisms of synaptogenesis. New York:
Springer Science+Business Media.



98

Eberhart, J., Barr, J., O'Connell, S., Flagg, A., Swartz, M.E., Cramer, K.S., Tosney, KW.,
Pasquale, E.B. and Krull, C.E. (2004) Ephrin-A5 exerts positive or inhibitory effects
on distinct subsets of EphA4-positive motor neurons. | Neurosci 24, 1070-8.

Elmariah, S.B., Crumling, M.A., Parsons, T.D. and Balice-Gordon, R.J. (2004) Postsynaptic
TrkB-mediated signaling modulates excitatory and inhibitory neurotransmitter
receptor clustering at hippocampal synapses. | Neurosci 24, 2380-93.

Elowe, S., Holland, S.J., Kulkarni, S. and Pawson, T. (2001) Downregulation of the Ras-
mitogen-activated protein kinase pathway by the EphB2 receptor tyrosine kinase is
required for ephrin-induced neurite retraction. Mol Cell Biol 21, 7429-41.

Engelhardt, M., Di Cristo, G., Berardi, N., Maffei, L. and Wahle, P. (2007) Differential effects
of NT-4, NGF and BDNF on development of neurochemical architecture and cell size
regulation in rat visual cortex during the critical period. Eur | Neurosci 25, 529-40.

Engert, F. and Bonhoeffer, T. (1999) Dendritic spine changes associated with hippocampal
long-term synaptic plasticity. Nature 399, 66-70.

Escobar, M.L., Figueroa-Guzman, Y. and Gomez-Palacio-Schjetnan, A. (2003) In vivo insular
cortex LTP induced by brain-derived neurotrophic factor. Brain Res 991, 274-9.

Figurov, A., Pozzo-Miller, L.D., Olafsson, P., Wang, T. and Lu, B. (1996) Regulation of
synaptic responses to high-frequency stimulation and LTP by neurotrophins in the
hippocampus. Nature 381, 706-9.

Flanagan, ].G. and Vanderhaeghen, P. (1998) The ephrins and Eph receptors in neural
development. Annu Rev Neurosci 21, 309-45.

Flavell, SW., Cowan, C.W., Kim, T.K,, Greer, P.L., Lin, Y., Paradis, S., Griffith, E.C., Hu, L.S.,
Chen, C. and Greenberg, M.E. (2006) Activity-dependent regulation of MEF2
transcription factors suppresses excitatory synapse number. Science 311, 1008-12.

Flores-Otero, ]., Xue, H.Z. and Davis, R.L. (2007) Reciprocal regulation of presynaptic and
postsynaptic proteins in bipolar spiral ganglion neurons by neurotrophins. |
Neurosci 27, 14023-34.

Frerking, M., Malenka, R.C. and Nicoll, R.A. (1998) Brain-derived neurotrophic factor
(BDNF) modulates inhibitory, but not excitatory, transmission in the CA1 region of
the hippocampus. | Neurophysiol 80, 3383-6.

Frost, D.O. (2001) BDNEF/trkB signaling in the developmental sculpting of visual connections.
Prog Brain Res 134, 35-49.

Gallo, G. and Letourneau, P.C. (1998) Localized sources of neurotrophins initiate axon
collateral sprouting. | Neurosci 18, 5403-14.



99

Galuske, R.A., Kim, D.S., Castren, E. and Singer, W. (2000) Differential effects of
neurotrophins on ocular dominance plasticity in developing and adult cat visual
cortex. Eur | Neurosci 12, 3315-30.

Gao, P.P., Sun, C.H., Zhou, X.F., DiCicco-Bloom, E. and Zhou, R. (2000) Ephrins stimulate or
inhibit neurite outgrowth and survival as a function of neuronal cell type. | Neurosci
Res 60, 427-36.

Gao, P.P., Yue, Y., Cerretti, D.P., Dreyfus, C. and Zhou, R. (1999) Ephrin-dependent growth
and pruning of hippocampal axons. Proc Natl Acad Sci U S A 96, 4073-7.

Gao, W.Q,, Shinsky, N., Armanini, M.P., Moran, P., Zheng, ].L., Mendoza-Ramirez, J.L.,
Phillips, H.S., Winslow, J.W. and Caras, LW. (1998) Regulation of hippocampal
synaptic plasticity by the tyrosine kinase receptor, REK7/EphAS5, and its ligand, AL-
1/Ephrin-A5. Mol Cell Neurosci 11, 247-59.

Gartner, A. and Staiger, V. (2002) Neurotrophin secretion from hippocampal neurons

evoked by long-term-potentiation-inducing electrical stimulation patterns. Proc Natl
Acad Sci US A 99, 6386-91.

Gerlai, R. (2001) Eph receptors and neural plasticity. Nat Rev Neurosci 2, 205-9.

Gerlai, R. and McNamara, A. (2000) Anesthesia induced retrograde amnesia is ameliorated
by ephrinA5-IgG in mice: EphA receptor tyrosine kinases are involved in
mammalian memory. Behav Brain Res 108, 133-43.

Gerlai, R., Shinsky, N., Shih, A., Williams, P., Winer, ]., Armanini, M., Cairns, B., Winslow, J.,
Gao, W. and Phillips, H.S. (1999) Regulation of learning by EphA receptors: a
protein targeting study. ] Neurosci 19, 9538-49.

Gomez, T. (2005) Neurobiology: channels for pathfinding. Nature 434, 835-8.

Goodman, L.J., Valverde, J., Lim, F., Geschwind, M.D., Federoff, H.]., Geller, A.l. and Hefti, F.
(1996) Regulated release and polarized localization of brain-derived neurotrophic
factor in hippocampal neurons. Mol Cell Neurosci 7,222-38.

Goodrich-Hunsaker, N.J., Hunsaker, M.R. and Kesner, R.P. (2008) The interactions and
dissociations of the dorsal hippocampus subregions: how the dentate gyrus, CA3,
and CA1 process spatial information. Behav Neurosci 122, 16-26.

Gottschalk, W., Pozzo-Miller, L.D., Figurov, A. and Lu, B. (1998) Presynaptic modulation of
synaptic transmission and plasticity by brain-derived neurotrophic factor in the
developing hippocampus. | Neurosci 18, 6830-9.

Gottschalk, W.A,, Jiang, H., Tartaglia, N., Feng, L., Figurov, A. and Lu, B. (1999) Signaling
mechanisms mediating BDNF modulation of synaptic plasticity in the hippocampus.
Learn Mem 6, 243-56.



100

Grove, E.A. and Tole, S. (1999) Patterning events and specification signals in the developing
hippocampus. Cereb Cortex 9, 551-61.

Grunwald, I.C., Korte, M., Adelmann, G., Plueck, A., Kullander, K., Adams, R.H., Frotscher,
M., Bonhoeffer, T. and Klein, R. (2004) Hippocampal plasticity requires postsynaptic
ephrinBs. Nat Neurosci 7, 33-40.

Grunwald, I.C., Korte, M., Wolfer, D., Wilkinson, G.A., Unsicker, K., Lipp, H.P., Bonhoeffer,
T. and Klein, R. (2001) Kinase-independent requirement of EphB2 receptors in
hippocampal synaptic plasticity. Neuron 32, 1027-40.

Halford, M.M., Armes, ]J., Buchert, M., Meskenaite, V., Grail, D., Hibbs, M.L., Wilks, A.F.,
Farlie, P.G., Newgreen, D.F., Hovens, C.M. and Stacker, S.A. (2000) Ryk-deficient
mice exhibit craniofacial defects associated with perturbed Eph receptor crosstalk.
Nat Genet 25, 414-8.

Hall, A.C,, Lucas, F.R. and Salinas, P.C. (2000) Axonal remodeling and synaptic
differentiation in the cerebellum is regulated by WNT-7a signaling. Cell 100,
525-35.

Harbott, L.K. and Nobes, C.D. (2005) A key role for Abl family kinases in EphA receptor-
mediated growth cone collapse. Mol Cell Neurosci 30, 1-11.

Harms, K.J., Tovar, K.R. and Craig, A.M. (2005) Synapse-specific regulation of AMPA
receptor subunit composition by activity. | Neurosci 25, 6379-88.

Hartmann, M., Heumann, R. and Lessmann, V. (2001) Synaptic secretion of BDNF after
high-frequency stimulation of glutamatergic synapses. EMBO | 20, 5887-97.

Hattori, M., Osterfield, M. and Flanagan, J.G. (2000) Regulated cleavage of a contact-
mediated axon repellent. Science 289, 1360-5.

Haubensak, W., Narz, F., Heumann, R. and Lessmann, V. (1998) BDNF-GFP containing
secretory granules are localized in the vicinity of synaptic junctions of cultured
cortical neurons. | Cell Sci 111 ( Pt 11), 1483-93.

Hawver, D.B. and Schacher, S. (1993) Selective fasciculation as a mechanism for the
formation of specific chemical connections between Aplysia neurons in vitro. |
Neurobiol 24, 368-83.

Helmbacher, F., Schneider-Maunoury, S., Topilko, P., Tiret, L. and Charnay, P. (2000)
Targeting of the EphA4 tyrosine kinase receptor affects dorsal/ventral pathfinding of
limb motor axons. Development 127, 3313-24.

Henderson, J.T., Georgiou, J., Jia, Z., Robertson, ]., Elowe, S., Roder, ].C. and Pawson, T.
(2001) The receptor tyrosine kinase EphB2 regulates NMDA-dependent synaptic



101

function. Neuron 32, 1041-56.

Henkemeyer, M., Itkis, O.S., Ngo, M., Hickmott, P.W. and Ethell, .M. (2003) Multiple EphB
receptor tyrosine kinases shape dendritic spines in the hippocampus. ] Cell Biol 163,
1313-26.

Herrera, A.A. and Zeng, Y. (2003) Activity-dependent switch from synapse formation to
synapse elimination during development of neuromuscular junctions. ] Neurocytol
32, 817-33.

Himanen, J.P., Chumley, M.]., Lackmann, M., Li, C., Barton, W.A,, Jeffrey, P.D., Vearing, C,,
Geleick, D., Feldheim, D.A., Boyd, A.W., Henkemeyer, M. and Nikolov, D.B. (2004)
Repelling class discrimination: ephrin-A5 binds to and activates EphB2 receptor
signaling. Nat Neurosci 7, 501-9.

Hjorth-Simonsen, A. (1973) Some intrinsic connections of the hippocampus in the rat: an
experimental analysis. | Comp Neurol 147, 145-61.

Holland, S.J., Gale, N.W., Mbamalu, G., Yancopoulos, G.D., Henkemeyer, M. and Pawson, T.
(1996) Bi-directional signalling through the EPH-family receptor Nuk and its
transmembrane ligands. Nature 383, 722-5.

Holmberg, J., Clarke, D.L. and Frisen, ]J. (2000) Regulation of repulsion versus adhesion by
different splice forms of an Eph receptor. Nature 408 , 203-6.

Hoogenraad, C.C., Milstein, A.D., Ethell, .M., Henkemeyer, M. and Sheng, M. (2005) GRIP1
controls dendrite morphogenesis by regulating EphB receptor trafficking. Nat
Neurosci 8, 906-15.

Horch, HW. and Katz, L.C. (2002) BDNF release from single cells elicits local dendritic
growth in nearby neurons. Nat Neurosci 5, 1177-84.

Horch, HW., Kruttgen, A., Portbury, S.D. and Katz, L.C. (1999) Destabilization of cortical
dendrites and spines by BDNF. Neuron 23, 353-64.

Huali, J. and Drescher, U. (2001) An ephrin-A-dependent signaling pathway controls
integrin function and is linked to the tyrosine phosphorylation of a 120-kDa protein.
J Biol Chem 276, 6689-94.

Huang, Y.Y., Zakharenko, S.S., Schoch, S., Kaeser, P.S., Janz, R., Sudhof, T.C., Siegelbaum,
S.A. and Kandel, E.R. (2005) Genetic evidence for a protein-kinase-A-mediated
presynaptic component in NMDA-receptor-dependent forms of long-term synaptic
potentiation. Proc Natl Acad Sci US A 102, 9365-70.

Huang, Z.]., Kirkwood, A., Pizzorusso, T., Porciatti, V., Morales, B., Bear, M.F., Maffei, L. and
Tonegawa, S. (1999) BDNF regulates the maturation of inhibition and the critical
period of plasticity in mouse visual cortex. Cell 98, 739-55.



102

Ilia, M., Beasley, C., Meijer, D., Kerwin, R., Cotter, D., Everall, I. and Price, J. (2002)
Expression of Oct-6, a POU III domain transcription factor, in schizophrenia. Am |
Psychiatry 159, 1174-82.

Izquierdo, I, Cammarota, M., Silva, W.C., Bevilaqua, L.R., Rossato, ].I., Bonini, J.S., Mello, P.,
Benetti, F., Costa, J.C. and Medina, ]J.H. (2008) The evidence for hippocampal long-
term potentiation as a basis of memory for simple tasks. An Acad Bras Cienc 80, 115-
27.

Jarvis, C.R., Xiong, Z.G,, Plant, ].R., Churchill, D., Lu, W.Y., MacVicar, B.A. and MacDonald,
J.E. (1997) Neurotrophin modulation of NMDA receptors in cultured murine and
isolated rat neurons. | Neurophysiol 78, 2363-71.

Jiang, B., Akaneya, Y., Ohshima, M., Ichisaka, S., Hata, Y. and Tsumoto, T. (2001) Brain-
derived neurotrophic factor induces long-lasting potentiation of synaptic

transmission in visual cortex in vivo in young rats, but not in the adult. Eur |
Neurosci 14, 1219-28.

Jovanovic, J.N., Czernik, A.]., Fienberg, A.A., Greengard, P. and Sihra, T.S. (2000) Synapsins
as mediators of BDNF-enhanced neurotransmitter release. Nat Neurosci 3, 323-9.

Kafitz, KW., Rose, C.R., Thoenen, H. and Konnerth, A. (1999) Neurotrophin-evoked rapid
excitation through TrkB receptors. Nature 401, 918-21.

Kang, H. and Schuman, E.M. (1995) Long-lasting neurotrophin-induced enhancement of
synaptic transmission in the adult hippocampus. Science 267, 1658-62.

Kang, H. and Schuman, E.M. (1996) A requirement for local protein synthesis in
neurotrophin-induced hippocampal synaptic plasticity. Science 273, 1402-6.

Kang, H., Welcher, A.A,, Shelton, D. and Schuman, E.M. (1997) Neurotrophins and time:
different roles for TrkB signaling in hippocampal long-term potentiation. Neuron 19,
653-64.

Kayser, M.S., McClelland, A.C., Hughes, E.G. and Dalva, M.B. (2006) Intracellular and trans-
synaptic regulation of glutamatergic synaptogenesis by EphB receptors. | Neurosci
26, 12152-64.

Kesner, R.P. (2007) Behavioral functions of the CA3 subregion of the hippocampus. Learn
Mem 14, 771-81.

Klein, R. (2004) Eph/ephrin signaling in morphogenesis, neural development and plasticity.
Curr Opin Cell Biol 16, 580-9.

Knoll, B. and Drescher, U. (2002) Ephrin-As as receptors in topographic projections. Trends
Neurosci 25, 145-9.



103

Knoll, B., Zarbalis, K., Wurst, W. and Drescher, U. (2001) A role for the EphA family in the
topographic targeting of vomeronasal axons. Development 128, 895-906.

Kohara, K., Kitamura, A., Morishima, M. and Tsumoto, T. (2001) Activity-dependent
transfer of brain-derived neurotrophic factor to postsynaptic neurons. Science 291,
2419-23.

Kolb, J.E., Trettel, J. and Levine, E.S. (2005) BDNF enhancement of postsynaptic NMDA
receptors is blocked by ethanol. Synapse 55, 52-7.

Kong, H., Boulter, ]., Weber, J.L., Lai, C. and Chao, M.V. (2001) An evolutionarily conserved
transmembrane protein that is a novel downstream target of neurotrophin and
ephrin receptors. | Neurosci 21, 176-85.

Korte, M., Carroll, P., Wolf, E., Brem, G., Thoenen, H. and Bonhoeffer, T. (1995)
Hippocampal long-term potentiation is impaired in mice lacking brain-derived
neurotrophic factor. Proc Natl Acad Sci U S A 92, 8856-60.

Korte, M., Kang, H., Bonhoeffer, T. and Schuman, E. (1998) A role for BDNF in the late-
phase of hippocampal long-term potentiation. Neuropharmacology 37, 553-9.

Korte, M., Staiger, V., Griesbeck, O., Thoenen, H. and Bonhoeffer, T. (1996) The involvement
of brain-derived neurotrophic factor in hippocampal long-term potentiation revealed
by gene targeting experiments. | Physiol Paris 90, 157-64.

Kovalchuk, Y., Hanse, E., Kafitz, K.W. and Konnerth, A. (2002) Postsynaptic Induction of
BDNF-Mediated Long-Term Potentiation. Science 295, 1729-34.

Krylova, O., Herreros, J., Cleverley, K.E., Ehler, E., Henriquez, ].P., Hughes, S.M. and
Salinas, P.C. (2002) WNT-3, expressed by motoneurons, regulates terminal
arborization of neurotrophin-3-responsive spinal sensory neurons. Neuron 35,
1043-56.

Kullander, K., Butt, S.J., Lebret, .M., Lundfald, L., Restrepo, C.E., Rydstrom, A., Klein, R.
and Kiehn, O. (2003) Role of EphA4 and EphrinB3 in local neuronal circuits that
control walking. Science 299, 1889-92.

Lessmann, V., Gottmann, K. and Heumann, R. (1994) BDNF and NT-4/5 enhance
glutamatergic synaptic transmission in cultured hippocampal neurones. Neuroreport
6, 21-5.

Levine, E.S., Crozier, R.A., Black, I.B. and Plummer, M.R. (1998) Brain-derived neurotrophic
factor modulates hippocampal synaptic transmission by increasing N-methyl-D-
aspartic acid receptor activity. Proc Natl Acad Sci U S A 95, 10235-9.

Levine, E.S., Dreyfus, C.F., Black, .B. and Plummer, M.R. (1995) Brain-derived neurotrophic



104

factor rapidly enhances synaptic transmission in hippocampal neurons via
postsynaptic tyrosine kinase receptors. Proc Natl Acad Sci U S A 92, 8074-7.

Levine, E.S. and Kolb, J.E. (2000) Brain-derived neurotrophic factor increases activity of
NR2B-containing N-methyl-D-aspartate receptors in excised patches from
hippocampal neurons. | Neurosci Res 62, 357-62.

Lewin, G.R. and Barde, Y.A. (1996) Physiology of the neurotrophins. Annu Rev Neurosci 19,
289-317.

Li Y, Jia, Y.C, Cui, K, Li, N., Zheng, Z.Y., Wang, Y.Z. and Yuan, X.B. (2005) Essential role
of TRPC channels in the guidance of nerve growth cones by brain-derived
neurotrophic factor. Nature 434, 894-8.

Li, Y.X,, Zhang, Y., Lester, H.A., Schuman, E.M. and Davidson, N. (1998) Enhancement of
neurotransmitter release induced by brain-derived neurotrophic factor in cultured
hippocampal neurons. | Neurosci 18, 10231-40.

Li, Z. and Sheng, M. (2003) Some assembly required: the development of neuronal synapses.
Nat Rev Mol Cell Biol 4, 833-41.

Liebl, D.J., Morris, C.J., Henkemeyer, M. and Parada, L.F. (2003) mRNA expression of
ephrins and Eph receptor tyrosine kinases in the neonatal and adult mouse central
nervous system. | Neurosci Res 71, 7-22.

Lin, S.S. and Levitan, I.B. (1987) Concanavalin A alters synaptic specificity between cultured
Aplysia neurons. Science 237, 648-50.

Lin, S.Y., Wu, K,, Len, G.W., Xu, J.L., Levine, E.S., Suen, P.C., Mount, H.T. and Black, I.B.
(1999) Brain-derived neurotrophic factor enhances association of protein tyrosine
phosphatase PTP1D with the NMDA receptor subunit NR2B in the cortical
postsynaptic density. Brain Res Mol Brain Res 70, 18-25.

Lin, S.Y., Wu, K., Levine, E.S., Mount, H.T., Suen, P.C. and Black, I.B. (1998) BDNF acutely
increases tyrosine phosphorylation of the NMDA receptor subunit 2B in cortical and
hippocampal postsynaptic densities. Brain Res Mol Brain Res 55, 20-7.

Linden, D.J. (1994) Long-term synaptic depression in the mammalian brain. Neuron 12, 457-
72.

Liu, Z.Z., Zhu, L.Q. and Eide, F.F. (1997) Critical role of TrkB and brain-derived
neurotrophic factor in the differentiation and survival of retinal pigment epithelium.
J Neurosci 17, 8749-55.

Lu, B. and Gottschalk, W. (2000) Modulation of hippocampal synaptic transmission and
plasticity by neurotrophins. Prog Brain Res 128, 231-41.



105

Lu, Y., Christian, K. and Lu, B. (2008) BDNEF: a key regulator for protein synthesis-
dependent LTP and long-term memory? Neurobiol Learn Mem 89, 312-23.

Luikart, B.W., Nef, S., Virmani, T., Lush, M.E., Liu, Y., Kavalali, E.T. and Parada, L.F. (2005)
TrkB has a cell-autonomous role in the establishment of hippocampal Schaffer
collateral synapses. | Neurosci 25, 3774-86.

Luo, S, Chen, Y., Lai, K.O., Arevalo, J.C., Froehner, S.C., Adams, M.E., Chao, M.V. and Ip,
N.Y. (2005) {alpha}-Syntrophin regulates ARMS localization at the neuromuscular
junction and enhances EphA4 signaling in an ARMS-dependent manner. ] Cell Biol
169, 813-24.

Lynch, G., Kramar, E.A,, Rex, C.S,, Jia, Y., Chappas, D., Gall, C.M. and Simmons, D.A. (2007)
Brain-derived neurotrophic factor restores synaptic plasticity in a knock-in mouse
model of Huntington's disease. | Neurosci 27, 4424-34.

Magpby, J.P., Bi, C., Chen, Z.Y., Lee, F.S. and Plummer, M.R. (2006) Single-cell
characterization of retrograde signaling by brain-derived neurotrophic factor. |
Neurosci 26, 13531-6.

Malenka, R.C. and Bear, M.F. (2004) LTP and LTD: an embarrassment of riches. Neuron 44,
5-21.

Malenka, R.C. and Nicoll, R.A. (1999) Long-term potentiation--a decade of progress? Science
285, 1870-4.

Maletic-Savatic, M., Malinow, R. and Svoboda, K. (1999) Rapid dendritic morphogenesis in
CA1 hippocampal dendrites induced by synaptic activity. Science 283, 1923-7.

Mandolesi, G., Menna, E., Harauzov, A., von Bartheld, C.S., Caleo, M. and Maffei, L. (2005)
A role for retinal brain-derived neurotrophic factor in ocular dominance plasticity.
Curr Biol 15, 2119-24.

Mann, F., Peuckert, C., Dehner, F., Zhou, R. and Bolz, J. (2002) Ephrins regulate the
formation of terminal axonal arbors during the development of thalamocortical
projections. Development 129, 3945-55.

Marquardt, T., Shirasaki, R., Ghosh, S., Andrews, S.E., Carter, N., Hunter, T. and Pfaff, S.L.
(2005) Coexpressed EphA receptors and ephrin-A ligands mediate opposing actions
on growth cone navigation from distinct membrane domains. Cell 121, 127-39.

Marques, G., Bao, H., Haerry, T.E., Shimell, M.]., Duchek, P., Zhang, B. and O'Connor,
M.B. (2002) The Drosophila BMP type II receptor Wishful Thinking regulates
neuromuscular synapse morphology and function. Neuron 33, 529-43.

Martinez, A., Alcantara, S., Borrell, V., Del Rio, J.A., Blasi, J., Otal, R., Campos, N., Boronat,



106

A., Barbacid, M., Silos-Santiago, I. and Soriano, E. (1998) TrkB and TrkC signaling
are required for maturation and synaptogenesis of hippocampal connections. |
Neurosci 18, 7336-50.

Martinez, A. and Soriano, E. (2005) Functions of ephrin/Eph interactions in the development
of the nervous system: emphasis on the hippocampal system. Brain Res Brain Res Rev
49, 211-26.

Marty, S., Wehrle, R. and Sotelo, C. (2000) Neuronal activity and brain-derived neurotrophic
factor regulate the density of inhibitory synapses in organotypic slice cultures of
postnatal hippocampus. | Neurosci 20, 8087-95.

McAllister, A.K. (2007) Dynamic aspects of CNS synapse formation. Annu Rev Neurosci 30,
425-50.

McAllister, A.K., Katz, L.C. and Lo, D.C. (1997) Opposing roles for endogenous BDNF and
NT-3 in regulating cortical dendritic growth. Neuron 18, 767-78.

McAllister, A.K., Katz, L.C. and Lo, D.C. (1999) Neurotrophins and synaptic plasticity.
Annu Rev Neurosci 22, 295-318.

McAllister, A.K., Lo, D.C. and Katz, L.C. (1995) Neurotrophins regulate dendritic growth in
developing visual cortex. Neuron 15, 791-803.

McEvilly, R.J., de Diaz, M.O., Schonemann, M.D., Hooshmand, F. and Rosenfeld, M.G. (2002)
Transcriptional regulation of cortical neuron migration by POU domain factors.
Science 295, 1528-32.

McLaughlin, T. and O'Leary, D.D. (2005) Molecular gradients and development of
retinotopic maps. Annu Rev Neurosci 28, 327-55.

Messaoudi, E., Bardsen, K., Srebro, B. and Bramham, C.R. (1998) Acute intrahippocampal
infusion of BDNF induces lasting potentiation of synaptic transmission in the rat
dentate gyrus. | Neurophysiol 79, 496-9.

Miao, H., Burnett, E., Kinch, M., Simon, E. and Wang, B. (2000) Activation of EphA2 kinase
suppresses integrin function and causes focal-adhesion-kinase dephosphorylation.
Nat Cell Biol 2, 62-9.

Miao, H., Wei, B.R., Peehl, D.M,, Li, Q., Alexandrou, T., Schelling, ].R., Rhim, J.S., Sedor, ].R.,
Burnett, E. and Wang, B. (2001) Activation of EphA receptor tyrosine kinase inhibits
the Ras/MAPK pathway. Nat Cell Biol 3, 527-30.

Mohajerani, M.H., Sivakumaran, S., Zacchi, P., Aguilera, P. and Cherubini, E. (2007)
Correlated network activity enhances synaptic efficacy via BDNF and the ERK
pathway at immature CA3 CA1 connections in the hippocampus. Proc Natl Acad Sci
USA 104, 13176-81.



107

Munoz, L.M., Zayachkivsky, A., Kunz, R.B., Hunt, ].M., Wang, G. and Scott, S.A. (2005)
Ephrin-A5 inhibits growth of embryonic sensory neurons. Dev Biol 283, 397-408.

Murai, K.K., Nguyen, L.N,, Irie, F., Yamaguchi, Y. and Pasquale, E.B. (2003) Control of
hippocampal dendritic spine morphology through ephrin-A3/EphA4 signaling. Nat
Neurosci 6, 153-60.

Murai, K.K. and Pasquale, E.B. (2002) Can Eph receptors stimulate the mind? Neuron 33,
159-62.

Murphy, D.D., Cole, N.B. and Segal, M. (1998) Brain-derived neurotrophic factor mediates
estradiol-induced dendritic spine formation in hippocampal neurons. Proc Natl Acad
SciUS A 95,11412-7.

Nakagawa, S., Brennan, C., Johnson, K.G., Shewan, D., Harris, W.A. and Holt, C.E. (2000)
Ephrin-B regulates the Ipsilateral routing of retinal axons at the optic chiasm. Neuron
25, 599-610.

Narisawa-Saito, M., Carnahan, J., Araki, K., Yamaguchi, T. and Nawa, H. (1999) Brain-
derived neurotrophic factor regulates the expression of AMPA receptor proteins in
neocortical neurons. Neuroscience 88, 1009-14.

Narisawa-Saito, M., Iwakura, Y., Kawamura, M., Araki, K., Kozaki, S., Takei, N. and Nawa,
H. (2002) Brain-derived neurotrophic factor regulates surface expression of alpha-
amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid receptors by enhancing the N-
ethylmaleimide-sensitive factor/GluR2 interaction in developing neocortical neurons.
J Biol Chem 277, 40901-10.

Nelson, P.G,, Fields, R.D., Yu, C. and Neale, E.A. (1990) Mechanisms involved in activity-
dependent synapse formation in mammalian central nervous system cell cultures. |
Neurobiol 21, 138-56.

Neves, G., Cooke, S.F. and Bliss, T.V. (2008) Synaptic plasticity, memory and the
hippocampus: a neural network approach to causality. Nat Rev Neurosci 9, 65-75.

Otal, R., Burgaya, F., Frisen, J., Soriano, E. and Martinez, A. (2006) Ephrin-A5 modulates the
topographic mapping and connectivity of commissural axons in murine
hippocampus. Neuroscience 141, 109-21.

Palizvan, M.R., Sohya, K., Kohara, K., Maruyama, A., Yasuda, H., Kimura, F. and Tsumoto, T.
(2004) Brain-derived neurotrophic factor increases inhibitory synapses, revealed in
solitary neurons cultured from rat visual cortex. Neuroscience 126, 955-66.

Palmer, A. and Klein, R. (2003) Multiple roles of ephrins in morphogenesis, neuronal
networking, and brain function. Genes Dev 17, 1429-50.

Parkin, A.J. (1996) Human memory: the hippocampus is the key. Curr Biol 6, 1583-5.



108

Patterson, S.L., Abel, T., Deuel, T.A., Martin, K.C., Rose, ]J.C. and Kandel, E.R. (1996)
Recombinant BDNF rescues deficits in basal synaptic transmission and hippocampal
LTP in BDNF knockout mice. Neuron 16, 1137-45.

Paul, A.C. (2001) Muscle length affects the architecture and pattern of innervation
differently in leg muscles of mouse, guinea pig, and rabbit compared to those of
human and monkey muscles. Anat Rec 262, 301-9.

Paul, J., Gottmann, K. and Lessmann, V. (2001) NT-3 regulates BDNF-induced modulation
of synaptic transmission in cultured hippocampal neurons. Neuroreport 12, 2635-9.

Poo, M.M. (2001) Neurotrophins as synaptic modulators. Nat Rev Neurosci 2, 24-32.

Pozzo-Miller, L.D., Gottschalk, W., Zhang, L., McDermott, K., Du, J., Gopalakrishnan, R.,
Oho, C,, Sheng, Z.H. and Lu, B. (1999) Impairments in high-frequency transmission,
synaptic vesicle docking, and synaptic protein distribution in the hippocampus of
BDNF knockout mice. | Neurosci 19, 4972-83.

Raisman, G., Cowan, W.M. and Powell, T.P. (1966) An experimental analysis of the efferent
projection of the hippocampus. Brain 89, 83-108.

Rasband, K., Hardy, M. and Chien, C.B. (2003) Generating X: formation of the optic chiasm.
Neuron 39, 885-8.

Rico, B., Xu, B. and Reichardt, L.F. (2002) TrkB receptor signaling is required for
establishment of GABAergic synapses in the cerebellum. Nat Neurosci 5, 225-33.

Rodenas-Ruano, A., Perez-Pinzon, M.A., Green, E.J., Henkemeyer, M. and Liebl, D.]. (2006)
Distinct roles for ephrinB3 in the formation and function of hippocampal synapses.
Dev Biol 292, 34-45.

Rose, C.R., Blum, R., Kafitz, K.W., Kovalchuk, Y. and Konnerth, A. (2004) From modulator
to mediator: rapid effects of BDNF on ion channels. Bioessays 26, 1185-94.

Sakurai, T., Wong, E., Drescher, U., Tanaka, H. and Jay, D.G. (2002) Ephrin-Ab5 restricts
topographically specific arborization in the chick retinotectal projection in vivo. Proc
Natl Acad Sci U S A 99, 10795-800.

Scheiffele, P. (2003) Cell-cell signaling during synapse formation in the CNS. Annu Rev
Neurosci 26, 485-508.

Scoville, W.B. and Milner, B. (1957) Loss of recent memory after bilateral hippocampal
lesions. ] Neurol Neurosurg Psychiatry 20, 11-21.

Seil, F.J. and Drake-Baumann, R. (2000) TrkB receptor ligands promote activity-dependent
inhibitory synaptogenesis. | Neurosci 20, 5367-73.



109

Shimada, A., Mason, C.A. and Morrison, M.E. (1998) TrkB signaling modulates spine
density and morphology independent of dendrite structure in cultured neonatal
Purkinje cells. | Neurosci 18, 8559-70.

Slack, S.E., Pezet, S., McMahon, S.B., Thompson, S.W. and Malcangio, M. (2004) Brain-
derived neurotrophic factor induces NMDA receptor subunit one phosphorylation
via ERK and PKC in the rat spinal cord. Eur ] Neurosci 20, 1769-78.

Song, D.K., Choe, B., Bae, ].H., Park, W.K,, Han, I.S., Ho, W.K. and Earm, Y.E. (1998) Brain-
derived neurotrophic factor rapidly potentiates synaptic transmission through
NMDA, but suppresses it through non-NMDA receptors in rat hippocampal neuron.
Brain Res 799, 176-9.

Song, I. and Huganir, R.L. (2002) Regulation of AMPA receptors during synaptic plasticity.
Trends Neurosci 25, 578-88.

Stein, E., Savaskan, N.E., Ninnemann, O., Nitsch, R., Zhou, R. and Skutella, T. (1999) A role
for the Eph ligand ephrin-A3 in entorhino-hippocampal axon targeting. | Neurosci
19, 8885-93.

Stent, G.S. (1973) A physiological mechanism for Hebb's postulate of learning. Proc Natl
Acad Sci U S A 70, 997-1001.

Stoop, R. and Poo, M.M. (1995) Potentiation of transmitter release by ciliary neurotrophic
factor requires somatic signaling. Science 267, 695-9.

Stoop, R. and Poo, M.M. (1996) Synaptic modulation by neurotrophic factors: differential
and synergistic effects of brain-derived neurotrophic factor and ciliary neurotrophic
factor. | Neurosci 16, 3256-64.

Takasu, M.A., Dalva, M.B., Zigmond, R.E. and Greenberg, M.E. (2002) Modulation of
NMDA receptor-dependent calcium influx and gene expression through EphB
receptors. Science 295, 491-5.

Tamura, M., Koyama, R., Ikegaya, Y., Matsuki, N. and Yamada, M.K. (2006) K252a, an
inhibitor of Trk, disturbs pathfinding of hippocampal mossy fibers. Neuroreport 17,
481-6.

Tanaka, T., Saito, H. and Matsuki, N. (1997) Inhibition of GABAA synaptic responses by
brain-derived neurotrophic factor (BDNF) in rat hippocampus. | Neurosci 17, 2959-
66.

Tarsa, L. and Goda, Y. (2002) Synaptophysin regulates activity-dependent synapse
formation in cultured hippocampal neurons. Proc Natl Acad Sci U S A 99, 1012-6.

Tartaglia, N., Du, J., Tyler, W.]., Neale, E., Pozzo-Miller, L. and Lu, B. (2001) Protein
synthesis-dependent and -independent regulation of hippocampal synapses by



110

brain-derived neurotrophic factor. | Biol Chem 276, 37585-93.

Thakker-Varia, S., Alder, J., Crozier, R.A., Plummer, M.R. and Black, I.B. (2001) Rab3A is
required for brain-derived neurotrophic factor-induced synaptic plasticity:
transcriptional analysis at the population and single-cell levels. ] Neurosci 21, 6782-
90.

Tole, S., Christian, C. and Grove, E.A. (1997) Early specification and autonomous
development of cortical fields in the mouse hippocampus. Development 124, 4959-70.

Tole, S. and Grove, E.A. (2001) Detailed field pattern is intrinsic to the embryonic mouse
hippocampus early in neurogenesis. | Neurosci 21, 1580-9.

Tolwani, R.]., Buckmaster, P.S., Varma, S., Cosgaya, ].M., Wu, Y., Suri, C. and Shooter, E.M.
(2002) BDNF overexpression increases dendrite complexity in hippocampal dentate
gyrus. Neuroscience 114, 795-805.

Toni, N., Buchs, P.A., Nikonenko, I., Bron, C.R. and Muller, D. (1999) LTP promotes
formation of multiple spine synapses between a single axon terminal and a dendrite.
Nature 402, 421-5.

Trivier, E. and Ganesan, T.S. (2002) RYK, a catalytically inactive receptor tyrosine kinase,
associates with EphB2 and EphB3 but does not interact with AF-6. ] Biol Chem 277,
23037-43.

Trommald, M., Hulleberg, G. and Andersen, P. (1996) Long-term potentiation is associated
with new excitatory spine synapses on rat dentate granule cells. Learn Mem 3, 218-28.

Tyler, W.]J., Alonso, M., Bramham, C.R. and Pozzo-Miller, L.D. (2002) From acquisition to
consolidation: on the role of brain-derived neurotrophic factor signaling in
hippocampal-dependent learning. Learn Mem 9, 224-37.

Tyler, W.J. and Pozzo-Miller, L. (2003) Miniature synaptic transmission and BDNF modulate
dendritic spine growth and form in rat CA1 neurones. | Physiol 553, 497-509.

Tyler, W.J. and Pozzo-Miller, L.D. (2001) BDNF enhances quantal neurotransmitter release
and increases the number of docked vesicles at the active zones of hippocampal
excitatory synapses. | Neurosci 21, 4249-58.

Umemori, H., Linhoff, M.W., Ornitz, D.M. and Sanes, J.R. (2004) FGF22 and its close
relatives are presynaptic organizing molecules in the mammalian brain. Cell 118,
257-70.

Vermeren, M.M., Cook, G.M,, Johnson, A.R., Keynes, R.]. and Tannahill, D. (2000) Spinal
nerve segmentation in the chick embryo: analysis of distinct axon-repulsive systems.
Dev Biol 225, 241-52.



111

Vicario-Abejon, C., Collin, C., McKay, R.D. and Segal, M. (1998) Neurotrophins induce
formation of functional excitatory and inhibitory synapses between cultured
hippocampal neurons. | Neurosci 18, 7256-71.

Vicario-Abejon, C., Yusta-Boyo, M.]., Fernandez-Moreno, C. and de Pablo, F. (2003) Locally
born olfactory bulb stem cells proliferate in response to insulin-related factors and
require endogenous insulin-like growth factor-I for differentiation into neurons and
glia. ] Neurosci 23, 895-906.

von Bartheld, C.S., Williams, R., Lefcort, F., Clary, D.O., Reichardt, L.F. and Bothwell, M.
(1996) Retrograde transport of neurotrophins from the eye to the brain in chick
embryos: roles of the p7/5NTR and trkB receptors. | Neurosci 16, 2995-3008.

Waites, C.L., Craig, A.M. and Garner, C.C. (2005) Mechanisms of vertebrate synaptogenesis.
Annu Rev Neurosci 28, 251-74.

Wampler, M.S. and McAllister, A.K. (2005) MHC class I proteins regulate excitatory synapse
density in visual cortical neurons. Soc. Neurosci. Abstr. 25.2

Wang, H., Chadaram, S.R., Norton, A.S. and Laskowski, M.B. (2001) Development of
inhibition by ephrin-A5 on outgrowth of embryonic spinal motor neurites. |
Neurobiol 47,233-43.

Wang, T., Xie, K. and Lu, B. (1995) Neurotrophins promote maturation of developing
neuromuscular synapses. | Neurosci 15, 4796-805.

Wardle, R.A. and Poo, M.M. (2003) Brain-derived neurotrophic factor modulation of
GABAergic synapses by postsynaptic regulation of chloride transport. | Neurosci 23,
8722-32.

Weinl, C., Drescher, U., Lang, S., Bonhoeffer, F. and Loschinger, J. (2003) On the turning of
Xenopus retinal axons induced by ephrin-A5. Development 130, 1635-43.

Williams, S.E., Mann, F., Erskine, L., Sakurai, T., Wei, S., Rossi, D.]., Gale, N.W., Holt, C.E,,
Mason, C.A. and Henkemeyer, M. (2003) Ephrin-B2 and EphB1 mediate retinal axon
divergence at the optic chiasm. Neuron 39, 919-35.

Xu, B., Gottschalk, W., Chow, A., Wilson, R.I., Schnell, E., Zang, K., Wang, D., Nicoll, R.A.,,
Lu, B. and Reichardt, L.F. (2000) The role of brain-derived neurotrophic factor
receptors in the mature hippocampus: modulation of long-term potentiation through
a presynaptic mechanism involving TrkB. ] Neurosci 20, 6888-97.

Xu, B, Li, S., Brown, A., Gerlai, R., Fahnestock, M. and Racine, R.J. (2003) EphA/ephrin-A
interactions regulate epileptogenesis and activity-dependent axonal sprouting in
adult rats. Mol Cell Neurosci 24, 984-99.

Yamada, K., Mizuno, M. and Nabeshima, T. (2002) Role for brain-derived neurotrophic



112

factor in learning and memory. Life Sci 70, 735-44.

Yamada, M.K., Nakanishi, K., Ohba, S., Nakamura, T., Ikegaya, Y., Nishiyama, N. and
Matsuki, N. (2002) Brain-derived neurotrophic factor promotes the maturation of
GABAergic mechanisms in cultured hippocampal neurons. | Neurosci 22, 7580-5.

Yue, Y., Chen, Z.Y., Gale, N.W., Blair-Flynn, ]J., Hu, T.]., Yue, X., Cooper, M., Crockett, D.P.,
Yancopoulos, G.D., Tessarollo, L. and Zhou, R. (2002) Mistargeting hippocampal
axons by expression of a truncated Eph receptor. Proc Natl Acad Sci S A 99, 10777-
82.

Yue, Y., Su, J., Cerretti, D.P., Fox, G.M,, Jing, S. and Zhou, R. (1999) Selective inhibition of
spinal cord neurite outgrowth and cell survival by the Eph family ligand ephrin-Ab5.
] Neurosci 19, 10026-35.

Zakharenko, S.S., Patterson, S.L., Dragatsis, 1., Zeitlin, S.O., Siegelbaum, S.A., Kandel, E.R.
and Morozov, A. (2003) Presynaptic BDNF required for a presynaptic but not
postsynaptic component of LTP at hippocampal CA1-CA3 synapses. Neuron 39,
975-90.

Zamora, D.O., Davies, M.H., Planck, S.R., Rosenbaum, J.T. and Powers, M.R. (2005)
Soluble forms of EphrinB2 and EphB4 reduce retinal neovascularization in a

model of proliferative retinopathy. Invest Ophthalmol Vis Sci 46, 2175-82.

Zhang, X. and Poo, M.M. (2002) Localized synaptic potentiation by BDNF requires local
protein synthesis in the developing axon. Neuron 36, 675-88.

Zhang, Y., Moheban, D.B., Conway, B.R., Bhattacharyya, A. and Segal, R.A. (2000) Cell
surface Trk receptors mediate NGF-induced survival while internalized receptors
regulate NGF-induced differentiation. | Neurosci 20, 5671-8.

Zhou, Q., Homma, K.J. and Poo, M.M. (2004) Shrinkage of dendritic spines associated with
long-term depression of hippocampal synapses. Neuron 44, 749-57.

Zhou, X, Suh, J., Cerretti, D.P., Zhou, R. and DiCicco-Bloom, E. (2001) Ephrins stimulate
neurite outgrowth during early cortical neurogenesis. | Neurosci Res 66, 1054-63.

Zola-Morgan, S., Squire, L.R. and Amaral, D.G. (1986) Human amnesia and the medial
temporal region: enduring memory impairment following a bilateral lesion limited
to field CA1 of the hippocampus. | Neurosci 6, 2950-67.

Zorick, T.S., Syroid, D.E., Arroyo, E., Scherer, S.S. and Lemke, G. (1996) The transcription
factors SCIP and Krox-20 mark distinct stages and cell fates in Schwann cell
differentiation. Mol Cell Neurosci 8, 129-45.



Education

2008

2003

2000

113

CURRICULUM VITA

CAIXIA BI

Rutgers University New Brunswick, NJ
Ph.D in Neuroscience program

East China Normal University Shanghai, China
Master of Science in Physiology

Henan Normal University Xinxiang, China

Bachelor of Science in Biology

Professional Experience

2003-2008

2003 - 2007

2007 Fall
2008 Spring

2000 -2003
2001

Publications

2006

2006

2003

Graduate Student, Department of Cell Biology & Neuroscience, Rutgers
University

Graduate Assisttant in Dr. Mark Plumemr’s Laboratory, Rutgers
University
Teaching Assistant for General Biology, Rutgers University

Teaching Assistant for Advanced Neurobiology Lab course, Rutgers
University
Graduate Student, East China Normal University

Teaching Assistant for Physiology Lab course, Rutgers University

Caixia Bi, Yilei Cui, Yuting Mao, Suzhen Dong, Jiping Zhang, Xinde Sun.
The effect of early auditory deprivation on the age-dependent expression
pattern of NR2B mRNA in rat auditory cortex. Brain Research. 1110(1):30-
8

Jason P. Magby, Caixia Bi, Zhe-Yu Chen, Francis Lee, Ira B. Black, Mark R.
Plummer. Single-cell characterization of rapid trans-synaptic retrograde
signaling by BDNF. ] Neurosci. 26(52):13531-6

Lu Jingping, Cui Yilei, Bi Caixia, Wu fang, Dong Suzhen, Sun Xinde
(2003). The Postnatal Age-dependent Expression of NMDA Receptor
Subnits NR2A mRNA in Rats. Chinese Journal of Neuroscience. 19(3):177-
18



