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Cellular/Molecular

Transsynaptic EphB/Ephrin-B Signaling Regulates Growth of
Presynaptic Boutons Required for Classical Conditioning

Wei Li, Zhaoqing Zheng, and Joyce Keifer

Neuroscience Group, Division of Basic Biomedical Sciences, University of South Dakota Sanford School of Medicine, Vermillion, South Dakota, 57069

Learning-related presynaptic remodeling has been documented in only a few systems, and its molecular mechanisms are largely un-
known. Here we describe a role for the bidirectional EphB/ephrin-B signaling system in structural plasticity of presynaptic nerve termi-
nals using an in vitro model of classical conditioning. Conditioning or BDNF application induced significant growth of auditory nerve
presynaptic boutons that convey the conditioned stimulus to abducens motor neurons. Interestingly, bouton enlargement occurred only
for those synapses apposed to motor neuron dendrites rather than to somata. Phosphorylation of ephrin-B1, but not EphB2, was induced
by both conditioning and BDNF application and was inhibited by postsynaptic injections of ephrin-B antibody. Finally, suppression of
postsynaptic ephrin-B function inhibited presynaptic bouton enlargement that was rescued by activation of EphB2 by ephrin-B1-Fc.
These data provide evidence for ephrin-B-induced EphB2 forward signaling in presynaptic structural plasticity during classical condi-
tioning. They also reveal a functional interaction between BDNF/TrkB and the Eph/ephrin signaling systems in the coordination of

presynaptic and postsynaptic modifications during conditioning.

Introduction

Activity-dependent synaptic modifications involve structural
changes in neuronal connections that occur as large-scale path-
way reorganization or selective synaptic remodeling (Holtmaat
and Svoboda, 2009). Long-term potentiation (LTP), an estab-
lished model of learning and memory, induces emergence and
stabilization of new dendritic spines (Holtmaat et al., 2006; De
Roo et al., 2008; Yang et al., 2008), while its counterpart, long-
term depression (LTD), results in loss of spines (Zhou et al., 2004;
Becker et al., 2008). Synaptic plasticity and learning may also be
accompanied by enlargement of the postsynaptic density (PSD)
and formation of multiple synapse boutons (Geinisman et al.,
2000, 2001). Notably, two-photon microscopy has shown real-
time spine growth during LTP (De Roo et al., 2008; Yang et al.,
2008). These studies have largely focused on postsynaptic struc-
tural modifications, but learning-related presynaptic remodeling
is not well characterized.

Molecular signals such as growth factors and cell adhesion
molecules involved in formation of synaptic specializations dur-
ing development have been implicated in synaptic plasticity (Lai
and Ip, 2009; Cohen-Cory et al., 2010). Brain-derived neu-
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rotrophic factor (BDNF), for example, induces axonal branch-
ing, dendritic outgrowth, and synapse formation. Time-lapse
imaging has shown that increased spine size after focal uncaging
of glutamate was blocked by inhibitors of BDNF signaling, pro-
viding strong evidence for BDNF in structural plasticity (Tanaka
et al., 2008). In contrast to BDNF, the cell adhesion molecules
Eph/ephrin are tethered to cell membranes (Klein, 2009; Lai and
Ip, 2009). The Eph/ephrin signaling system is unique in that both
may act as receptor and ligand and can be localized presynapti-
cally or postsynaptically. Signaling proceeds in forward or reverse
directions, or bidirectionally. Transfection of postsynaptic neurons
with EphB2 lacking the ephrin-binding domain was shown to re-
duce presynaptic differentiation and synaptic transmission (Kayser
etal., 2006; Lim et al., 2008). Presynaptically expressed LTP at mossy
fiber—CA3 synapses was also impeded by postsynaptic application of
antibodies against EphB (Contractor et al., 2002). While progress
has been made on the function of BDNF and Eph/ephrin individu-
ally, little is known about their interactions.

In this study, we used an in vitro model of eyeblink classical
conditioning in which stimulation of the auditory [the “tone”
conditioned stimulus (CS)] and trigeminal [the “airpuff” uncon-
ditioned stimulus (US)] nerves was paired to generate condi-
tioned responses (CRs) characteristic of eyeblinks recorded from
the abducens nerve (Keifer and Zheng, 2010). Expression of syn-
aptic plasticity during conditioning involves the delivery of post-
synaptic GluR1 and GluR4 AMPAR subunits in which BDNF has
a pivotal role (Li and Keifer, 2008, 2009; Keifer et al., 2009). Here,
we show that conditioning or BDNF application results in rapid
growth of auditory nerve presynaptic boutons apposed specifi-
cally to dendrites but not somata of abducens motor neurons.
Inhibition of postsynaptic ephrin-B function by localized anti-
body injection blocks bouton growth and CR acquisition while
suppression of bouton growth is rescued by the EphB2 activator
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ephrin-B1-Fc. These data support a role for postsynaptic ephrin-
B-induced EphB2 forward signaling in presynaptic structural
plasticity during classical conditioning.

Materials and Methods

Training procedures. Freshwater pond turtles, Trachemys scripta elegans,
of either sex and purchased from commercial suppliers were anesthetized
by hypothermia until torpid and decapitated. All experiments involving
the use of animals were performed in accordance with the guidelines of
the National Institutes of Health and the Institutional Animal Care and
Use Committee. The brainstem was transected at the levels of trochlear
and glossopharyngeal nerves and the cerebellum was removed as de-
scribed previously (Anderson and Keifer, 1999). The brainstem was con-
tinuously bathed (2—4 ml/min) with physiological saline containing the
following (in mm): 100 NacCl, 6 KCl, 40 NaHCO;, 2.6 CaCl,, 1.6 MgCl,,
and 20 glucose, which was oxygenated with 95% O,/5% CO, and main-
tained at room temperature (22-24°C) at pH 7.6. Suction electrodes were
used for stimulation and recording of cranial nerves. The US was a two-
fold threshold single shock applied to the trigeminal nerve and the CS
was a 100 Hz, 1 s train stimulus applied to the ipsilateral auditory nerve
that was below threshold amplitude required to produce activity in the
abducens nerve. Neural responses were recorded from the ipsilateral
abducens nerve that innervates the extraocular muscles controlling
movements of the eye, nictitating membrane, and eyelid. In pond turtles,
the trigeminal and auditory nerves project directly to the abducens mo-
tor neurons (Keifer and Mokin, 2004). The CS-US interval, which was
defined as the time between the CS offset and US onset, was 20 ms.
Intertrial interval between the paired stimuli was 30 s. A pairing session
was composed of 50 CS-US presentations followed by a 30 min rest
period during which no stimuli were delivered. Conditioned responses
were defined as abducens nerve activity that occurred during the CS and
exceeded an amplitude of at least twofold above the baseline recording
level. Pseudoconditioning consisted of the same number of CS and US
stimuli that were explicitly unpaired using a CS-US interval randomly
selected between 300 ms and 25 s.

Pharmacology. BDNF (Santa Cruz Biotechnology) stock solution was
added to physiological saline to a final concentration of 100 ng/ml and
was applied for 80 min, the time duration equivalent to two pairing
sessions of conditioning. The selective membrane-permeable cAMP an-
alog and competitive inhibitor of cAMP-dependent protein kinase A
(PKA) activation Rp-cAMPs (50 um; Sigma) or the MEK-ERK inhibitor
PD98059 (50 um; Calbiochem) was dissolved in physiological saline and
applied to the bath 30 min before the conditioning procedure or BDNF
treatment and continued throughout the experiment. To activate
ephrin-B1, preparations were treated with preclustered recombinant hu-
man EphB2-Fc (5 ug/ml; R&D Systems) for 1.5 h before conditioning or
preclustered human Fc (5 pg/ml; R&D Systems) as a control. To activate
EphB2, preparations were treated with preclustered recombinant human
ephrin-B1-Fc (5 pug/ml; R&D Systems). Preclustering was accomplished
by incubation of EphB2-Fc, ephrin-B1-Fc, or Fc alone with goat anti-
human Fc antibody (Jackson ImmunoResearch) in a 1:2 ratio on ice for
1 h (Moeller et al., 2006).

Tracer and antibody injections. Immediately after the end of the con-
ditioning procedures, preparations were injected with anterograde tracer
into the auditory nerve and retrograde tracer into the abducens nerve.
Anterograde injections were accomplished using a micropipette (tip di-
ameter, ~15 um) filled with 10% fluororuby (FR, red; Invitrogen) dis-
solved in physiological saline. A total volume of ~0.2-0.4 ul of FR was
injected slowly into the cut end of the auditory nerve over a period of 1 h.
In the same preparation, retrograde labeling of abducens motor neurons
was achieved by injections of ~0.4 ul of 0.5% Alexa Fluor 488 (AF488,
green; Invitrogen) into the ipsilateral abducens nerve for the same time
period. Preparations remained in oxygenated physiological saline for an
additional 4 h to allow for transport of tracers for a total elapsed time of
5 h between the end of training and fixation. In this preparation, these
tracers are transported to their targets in 2-3 h (Keifer and Mokin, 2004)
and are expected to fully label boutons or somata by the 5 h time point.
Brainstems were then immersion fixed in 3% paraformaldehyde, cryo-
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protected, and sectioned at 60 wm on a microtome. In some experiments
(Li and Keifer, 2008), primary antibodies against BDNF (200 ug/ml;
Santa Cruz Biotechnology) or nerve growth factor (NGF; Santa Cruz
Biotechnology) were injected into the cut end of the auditory nerve for
anterograde transport into presynaptic boutons. The antibodies were
delivered at a constant rate using a syringe pump for 6 h. Following these
injections, preparations underwent the conditioning procedure, were
immersion fixed and processed with Cy3-conjugated secondary antibod-
ies to visualize BDNF or NGF immunoreactivity in boutons. In other
experiments, preparations were injected with anti-ephrin-B antibodies
(5 mg/ml; Santa Cruz Biotechnology; selective for ephrin-B1/2/3) into
either the auditory (to fill presynaptic boutons) or abducens (to fill post-
synaptic abducens motor neurons) nerves using a syringe pump fora 5 h
transport time before the physiological experiments.

Imaging and morphological analysis. Images were captured using a
Zeiss Axioskop Mot 2 microscope equipped with an Axiocam digital
color camera. A 63X NA 1.4 oil-immersion objective and dual excita-
tion/emission cube were used to image AF488 retrogradely labeled ab-
ducens motor neurons and FR anterogradely labeled auditory nerve
boutons. Images were analyzed using Image] (NIH). Only boutons ob-
served to be directly overlapping with a portion of a retrogradely labeled
neuron and in the same focal plane were determined to be in apposition
to abducens motor neurons and included in the analysis. The following
parameters were measured: bouton diameter, defined as the maximum
width of a bouton, and bouton area. Data from boutons observed on
proximal and distal dendrites were collapsed as there were no differences
between the groups. Data were analyzed using a one-way ANOVA fol-
lowed by post hoc analysis using Fisher’s and Bonferroni’s tests. Values
are presented as means = SEM.

Subcellular fractionation and Western blot. Subcellular fractions were
prepared according to Zhou et al. (2007) with some modification. All
procedures were performed at 4°C in the presence of protease and phos-
phatase inhibitors. Brainstem samples were obtained by dissecting a thick
slab (~2 mm) of tissue from the pons containing the abducens nuclei. To
obtain enough tissue, three brainstem samples were pooled for each
group and homogenized in ice-cold sucrose/HEPES buffer (0.32 M su-
crose and 10 mm HEPES). The homogenates were centrifuged and the
synaptosome layer was resuspended in sucrose/HEPES buffer and ultra-
centrifuged at 160,000 X g for 15 min. Purified synaptosomes were di-
luted and centrifuged at 40,000 X g for 30 min. The pellets were
resuspended, centrifuged at 40,000 X gto yield the purified PSD fraction.
Presynaptic fractions were recovered using rapid pH changes in solubi-
lization buffer and centrifugation at 18,000 X g for 30 min. For Western
blotting, equal amounts of protein were subjected to SDS-PAGE. Blots
were probed with anti-synaptophysin (1:1000; Sigma), anti-PSD-95 (1:
1000; Cell Signaling Technology), anti-GluR1 (1:1000; Millipore), anti-
ephrin-B1 (1:500), and anti-EphB2 (1:2000; R&D Systems). Proteins
were detected using chemiluminescence and immunoreactive signals
were captured on Kodak X-omatic AR film and quantified by computer-
assisted densitometry. Membranes were reprobed for loading controls
with an anti-B-actin antibody (1:1000; Millipore).

Immunoprecipitation. For determination of phosphorylation state of
tyrosine and serine residues of EphB2 and ephrin-B1, physiological ex-
periments were performed and brainstems immediately frozen in liquid
nitrogen. Protein samples were precleared with Protein G-Agarose and
incubated with anti-ephrin-B1 or anti-EphB2 antibodies (R&D Systems)
complexed with Protein G-Agarose overnight at 4°C. Immunoprecipi-
tates were washed with ice-cold lysis buffer containing 500 mm NaCl and
dissociated by heating for 3 min in the loading buffer. Proteins were
detected by Western blot using anti-phosphotyrosine (1:1000; Invitro-
gen) or anti-phosphoserine (1:1000; Invitrogen) primary antibodies.

Results

Selective growth of presynaptic auditory boutons

after conditioning

To assess whether there were presynaptic structural modifica-
tions after conditioning, tract tracing was used to visualize audi-
tory nerve presynaptic boutons anterogradely labeled with FR
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Figure 1. Photomicrographs of anterogradely labeled auditory nerve presynaptic boutons
with fluororuby (red) apposed to retrogradely filled abducens motor neurons with Alexa Fluor
488 (green) from pseudoconditioned (4, B; Ps2) and conditioned (C, D; (2) preparations. Arrows
indicate boutons in apposition to motor neurons. Insets show higher magpnification of boutons.
Scale bar, 10 pm.

(red) apposed to postsynaptic abducens motor neurons retro-
gradely labeled with AF488 (green) (Keifer and Mokin, 2004).
Following the conditioning procedure and acquisition of abdu-
cens nerve CRs (to a mean of 66 = 9% compared with 0% CRs
after pseudoconditioning; p < 0.0001, n = 6 preparations/group)
tracer substances were injected into the nerves and allowed to
transport for a total elapsed time of 5 h between the end of train-
ing and fixation. Photomicrographs of auditory nerve boutons in
apposition to abducens motor neurons from preparations that
were either pseudoconditioned (Fig. 1A, B) (Ps2) or conditioned
(Fig. 1C,D) (C2) for two pairing sessions are shown. Boutons
(arrows) from conditioned preparations appear larger than those
from the pseudoconditioned group. In Figure 1A, an axon orig-
inating from the auditory nerve is observed to have two small en
passantboutons apposed to the proximal dendrite of an abducens
motor neuron (upper arrow) and one bouton in contact with the
soma (lower arrow) as a terminaux contact. Small en passant
boutons apposed to a motor neuron soma are also shown in
Figure 1 B. The average area of the boutons shown in Figure 1 A is
1.20 pm, while that of those in Figure 1 B is 0.76 wm. In contrast,
images taken from the conditioned group show several large bou-
tons apposed to proximal (lower left arrow) and distal (upper
right arrows) dendrites of one neuron (Fig. 1C) and a number of
large boutons on the proximal dendrite and soma of another (Fig.
1D). The average area of these boutons is 1.52 wm and 3.05 wm,
respectively. Quantitative analysis showed that the average diam-
eter of all auditory nerve boutons that were apposed to the den-
drites or soma of abducens motor neurons was significantly
greater after conditioning, having a mean of 1.57 = 0.03 um (Fig.
2A) (total boutons, n = 515 boutons) compared with pseudo-
conditioning at 1.37 + 0.03 um (n = 321, p < 0.0001). Similarly,
the average area of boutons was 1.31 = 0.07 wm (n = 321) after
pseudoconditioning compared with 1.59 * 0.05 um (n = 515)
after conditioning (Fig. 2C) (total boutons, p = 0.001). Cumula-
tive distribution plots verify the significant rightward shift to-
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ward larger bouton area after conditioning compared with
pseudoconditioning (p < 0.0001) (Fig. 2 E). To examine whether
the enhanced size of auditory boutons after conditioning was
related to their morphological localization on abducens motor
neurons, the sample of all boutons was divided into those ap-
posed to somata or apposed to dendrites. Strikingly, both the
diameter and area of boutons apposed to the dendrites were
found to be significantly greater after conditioning while those
apposed to somata were not (Fig. 2A, C) (dendritic boutons, p <
0.0001 for both diameter and area compared with Ps2). To exam-
ine whether the observed changes in size selectively involved
boutons directly apposed to abducens motor neurons, nearby
boutons not in contact with abducens neurons were measured.
This set of boutons was unequivocally attached to the same axon
as those that were in apposition. Analysis showed that condition-
ing did not result in significant changes in either the diameter or
area of nonapposed boutons compared with pseudoconditioning
(Fig. 2B,D) (n = 294, p = 0.63 diameter, p = 0.74 area). Repre-
sentative photomicrographs (Fig. 2G-I) illustrate these changes
in bouton size for those in apposition (arrows) or not in apposi-
tion (arrowheads) to abducens neurons. Together, these data in-
dicate that auditory nerve boutons selectively localized to the
dendrites but not the somata of abducens motor neurons un-
dergo significant growth after conditioning. Importantly, this ef-
fect was observed only for boutons in apposition to dendritic
processes and not for those located in close proximity.

BDNF is required for bouton growth during conditioning

Previously, we reported that exogenously applied BDNF induced
postsynaptic trafficking of AMPARs and enhanced expression of
the presynaptic proteins synaptophysin and synapsin I in this
preparation (Li and Keifer, 2008). Here, we asked whether BDNF
is also involved in the conditioning-induced presynaptic mor-
phological changes observed here. Bath application of BDNF for
80 min, the equivalent time period of two pairing sessions, re-
sulted in a significant increase in bouton size compared with
pseudoconditioning (Fig. 2A, C) (n = 3 preparations; total bou-
tons, n = 236, p = 0.0006 diameter, p = 0.0008 area, BDNF2 vs
Ps2). This finding is also illustrated in the cumulative distribution
plot of bouton area (p < 0.0001) (Fig. 2F). Interestingly, when
boutons were divided into those apposed to dendrites or somata,
a significant increase in bouton size was found only for those
apposed to the dendrites (Fig. 2A,C) (dendritic boutons, n =
123, diameter and area, p < 0.0001, BDNF2 vs Ps2). However,
unlike conditioning, BDNF treatment also resulted in signifi-
cantly increased size of nearby nonapposed boutons (Fig. 2B, D)
(n = 151, p = 0.03 diameter, p = 0.02 area, BDNF2 vs Ps2) as
illustrated in Figure 2J. In an earlier study (Li and Keifer, 2008),
anti-BDNF or NGF antibodies were injected into the auditory
nerve that conveys the CS for anterograde transport before con-
ditioning. Conditioning failed to be acquired in the BDNF
antibody-treated preparations while normal levels of CRs were
obtained in preparations injected with NGF antibodies. To deter-
mine whether BDNF is required for bouton enlargement, we
reexamined the imaging data obtained in that study. Quantitative
analysis indicated that boutons treated with BDNF antibodies
were indistinguishable in size from those that received pseudo-
conditioning (Fig. 3) (n = 6 preparations/group, p = 0.22 diam-
eter, p = 0.88 area, BDNF Ab vs Ps2). By comparison,
preparations injected with NGF antibodies showed significantly
enlarged boutons after conditioning similar to conditioning in
untreated preparations (Fig. 3) (p = 0.006 diameter, p < 0.0001
area, NGF Ab vs BDNF AD). These results suggest a critical role
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trast, presynaptic injections of NGF antibodies failed to inhibit conditioning-induced bouton
enlargement.

for presynaptic BDNF, but not NGF, in auditory nerve bouton
growth during conditioning.

PKA and ERK are required for bouton growth

Signaling cascades involving PKA and ERK have been shown to
have a critical role in in vitro classical conditioning (Zheng and
Keifer, 2009). To examine whether PKA and ERK play a role in
presynaptic bouton enlargement during conditioning, the PKA
inhibitor Rp-cAMPs or the MEK-ERK inhibitor PD98059 was

applied to the bath before training. The electrophysiological re-
sults showed that few CRs were expressed during treatment; 0%
CRs during Rp-cAMPs application and 5 = 9% in the presence of
PD98059. Preparations that underwent the conditioning proce-
dure during treatment in the presence of Rp-cAMPs (1 = 3 prep-
arations) or PD98059 (n = 3) showed bouton sizes equivalent to
control values for the total sample as well as for boutons localized
to the soma or dendrites (Fig. 2A,C) (total boutons, n = 73
boutons, p = 0.68 diameter, p = 0.15 area, Rp-cAMPs2 vs Ps2;
n =131, p = 0.68 and p = 0.42, PD2 vs Ps2). This finding is also
illustrated in the cumulative distribution plot of total bouton area
(Fig. 2 E). Moreover, the size of nearby nonapposed boutons was
also similar to control (Fig. 2B,D) (n = 91, p = 0.60 diameter,
p = 0.56 area, Rp-cAMPs2 vs Ps2; n = 70, p = 0.85 diameter, p =
0.97 area, PD2 vs Ps2). Photomicrographs showing boutons from
preparations treated with Rp-cAMPs or PD98059 before condi-
tioning are shown in Figure 2, K and M. The effect of Rp-cAMPs
(n = 3 preparations) and PD98059 (n = 3) on bouton size of
preparations treated with BDNF was also investigated. Similar to
the results during conditioning, both compounds prevented the
enhancement in bouton size induced by BDNF treatment (Fig.
2A,C,F) (total boutons, n = 148, p = 0.004 diameter, p = 0.002
area, Rp-cAMPs2 vs BDNF2; n = 82, p = 0.001 diameter, p =
0.005 area, PD2 vs BDNF2). These findings are illustrated in
Figure 2, L and N. Interestingly, these compounds also inhib-
ited the BDNF-induced enlargement of nearby nonapposed
boutons (Fig. 2B,D) (n = 87, p = 0.008 diameter, p = 0.04
area, Rp-cAMPs2 vs BDNF2; n = 108, p = 0.001 diameter, p =
0.04 area, PD2 vs BDNF2).

Synaptic localization of EphB2 and ephrin-B1

Presynaptic or postsynaptic localization of EphB/ephrin-B is key
to their roles in synaptic plasticity and learning. To examine the
function of EphB2 and ephrin-B1 in in vitro classical condition-
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equal amounts. Western blot taken from a naive unstimulated preparation. Protein distribution
was not altered by pseudoconditioning or conditioning.

ing, differential centrifugation followed by Western blot analysis
was performed to determine their subcellular distribution (Fig.
4). Tissue from naive (unstimulated) preparations containing the
abducens motor nuclei showed that the presynaptic fraction con-
tained the synaptic vesicle-associated protein synaptophysin
while the PSD fraction was enriched with characteristic proteins
such as PSD-95 and the AMPAR subunit GluR1. All of these
proteins were detected in the purified synaptosome that con-
tained both presynaptic and postsynaptic membranes and were
absent in the cytosolic fraction, further confirming that the frac-
tions were uncontaminated. This analysis showed that ephrin-B1
was mainly localized to the postsynaptic fraction while EphB2
was present on both sides of the synapse in relatively equal
amounts. Similar analysis of pseudoconditioned or conditioned
tissue had no detectable effect on the subcellular distribution of
EphB2 or ephrin-B1 protein.

Postsynaptic activation of ephrin-B1 during BDNF signaling
and conditioning

The phosphorylation state of ephrin-B1 and EphB2 was determined
after conditioning and BDNF application. Immunoprecipitation
with anti-ephrin-B1 or anti-EphB2 antibodies followed by immu-
noblotting with anti-phosphotyrosine or anti-phosphoserine anti-
bodies was performed. Conditioning resulted in a significant
increase in phosphorylation levels of both tyrosine (n = 5/group,
p = 0.001) and serine (p < 0.0001) residues of ephrin-B1 compared
with pseudoconditioning (data not shown). In contrast, no changes
were found in levels of phosphotyrosine (p = 0.51) and phospho-
serine (p = 0.41) of EphB2 after conditioning. Similarly, applica-
tion of BDNF also induced increased levels of phosphotyrosine
(p < 0.0001) and phosphoserine (p = 0.003) residues of
ephrin-Bl compared with untreated preparations but had no
effect on EphB2 (p = 0.94, phosphotyrosine; p = 0.62, phospho-
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serine). Therefore, both conditioning and BDNF application re-
sult in phosphorylation of ephrin-B1 but not EphB2.

To further assess whether conditioning is associated with ac-
tivation of postsynaptically localized ephrin-B1, we used preclus-
tered EphB2-Fc, a chimera containing the extracellular domain
of EphB2 fused to the Fc portion of human IgG, to activate
ephrin-B1 (Moeller et al., 2006; Lim et al., 2008). Preparations
treated with EphB2-Fc exhibited significantly increased levels of
phosphotyrosine (Fig. 5A,B) (n = 4/group, p < 0.0001) and
phosphoserine (p < 0.0001) of ephrin-B1 compared with prep-
arations treated with Fc alone. To inactivate postsynaptic
ephrin-B, antibodies raised against the intracellular domain of
ephrin-B were injected into the abducens nerve and resulted in
suppressed EphB2-Fc-induced phosphorylation of ephrin-B1 to
near baseline levels (Fig. 5A, B) [p = 0.09, phosphotyrosine; p =
0.10, phosphoserine, EphB2-Fc+Ab(post) vs Fc]. Significantly,
preparations injected postsynaptically with the same antibodies
during the conditioning procedure also showed inhibition of
ephrin-B1 phosphorylation (Fig. 5A,B) [p = 0.07, phosphoty-
rosine; p = 0.49, phosphoserine, C2+ Ab(post) vs Fc; 2 = 0.8%
CRs], while those subjected to presynaptic auditory nerve injection
exhibited increased levels of ephrin-B1 phosphorylation that were
comparable to normal conditioning [p < 0.0001, phosphotyrosine;
p = 0.0005, phosphoserine, C2+Ab(pre) vs Fc; 50 £ 9% CRs]. As
with conditioning, BDNF signaling was also dependent on postsyn-
aptic ephrin-B1 activation. Preparations injected presynaptically
with ephrin-B antibodies before BDNF bath application showed a
significantly high level of phosphorylation of ephrin-B1 that was
comparable to results with BDNF alone (Fig. 5A4,B) [p < 0.0001,
phosphotyrosine; p = 0.001, phosphoserine, BDNF2+Ab(pre) vs
Fc]. However, inhibition of phosphorylation was observed in prep-
arations that received postsynaptic injections [p = 0.34, phos-
photyrosine; p = 0.23, phosphoserine, BDNF2+ Ab(post) vs Fc].
Therefore, these data indicate that postsynaptic activation of
ephrin-B1 is associated with both BDNF signaling and classical
conditioning.

Presynaptic EphB2 mediates auditory bouton growth

Since postsynaptic ephrin-B1 is activated during conditioning
and BDNF application, we examined whether EphB2 is also in-
volved in presynaptic auditory nerve bouton growth. As observed
earlier, conditioned preparations showed significantly greater di-
ameter and area of the total population of boutons compared
with the pseudoconditioned group (Fig. 6A,C) (n = 6 prepara-
tions, 515 and 312 boutons, respectively; p < 0.0001 diameter,
p = 0.001 area, C2 vs Ps2). Similarly, further analysis with respect
to morphological localization on abducens motor neurons
showed that the diameter and area of boutons apposed to den-
drites were significantly greater (p < 0.0001 diameter and area vs
Ps2), while those of boutons apposed to somata were not (p =
0.15 diameter; p = 0.77 area). In addition, the size of nearby
boutons not apposed to abducens neurons also remained un-
changed by conditioning (Fig. 6 B,D) (p = 0.63 diameter; p =
0.74 area vs Ps2). Significantly, in this set of experiments, there
was no increase in bouton diameter or area in preparations sub-
jected to postsynaptic injection of ephrin-B antibodies followed
by conditioning [total boutons, n = 127 boutons/3 preparations;
p = 0.95 diameter, p = 0.91 area; dendritic boutons, p = 0.43
diameter, p = 0.99 area, C2+Ab(post) vs Ps2; mean of 0% CRs].
Representative images showing boutons from these groups are
illustrated in Figure 6 E-G. Similar to conditioning, BDNF treat-
ment also resulted in a significant increase in bouton size com-
pared with pseudoconditioning, as expected (Fig. 6A,C) (236
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boutons/3 preparations; p = 0.0006 di- A
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p = 0.0085 diameter, p = 0.0001 area,
BDNF2+Ab(post) vs BDNF2], but the size
of nonapposed boutons was unaffected
(Fig. 6 B,D) (p = 0.79 diameter; p = 0.72
area). Given our findings above, the ef-
fects of postsynaptic ephrin-B on presyn-
aptic bouton size were likely to be
mediated by presynaptically localized
EphB2. Therefore, we reasoned that treatment with ephrin-B1-Fc
should rescue the inhibitory effect of the ephrin-B antibody on
bouton size. To confirm that ephrin-B1-Fc acted as an EphB2
activator, we examined phosphorylation levels of Eph/ephrin in
treated preparations. As shown in Figure 6 K, ephrin-B1-Fc treat-
ment resulted in no change in phosphorylation of ephrin-B1
compared with Fc alone, while the same treatment dramatically
increased the phosphorylation state of EphB2. Similar findings
were also reported by Lim et al. (2008) using Xenopus tadpole
brain. Moreover, using subcellular fractionation, EphB2 local-
ized to the presynaptic fraction was more heavily phosphorylated
during ephrin-B1-Fc application compared with the postsynap-
tic fraction (Fig. 6 K). As predicted, the average dendritic bouton
diameter was significantly increased by bath application of
ephrin-B1-Fc to levels similar to those observed after BDNF
treatment alone and rescued the inhibitory effects of postsynap-
tically injected ephrin-B antibodies [total boutons, n = 207 bou-
tons/3 preparations, p = 0.006 diameter; p = 0.001 area;
dendritic boutons, p = 0.001 diameter; p < 0.0001 area,
BDNF2+Ab(post) +ephrin-B1-Fc vs Ps2]. Representative im-
ages of these changes in bouton size are shown in Figure 6 H-J.
These results suggest that postsynaptic ephrin-B forward signal-
ing to EphB2 functions to modify the size of presynaptic boutons.

Figure 5.

Discussion

Selective bouton growth on dendritic processes

during conditioning

Functional changes in synaptic strength are often accompanied
by observable remodeling of synaptic morphology (Holtmaat
and Svoboda, 2009). In the present study, we found that auditory
nerve presynaptic boutons that convey the CS to abducens motor
neurons during classical conditioning undergo selective growth.
Conditioning-induced enlargement occurred for boutons in di-
rect apposition to motor neurons rather than for boutons located
nearby but not in apposition. This strongly suggests that bouton
enlargement is not due to nonspecific effects such as electrical
stimulation that might trigger synaptic swelling. The underlying
mechanisms that induce presynaptic bouton growth are poorly
understood. Here, we provide evidence that BDNF plays a pivotal
role in this process. Bath application of BDNF alone to prepara-

Activation of postsynaptic ephrin-B1 is required for in vitro conditioning. Ephrin-B1 was immunoprecipitated and
then probed by Western blotting. Bath application of EphB2-Fc increased levels of phosphotyrosine (4) and phosphoserine (B) of
ephrin-B1, which was inhibited by postsynaptic injections of ephrin-B antibodies into the abducens nerve [EphB2-Fc+ Ab(post)].
Both conditioning and BDNF treatment resulted in increased phosphorylation levels in preparations subjected to presynaptic
ephrin-B antibody injections into the auditory nerve [C2+ Ab(pre) and BDNF2+ Ab(pre), respectively], while postsynaptic injec-
tions resulted in inhibition of phosphorylation [(2+Ab(post) and BDNF2 +Ab(post)]. Ab, Ephrin-B antibody. *Significant differ-
ence from Fc application alone.

tions promotes increased bouton size to a similar degree as dur-
ing conditioning. In support of this finding, injections of anti-
BDNF antibodies into the auditory nerve prevented bouton
enlargement as well as CR acquisition while anti-NGF antibodies
similarly injected failed to suppress bouton growth and acquisi-
tion. Significantly, only those boutons contacting abducens mo-
tor neuron dendrites rather than somata increased in size after
conditioning. The question arises as to how this selective enlarge-
ment is achieved, since boutons apposed to both the soma and
dendrites of abducens neurons receive the same conditioning
stimuli. An intriguing recent study using cultured neurons found
that BDNF transcripts containing short 3" untranslated regions
(UTRs) are restricted to the soma while those with long UTRs are
targeted to the dendrites (An et al., 2008). Neurons deficient in
long 3" UTR BDNF mRNAs display impairment in regulated
BDNF secretion, a loss of hippocampal LTP, and decreased den-
dritic spine size. These authors suggested that somatic BDNF
encoded from the short 3’ UTR mRNAs is responsible for neu-
ronal survival whereas dendritic BDNF from long UTRs is in-
volved in functional and structural plasticity. Although this
hypothesis on the subcellular regulation of BDNF function by
UTRs is derived from work on postsynaptic spines, BDNF is also
likely to participate in presynaptic bouton remodeling as a se-
creted molecule. One possibility is that the failure of somatic
bouton growth during conditioning is due to the lack of local
synaptic BDNF release and that, conversely, abundantly secreted
BDNEF in the region of the dendrites results in increased size of
dendritic boutons. Extending this idea further, it has been shown
that plasticity-related BDNF availability can also be controlled by
extracellular proteases such as plasmin (Pang et al., 2004) and
metalloproteinases (Keifer et al., 2009). The mature and active
form of BDNF is synthesized as a precursor protein proBDNF
that is secreted into the synaptic cleft and subjected to proteolytic
cleavage to generate BDNF (Lee et al., 2001; Yang et al., 2009).
BDNF is essential for LTP while proBDNF appears to facilitate
LTD (Luetal., 2005). Considering that LTP and LTD are accom-
panied by an increase and decrease in synaptic size, respectively
(Zhou et al., 2004; Yang et al., 2008), it seems plausible that the
ratio of proBDNE/BDNF controlled in an activity-dependent
manner by extracellular proteases could also determine local syn-
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Activation of presynaptic EphB2 underlies growth of presynaptic auditory boutons. 4, ¢, Conditioning and BDNF treatment resulted in a significant increase in bouton diameter (4) and area (€) that

was blocked by postsynaptic injections of antibodies directed against ephrin-B [(2 -+ Ab(post) and BDNF2 +Ab(post) groups]. The increase in total bouton size was from those apposed to the dendrites rather
than the somata. Treatment with the EphB2 activator ephrin-B1-Fc during BDNF application and after postsynapticinjection of ephrinB antibodies rescued the effect of the antibody and resulted in enlargement
of boutons [BDNF2 +Ab(post) +ephrin-B1-Fc]. B, D, Nearby boutons not apposed to abducens neurons did not exhibit changes in diameter (B) and area (D) after conditioning, while there was enlargement of
boutons following BDNF treatment. The BDNF-induced enhancement n the size of nonapposed boutons was not suppressed by postsynapticinjections of ephrin-B antibodies, and there was no further increase
in bouton size after treatment with ephrin-B1-Fc. *Significant difference from Ps2 or BDNF2. E-J, Photomicrographs of representative boutons apposed (arrows) or not apposed (arrowheads) to abducens
neurons from the different groups. The average diameter of the boutons shown apposed (upper numbers) or not apposed (lower numbers) to motor neurons is indicated in each panel. Scale bar, 5 um. K,
Ephrin-B1-Fc treatment resulted in no change in levels of ephrin-B1 phosphoserine compared with Fc alone (left), while the same treatment resulted in an increased phosphorylation state of EphB2 (middle).
Subcellular fractionation and immunoprecipitation for EphB2 showed greater levels of phosphoserine in presynaptic fractions than in postsynaptic fractions after treatment with ephrin-B1-Fc (right).

apse size and strength. Additionally, the localization of the BDNF
receptor tropomyosin-related kinase B (TrkB) may also be in-
volved in selective bouton growth. It remains to be determined
whether TrkB is more prevalent at dendritic abducens neuron
synapses compared with somatic ones. Such differential targeting
is possible since, like BDNF mRNAs, TrkB receptor mRNAs also
contain short and long 3’ UTRs (An et al., 2008).

Role for EphB/ephrin-B forward signaling in presynaptic
structural plasticity during conditioning

Here, we provide evidence for ephrin-B-induced EphB2 forward
signaling in presynaptic structural plasticity during classical con-
ditioning. We show that inhibition of postsynaptic ephrin-B
function by localized antibody injection inhibits ephrin-B1 phos-
phorylation, presynaptic bouton enlargement, and CR acquisi-
tion, and that antibody injections into presynaptic sites fail to
show these effects. The suppression of bouton growth is rescued
by introduction of the EphB2 activator ephrin-B1-Fc (Lim et al.,
2008), which in our preparation activates EphB2 localized to the
presynaptic fraction to a greater degree than the postsynaptic
fraction. Moreover, the ephrin-B antibody injections have no
effect on the BDNF-induced enlargement of boutons not in ap-
position to abducens neurons, suggesting that the interaction of
presynaptic EphB2 with postsynaptic ephrin-B is essential for
bouton growth during conditioning. Together, our data suggest
that Eph/ephrin interactions during conditioning specifically
function through EphB2 to modify conditioning-related presyn-

Presynaptic auditory
nerve bouton

Bouton growth
PDZ-binding motif

p-ser,

ptyr o ephrin-B

ephrin-B . ¢ TrkB
EphB2
/ P-tyrt
?8re °
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PDZ-binding motif !_

Abducens motor neuron

Figure 7.  Schematic diagram illustrating transsynaptic EphB2/ephrin-B forward signaling during
conditioning-induced bouton growth. Activation of TrkB receptors by BDNF results in phosphorylation of
tyrosine and serine residues of postsynaptic ephrin-B. Forward EphB2 signaling is induced by ephrin-B and
results in presynaptic auditory nerve bouton growth through a mechanism that may be independent of
EphB2 phosphorylation and instead involves protein—protein interactions of the EphB2 PDZ-binding motif.

aptic morphology. Therefore, we propose that conditioning or
BDNF treatment results in presynaptic bouton growth through
transsynaptic EphB2/ephrin-B signaling as presented in Figure 7.
Briefly, BDNF released extracellularly during conditioning from
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presynaptic and/or postsynaptic compartments, or applied exog-
enously, binds and activates postsynaptic TrkB and induces
phosphorylation of tyrosine and serine residues of ephrin-B
probably via Src family kinases (Palmer et al., 2002; Essmann et
al., 2008). Evidence supporting this idea shows that phospho-Src
is significantly increased after conditioning (data not shown),
which may be responsible for the phosphorylated tyrosine and
serine residues of ephrin-B1 after conditioning and BDNF treat-
ment shown here. Moreover, phosphorylation of ephrin-B1 is
blocked by postsynaptic injection of ephrin-B antibodies but not
presynaptic injections. Forward EphB2 signaling is proposed to
be induced by activation of postsynaptic ephrin-B, likely through
ephrin-B1, but other ephrins cannot be excluded, to result in
bouton growth. One caveat to this scheme, however, is that both
EphB2 and ephrin-B1 are localized to the presynaptic and post-
synaptic fractions (Fig. 7) even though ephrin-B1 predominates
on the postsynaptic side. Therefore, there may be as yet unde-
tected reverse or bidirectional interactions of Eph/ephrin that
contribute to bouton growth during conditioning. Our findings
show that neither conditioning nor BDNF treatment affects ex-
pression of phosphotyrosine and phosphoserine of EphB2, and
consequently EphB2 appears to function through a mechanism
that is independent of phosphorylation (Dalva et al., 2000; Kayser
etal., 2006). Similar results were found by Grunwald et al. (2001)
using BDNF application to cultured hippocampal neurons. If
EphB?2 is critical for ephrin-B-induced presynaptic modification
as suggested here, why do levels of EphB2 phosphorylation re-
main unchanged? Instead, during conditioning, the C-terminal
PDZ-binding motif of EphB2 may interact with PDZ scaffolding
proteins involved in signal transduction for bouton growth, al-
though there is currently little evidence for this occurring presynap-
tically. As with ephrin-B, different functions of the PDZ-binding
motif and kinase domain of EphB have been demonstrated by re-
moving or mutating particular segments. Kayser et al. (2006)
showed that spine formation during development is controlled by
the kinase domain of EphB2 while the PDZ-binding motif is
required for AMPAR clustering. It is tempting to speculate that in
conditioning, enhanced interaction of the PDZ-binding motif of
EphB2 with other presynaptic interacting proteins may be re-
quired for presynaptic bouton growth. Conversely, phosphor-
ylation of ephrin-Bl may additionally have an AMPAR
trafficking role postsynaptically. We have already shown that
there is a conditioning-related recruitment of GluR4-containing
AMPAR synaptic localization in abducens motor neurons
(Zheng and Keifer, 2009; Keifer and Zheng, 2010) that corre-
sponds with presynaptic bouton growth. These coordinate pre-
synaptic and postsynaptic actions would be expected to enhance
overall synaptic function, resulting in CR acquisition (Li and
Keifer, 2008). Similarly, EphB/ephrin-B interactions were found
to enhance presynaptic transmitter release, due at least in part to
increased density in synapse number, and postsynaptic AMPAR
responsiveness during reverse signaling in the developing
Xenopus optic tectum (Lim et al., 2008). Therefore, Eph/ephrin
signaling may be required for both synapse maturation and condi-
tioning by retrograde structural modifications to enhance presyn-
aptic function and by anterograde postsynaptic actions involving
delivery of synaptic AMPARs as suggested by Lim et al. (2008)
and the present study.

Here, we show a regulatory role for BDNF in ephrin-B phos-
phorylation. TrkB has also been shown to interact with ephrin
family proteins via their cysteine-rich domains (Marler et al.,
2008). We postulate (Fig. 7) that BDNF released during condi-
tioning binds TrkB, leading to activation of postsynaptic ephrin-

Li et al. @ Eph/Ephrin Regulates Bouton Size in Conditioning

Bl. However, ephrin-B1 was also observed in presynaptic
fractions, and we have found that TrkB is present in both presyn-
aptic and postsynaptic fractions after differential centrifugation.
If BDNF/TrkB functions mainly postsynaptically in condition-
ing, what may account for this specificity of function? Our pre-
liminary data suggest that an ~95 kDa truncated version of TrkB
is localized to presynaptic fractions, while the ~145 kDa full-
length TrkB is postsynaptic (data not shown). Truncated TrkB
lacks the C-terminal kinase domain and is predicted to result in
inhibition of BDNF function. Timed expression of truncated
TrkB has been linked to reduced BDNF/TrkB activity and climb-
ing fiber synapse elimination in cerebellar development (Sher-
rard et al., 2009). It is plausible that BDNF function during
conditioning is restricted to postsynaptic targets by activity-
dependent presynaptic targeting of truncated rather than full-
length TrkB. The interaction between BDNF/TrkB function and
the bidirectional Eph/ephrin signaling system requires further
study to clarify their precise roles in coordinate presynaptic and
postsynaptic mechanisms that underlie classical conditioning.
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