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Blocking the Interaction between EphB2 and ADDLs by a
Small Peptide Rescues Impaired Synaptic Plasticity and
Memory Deficits in a Mouse Model of Alzheimer’s Disease
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Soluble amyloid- 3 (AB) oligomers, also known as A3-derived diffusible ligands (ADDLs), are thought to be the key pathogenic factor in
Alzheimer’s disease (AD), but there is still no effective treatment for preventing or reversing the progression of the disease. Targeting
NMDA receptor trafficking and regulation is a new strategy for early treatment of AD. A3 oligomers have been found to bind to the
fibronectin (FN) type III repeat domain of EphB2 to trigger EphB2 degradation, thereby impairing the normal functioning of NMDA
receptors and resulting in cognitive deficits. Here, we identified for the first time the interaction sites of the EphB2 FN domain with ADDLs
by applying the peptide array method to design and synthesize four candidate peptides (Pep21, Pep25, Pep32, and Pep63) that might be
able to block the EphB2-ADDL interaction. Among them, Pep63 was found to be the most effective at inhibiting the binding between
EphB2 and ADDLs. We found that Pep63 not only rescued the ADDL-induced depletion of EphB2- and GluN2B-containing NMDA
receptors from the neuronal surface in cultured hippocampal neurons, but also improved impaired memory deficits in APPswe/PS1dE9
(APP/PS1) transgenic mice and the phosphorylation and surface expression of GluN2B-containing NMDA receptors in cultures. To-
gether, these results suggest that blocking the EphB2-ADDL interaction by small interfering peptides may be a promising strategy for AD
treatment.
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Alzheimer’s disease (AD) is an age-dependent neurodegenerative disorder and amyloid 3-derived diffusible ligands (ADDLs) play
akeyrolein triggering the early cognitive deficits that constitute AD. ADDLs may bind EphB2 and alter NMDA receptor trafficking
and synaptic plasticity. Here, we identified the interaction sites of the EphB2 FN domain with ADDLs for the first time to develop
a small (10 aa) peptide (Pep63) capable of blocking the EphB2-ADDL interaction. We found that Pep63 not only rescued the
ADDL-induced depletion of EphB2 and GluN2B-containing NMDA receptors from the neuronal surface in cultured hippocampal
neurons, but also improved impaired memory deficits in APPswe/PS1dE9 (APP/PS1) transgenic mice. Our results suggest that
blocking the EphB2-ADDL interaction with Pep63 may be a promising strategy for AD treatment. /
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neurofibrillary tangles in the brain (Cavalluccietal., 2012). As the
major component of senile plaques, amyloid-B (AB) is thought
to contribute to AD onset and progression, although the
mechanisms are still largely unknown (Cissé and Checler, 2015).
Oligomeric A s, especially soluble AB-derived diffusible ligands

Introduction
Alzheimer’s disease (AD), a progressive and age-related neuro-
degenerative disorder, is defined in terms of senile plaques and
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(ADDLs), seem to be the most neurotoxic species in AD and are
more correlated with cellular and cognitive dysfunction than fi-
brils (Lambert et al., 1998; Glabe, 2006; Lesné et al., 2006; Ferreira
and Klein, 2011).

AP oligomers may contribute to AD by impairing the normal
functioning of NMDA receptors, resulting in the inhibition of
NMDA-receptor-dependent long-term potentiation (LTP) (Walsh
etal., 2002; Lesné et al., 2006; Shankar et al., 2008; Cissé et al., 2011a).
NMDA receptors, which are well known to play an important role in
synaptic development and plasticity, are mostly heteromultimers
composed of GluN1 and GluN2 subunits (Shankar et al., 2007;
Shankar et al., 2008). The function of NMDA receptors is directly
dependent on their location and the composition of subunits at syn-
aptic sites (Rao and Finkbeiner, 2007). The protein levels and the
phosphorylation status of the NMDA receptor subunits GluNT,
GluN2A, and GluN2B are shown to correlate with cognitive perfor-
mance (Sze etal., 2001). AB oligomers can alter the equilibrium and
activity of NMDA receptors at synaptic sites, thus triggering a down-
regulation of NMDA receptor function and associated signaling
molecules (Li et al., 2011; Ronicke et al., 2011; Mota et al., 2012).
Surface expression of GluN2B-containing NMDA receptors in cor-
tical neurons is found to be reduced by AB1-42 (Snyder et al., 2005).
Accordingly, the levels of GluN1 and GluN2B subunits are reduced
in the hippocampus in AD (Ikonomovic et al., 1999; Sze et al., 2001).
In addition, human amyloid precursor protein (hAPP) transgenic
mice carrying high brain levels of AS oligomers have decreased
phosphorylation levels of GluN2B in the hippocampus (Palop et al.,
2005). The tyrosine 1472 site (Y1472) was found to be the main
phosphorylation site of GIuN2B.

Several studies have shown that A oligomers are colocalized
with NMDA receptors at synapses (Lacor et al., 2007; Dewachter
et al., 2009), but it remains unclear whether there is a direct
interaction between them. In recent years, several other proteins
at the neuronal surface have been proposed as potential AB oli-
gomer receptors, including cellular prion protein (Laurén et al.,
2009), EphB2 (Cissé et al., 2011a), and receptor for advanced
glycation end products (RAGE) (Sturchler et al., 2008; Srikanth
et al., 2011). Among them, EphB2, which is colocalized with
NMDA receptors both in vitro and in vivo (Calo et al., 2006), is a
key regulator of synapticlocalization of NMDA receptors (Nolt et
al., 2011; Sheffler-Collins and Dalva, 2012) and is found to inter-
act with AB oligomers directly (Cissé et al., 2011a). Activation of
EphB receptors by ephrinB2 increased NMDA-receptor-
dependent Ca*" responses and the tyrosine phosphorylation of
GluN2B (Takasu et al., 2002). AB oligomers bound to the fi-
bronectin (FN) type III repeat domain of EphB2 triggers EphB2
degradation in the proteasome, thereby impairing the normal
functioning of NMDA receptors and resulting in cognitive defi-
cits (Cissé et al., 2011a).

Therefore, a potential therapy targeting the interaction between
AP oligomers and EphB2 and the subsequent biological cascades
could be done by blocking the interaction. In the present study, we
identified the interacting sites of the EphB2 FN domain on ADDLs
to develop a small interfering peptide Pep63 capable of blocking the
EphB2-ADDL interaction effectively. We found that Pep63 not only
rescued the impaired synaptic plasticity induced by ADDLs in cul-
tured hippocampal neurons, but also improved memory deficits in
APP/PS1 transgenic mice and NMDA receptor trafficking. Our data
reveal that blocking the interaction between EphB2 and ADDLs by
using small interfering peptides may be a promising strategy for AD
treatment.
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Materials and Methods

Animals. Male mice of 2 different genotypes at the age of 6 months were
used. APP/PS1 transgenic mice, which express both a chimeric mouse/
human amyloid precursor protein (Mo/Hu APP 695swe) and a mutant
human presenilin 1 (PS1-dE9), and WT mice (nontransgenic littermates
of APP/PS1 transgenic mice) were obtained from the Model Animal
Research Center of Nanjing University. All mice were housed under
standard conditions with 2—4 animals per cage and were kept in a room
(22 £ 2°C) maintained on a dark/light cycle of 12 h (8:00 A.M.—8:00
P.M.) with ad libitum access to food and water. All studies were approved
by the Animal Care and Use Committee of Xuzhou Medical College in
compliance with National Institutes of Health standards.

Drugs. Synthetic AB1-42 peptides (Sangon) were lyophilized in
1,1,1,3,3,3-hexafluoro-2-propanol (Sigma-Aldrich) and prepared for
ADDLs as described previously (Ronicke et al., 2011). Peptides Pep21,
Pep25, Pep32, and Pep63 were synthesized by Pepnoch Biotech. These
four peptides were first dissolved in dimethyl sulfoxide (DMSO) and
further diluted in Neurobasal medium (Invitrogen) for cultures or arti-
ficial CSF (ACSF) containing the following (in mm): 126 NaCl, 2.5 KCl, 1
MgCl,, 1 CaCl,, 1.25 KH,PO,, 26 NaHCOj, and 20 glucose, pH 7.2, 320
mOsm, equilibrated with 95% O,/5% CO, for mice.

Plasmid construction and protein purification. A plasmid for expressing
EphB2 (GV287-EphB2) was constructed by Genechem. The cDNA of
the EphB2 FN domain was amplified from the template plasmid GV287-
EphB2 by PCR and cloned into the pET-28a plasmid at the Ncol and
Xhol sites, with a tag of six histidine residues being added at the N
terminus. The resulting recombinant plasmid pET-28a-FN was trans-
formed into BL21 (DE3) cells for protein expression under the induction
of 0.1 mm IPTG overnight at 20°C. FN was purified by nickel-nitrilotri-
acetic acid chromatography (GE Healthcare). Protein concentrations
were determined using BCA assay (Pierce).

Formaldehyde-mediated in vitro chemical cross-linking. To perform
formaldehyde cross-linking, ADDLs (0.5 mg/ml) and FN (0.5 mg/ml)
were mixed and incubated at room temperature (RT) for 30 min. Form-
aldehyde (1%, v/v) was added into the mixture for cross-linking (15 min)
before quenching with Tris-HCI (at a final concentration of 0.5 m). The
cross-linked samples were subjected to SDS-PAGE and immunoblotting
analysis.

Coimmunoprecipitation. For the EphB2—ADDL interaction, the hip-
pocampi from Sprague Dawley rats were lysed in cold homogenization
buffer containing the following (in mm): 50 MOPS, 320 sucrose, 100 KCl,
0.5 MgCl,, 0.2 DTT, 50 NaF, 20 NaPP4i, 20 B-glycerophosphate, 1 EDTA,
1 EGTA, 1 PNPP-Na, 1 Na;VO,, and 0.5 mm PMSF, along with the
following (in pg/ml): 10 leupeptin, 10 aprotin, 10 pepstatin A, and 100
benzamidine, pH 7.4, sonicated, and centrifuged at 15,000 X gfor 15 min
at 4°C. After determination of the protein concentration using the BCA
assay (Pierce), 500 ug of lysate was incubated with ADDLs (22.5 pg) in
the presence or absence of interfering peptides (50 ng) overnight at 4°C
with 4 ug of anti-B amyloid and 1-16 (6E10) monoclonal antibodies
(Covance) added. For the EphB2-GluN1 interaction, rat primary neu-
rons cultured for 21 d were treated with 500 nm ADDLs in the presence or
absence of Pep63 (2.5 ug/ml) for 6 h. Cultures were harvested in cold
homogenization buffer, sonicated, and centrifuged at 15,000 X g for 15
min at4°C. Then, 500 ug of lysate was incubated with 4 ug of anti-EphB2
antibodies (R&D Systems) overnight at 4°C. Coimmunoprecipitation
was performed according to the Catch and Release kit (Millipore) as
described in the user’s manual. Samples were subjected to SDS-PAGE
followed by immunoblotting analysis.

Peptide array assay. Cellulose-bound overlapping peptides (10-mer
peptides with 3 aa shift) derived from the EphB2 FN domain were syn-
thesized by Pepnoch Biotech. After activation, membranes were blocked
with 5% sucrose and 4% nonfat milk in TBST, then incubated with
ADDLs (9 ug/ml) followed by B amyloid and 1-16 (6E10) monoclonal
antibodies (1:1000; Covance). After washing with TBST, membranes
were incubated with horseradish peroxidase-conjugated secondary anti-
bodies (1:3000; Beyotime Institute of Biotechnology) for 2 h at RT. The
protein interaction was visualized with an ECL detection system (Beyo-
time Institute of Biotechnology).
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Hippocampal cultures and treatments. The hippocampi from 18-20
embryonic Sprague Dawley rats were isolated and dissociated with tryp-
sin (Gao et al., 2006). Cells were plated on coverslips coated with poly-
p-lysine in 24-well culture plates or 6-well culture plates and maintained
in NeuroBasal medium with B27 (Invitrogen). Half of the medium was
replaced with identical medium every 4 d. Cultures were kept at 37°C in
a humidified incubator with 5% CO,/95% air and used for in vitro ex-
periments after 18 —21 d in culture. After stimulation with 500 nm ADDLs
in the presence or absence of interfering peptides, cultures were har-
vested at indicated time points in cold homogenization buffer. The sam-
ples were stored at —80°C if not used immediately and sonicated for
subsequent determination of protein concentration and Western blot
analysis. Membrane fractions were prepared with the ProteoExtract kit
(Calbiochem) for subcellular proteome extraction according to the man-
ufacturer’s instructions. Biotinylated proteins were separated by incu-
bating hippocampal neurons with NeutrAvidin agarose (Thermo
Scientific) for 1 h at RT, washed 4 times with wash buffer (with complete
protease inhibitors), and eluted with sample buffer at 95°C.

For activation of EphB2, EphrinB1-Fc or Fc recombinant proteins
(R&D Systems) were dimerized with anti-human Fc antibody (Jackson
ImmunoResearch Laboratories) at a 4:1 ratio in Neurobasal medium at
room temperature for 90 min. Dimerized ephrinB1-Fc or Fc wasapplied
to cultured neurons at 2 ug/ml and incubated at 37°C for 20 min.

Immunocytochemistry and quantitative immunofluorescence. Rat pri-
mary neurons were grown on coverslips for 16—18 d. After treatment of
500 nm ADDLs in the presence or absence of interfering peptides (2.5
ug/ml) for 6 h, the neurons were rinsed with warm PBS and fixed with
4% paraformaldehyde in PBS for 10 min at RT. Coverslips were then
incubated in blocking solution (5% normal donkey serum in PBS) for 1 h
at RT and overnight at 4°C with polyclonal antibodies recognizing the
extracellular N-terminal domain of EphB2 (1:40; R&D Systems) or
GluN2B (1:200; a gift from Prof. Jian-Hong Luo, Zhejiang University) in
blocking solution for 1 h at RT and secondary antibodies conjugated to
Cy3 (1:300, goat anti-rabbit; Jackson Immunoresearch Laboratories) or
FITC (1:200, donkey anti-mouse; Jackson Immunoresearch Laborato-
ries), respectively, for 1 h at RT. After extensive washing in PBS, cells were
permeabilized with 0.3% Triton X-100 in PBS for 15 min, blocked with
5% horse serum or 5% goat serum in PBS containing 0.1% Triton X-100
for 1 h, and incubated with polyclonal antibodies to the synaptic marker
synaptophysin (1:500; Millipore) at 4°C overnight followed by donkey
anti-mouse secondary antibodies conjugated to FITC (1:200) or Cy3
(1:300) for 1 h at RT. Coverslips were rinsed extensively with PBS and
mounted with PVD-DABCO. Images were obtained with a QImaging
Rolera XR digital camera on an Olympus X81 microscope or an Olympus
FV1000 confocal microscope and analyzed with MetaMorph software as
described previously (Gao et al., 2006; Gao and Wolf, 2007).

Immunoblotting. After determination of the protein concentration,
protein samples were separated by SDS-PAGE and subsequently trans-
ferred to PVDF membranes (Bio-Rad). Membranes were blocked by 5%
nonfat milk in TBST, then incubated at 4°C overnight with the following
primary antibodies: EphB2 (1:1000; R&D Systems), GluN1 (1:1000; In-
vitrogen), GluN2A (1:800; Santa Cruz Biotechnology), GIuN2B (1:1000;
Santa Cruz Biotechnology), p-GluN2B (Y1472) (1:1000; Millipore),
p-EphB2 (Y594) (1:1000; Abcam), B-actin (1:2000; Santa Cruz Biotech-
nology), and His-tag (1:1000; Zhongshan Goldenbridge Biotechnology).
After rinses with TBST, membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (1:1000; Beyotime Institute
of Biotechnology). Protein bands were visualized with an ECL detection
system (Beyotime Institute of Biotechnology) and quantified densito-
metrically with Image] software.

Morris water maze. The water maze test took place in a round tank (1.2
m in diameter) filled with white, opaque water. The day before the task,
mice were habituated to the environment. During the training phase,
mice were allowed to swim with the platform for 90 s or until they
reached the platform, a process monitored by Anymaze software (Stoe-
ling). Animals that did not reach the platform after 90 s were gently
guided toward it. All animals were allowed to remain on the platform for
30 s. The training phase lasted for 5 d, with 4 trials each day. For testing,
the latency period for mice to find the platform was recorded 24 h after
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the last training session from a starting position different from the last
starting position used during the training phase.

Fear conditioning. Contextual and tone-dependent fear conditioning
was performed in an automated system (Med Associates) and consisted
of a single exposure to a context (3 min) followed by a 30 s tone (10 kHz;
75 dB SPL) and a foot shock (2 s; 0.7 mA; constant current) as described
previously (Gao et al., 2011). Context-dependent freezing was measured
24 h later every 10 s over 180 s by two observers unaware of the experi-
mental conditions and expressed as a percentage of the total number of
observations. Freezing to the tone was similarly scored every 5 s in a novel
context during a 30 s exposure.

Cannulation and injections. APP/PS1 transgenic mice and WT mice
were implanted bilaterally with cannulae into the dorsal hippocampus.
Injections were delivered bilaterally (0.25 ul/side) over a 30 s period at
the indicated doses and times relative to the behavioral task. The cannula
position was determined for each mouse by methylene blue injection
after the end of experiments and only data obtained from mice with
correctly inserted cannulae were analyzed.

Statistical analysis. Water maze data were analyzed by repeated-
measures ANOVA followed by post hoc Student—Newman—Keuls (SNK)
multiple comparisons. Other behavior tests and biochemical data were
analyzed with one-way ANOVA followed by the SNK, least-significant
difference (LSD, for equal variances), or Dunnett’s T3 (for unequal vari-
ances) for multiple comparisons. Differences were considered significant
when p < 0.05. Data are shown as the mean values = SEM.

Results

ADDLSs reduce total and surface expression of EphB2 and
surface expression of GluN2B-containing NMDA receptors in
cultured hippocampal neurons

To develop small interfering peptides capable of blocking the
interaction between EphB2 and soluble AB oligomers to exert
neuroprotective effects on APP/PS1 transgenic mice based on
the interaction sites of EphB2 on soluble AB oligomers, we first
made synthetic AB1-42 peptides into ADDLs. The oligomeric
nature of ADDLs had been investigated by Western blot analysis
and size exclusion chromatography in our previous work (Hao et
al., 2015). Then, the effects of prepared ADDLs in cultured hip-
pocampal neurons were confirmed by detecting the total and
surface expression of EphB2 and NMDA receptors. Primary neu-
ronal cultures were treated with freshly prepared ADDLs (500
nm) for 0, 1, 3, 6, and 24 h. Subsequently, total and surface pro-
teins were extracted using the ProteoExtract kit and subjected to
immunoblotting analysis. Data displayed in Figure 1A indicated
that both the total and the surface expression of EphB2 decreased
after 3 h of treatment, with the protein levels reduced to a mini-
mum at 6 h (T-EphB2: n = 6 in each group, F(s 55, = 4.954,p =
0.002; S-EphB2: n = 5 in each group, F s .5, = 15.506, p = 0.031)
(Fig. 1A). As for NMDA receptors, surface expression of GluN2B
and GluN1 showed similar changes as that of EphB2 after the
treatment of ADDLs (S-GluN2B: n = 8 in each group, Fs 45, =
21.041,p = 0; S-GluN1: n = 4in each group, F 5 ;) = 26.392,p =
0.014), but the total amount of GluN2B and GIluN1 was not
changed (T-GluN2B: n = 8 in each group, Fs 4,y = 0.125,p = 1;
T-GluN1: n = 4 in each group, F(5 ,,) = 0.019, p = 0.996; Fig.
1B,C). Given that the surface expression of GluN2B-containing
NMDA receptors is correlated with their phosphorylated level at
Y1472 of GluN2B (Salter and Kalia, 2004 ), we also measured the
phosphorylated (pY1472) level of GluN2B. As expected, the im-
munoblotting results presented in Figure 1B indicated that
ADDLs decreased the pY1472 of GluN2B as well (pY1472: n =5
in each group, F(5 ,4) = 3.197, p = 0.002). In contrast, neither the
total or the surface expression of GluN2A was affected by ADDLs
(T-GluN2A: n = 3 in each group, F(5 5, = 1.017, p = 0.694;
S-GluN2A: n = 4 in each group, F(s ;,, = 0.086, p = 0.989; Fig.



11962 - ). Neurosci., November 23,2016 - 36(47):11959-11973

Shi et al. @ Blocking EphB2—ADDL Interaction by Pep63 in AD

A S « B
R s koa X o
S-EphB2 @qu- — p-GIuN2B ' : pr
T-EphB2 | SN S S o — -
B -Actin -
B -Actin ------l
— 1.2- < 5
° W S-EphB2 [ T-EphB2 = [ p-GIuN2B El S-GIuN2B ®
'g‘ 1.0 S 1.21 3 T-GIuN2B 1.2 £
et ® * 3 1.0 )
% 0.8" ok 0, %
* * 0.8 W
't 0.6 * E &
& N 0.6 u
2 0.4 = |
E (? 0.4 %
g % 2 .2 :“
o o |
e S R N N RN g 0 i
N W
S Q\@ S S o S
C o D -
Q
Qo N N
® 0\& NS o < '\} kDa N ) e
100 250
-100 55
-55 . . i
B -Actin |~~.... BrActin | NI S S - -
o 2
‘g 1.0 £ 1.0
o [&]
o 089 T 0.8-
o O
L 0.6 * * w064
c £
S 04 I £ 04
= S
Z 0.2 z 0.2-
© 0.0 © 0.0- N
& \\ A > > > (o) N N X X
S &o ENMEN S N & & N 5 S N
E Q F Q
o & s & o
()0 0@ ;{{\ “.;(\ S ‘Lb‘ kDa ()o QQ '{0 “.;Q ‘80 ‘\} kDa
” " T 130 250
S-EphB2 \ ~P “ S-GIluN2B D o o— - —
1.2- 1.2-
1.0 1.0-
[} o
8 0s g9
",3: E i exs '0;- E 0.8+ o
o ™ 0.6- “m g
5 S 0.4 s 3 044
2 Ee
0.2- 0.2-
0.0- vq— 0.0- .
Qo o
00 \{_, N o q’b‘ ,»b.
Q

Figure 1.  ADDLs reduce total and surface expression of EphB2, as well as surface expression of GluN2B-containing NMDA receptors in cultured hippocampal neurons. 4, Effect of ADDLs on the
expression of EphB2. Both the total and surface expressions of EphB2 were decreased. B, Effect of ADDLs on expression of the GIUN2B receptor. The surface expression of GIuN2B and the
phosphorylated level of GIUN2B at Y1472 were reduced, whereas the total expression of GIuN2B was not changed. C, Effect of ADDLs on expression of (Figure legend continues.)
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1D). To verify the accuracy of this subcellular extraction method,
we further applied a biotinylation assay to detect the effects of
ADDLs on the surface expressions of both EphB2 and GluN2B
and the results were consistent with those in Figure 1, A and B,
showing that both the surface expression of these two proteins
decreased after 3 h of ADDL exposure, with the protein levels
reduced to a minimum at 6 h (S-EphB2: n = 4 in each group,
F(s,.18) = 15.763, p = 0; S-GluN2B: n = 3 in each group, F(5 ,,), =
5.273, p = 0.002; Fig. 1E,F). Together, these results confirmed
that the ADDLs prepared in our laboratory possessed adverse
effects in cultured hippocampal neurons by decreasing the total
and surface expression of EphB2, as well as the surface expression
of GluN2B-containing NMDA receptors.

Determination of the binding sites of the EphB2 FN domain
with ADDLs

We subsequently characterized the interaction between EphB2
and ADDLs. We first performed a coimmunoprecipitation test
by applying total hippocampal lysates mixed with ADDLs. As
shown in Figure 2A, ADDLs were found to be coimmunopre-
cipitated with EphB2 from homogenates of the hippocampus,
indicating that the ADDLs prepared in our laboratory could
interact with EphB2. In addition, we performed coimmuno-
precipitation experiment with primary cultures, which was
bound with ADDLs followed by a wash, and obtained the same
result (data not shown). Given that the FN domain of EphB2
has been shown to be critical for its interaction with A oli-
gomers (Cissé et al., 2011a), we next determined the interac-
tions between ADDLs and the EphB2 FN domain (FN for
short). For this purpose, FN was expressed and purified from
Escherichia coli, then subjected to formaldehyde-mediated
chemical cross-linking after incubation with ADDLs at RT for
30 min. Formaldehyde cross-linking, which is largely depen-
dent on the number and physical location of lysine residues
within the interacting surfaces of proteins, is an effective
method to study protein—protein interaction. Here, we ap-
plied a short incubation time (15 min) to limit this breadth of
cross-linking largely to prevent or avoid significant target-
complex recovery losses associated with insolubility and pre-
cipitation. Data presented in Figure 2B clearly showed that
ADDLs cross-linked with FN to form a single band with a
molecular weight larger than 25 kDa, which reacted with both
anti-His tag antibodies and anti-B amyloid and 1-16 (6E10)
antibodies, suggesting that ADDLs interacted directly with FN
to form complexes. To further determine which residues of the
FN domain mediated the binding of ADDLs, ADDLs were
incubated with a cellulose membrane containing an array of
synthetic 10-mer peptides that were designed to represent the
FN domain in an overlapping arrangement (with a 3 aa shift).
Dot blotting analysis showed that there were many positive
spots, of which four (indicated by arrows in Fig. 2C) were
considered potential binding regions because these spots were
stained strongly and/or had weak neighboring spots. The pep-
tides represented by these spots were named Pep21, Pep25,

<«

(Figure legend continued.)  the GluN1 receptor. The surface expression of GluN1 was reduced,
but the total expression of GluNT was not changed. D, Effect of ADDLs on expression of the
GluN2A receptor. Neither the total or the surface expression of GluN2A was changed. E, ADDLs
reduce surface expression of EphB2 with surface biotinylation assay in cultured hippocampal
neurons. F, ADDLs reduce the surface expression of GluN2B with surface biotinylation assay in
cultured hippocampal neurons. *p << 0.05, **p << 0.01, ***p << 0.001 compared with control
(Con). Data are presented as mean = SEM.
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Pep32, and Pep63. The corresponding peptide sequences are
shown in Figure 2D.

Pep63 effectively interferes with EphB2-ADDL interaction
To obtain interfering peptides capable of effectively blocking
EphB2-ADDL interaction, four peptide candidates, Pep21,
Pep25, Pep32, and Pep63, were synthesized and tested for their
ability to inhibit the binding between EphB2 and ADDLs.
First, we determined the effect of the presence of these pep-
tides on the coimmunoprecipitation of ADDLs with EphB2
from homogenates of the hippocampus. The results of com-
petitive binding analysis showed that both Pep32 and Pep63
could block the EphB2—-ADDL interaction much more effec-
tively than the other synthetic peptides, with the former
slightly weaker than the latter (decreased by approximate 60%
and 70% compared with positive controls, respectively; n = 3
in each group, F5,,, = 9.105, p = 0.001 for Pep63 and p =
0.003 for Pep32; Fig. 3A). We next investigated the protective
effects of theses peptides on ADDL-induced dysfunction in
cultured hippocampal neurons by detecting the surface ex-
pression of EphB2. ADDLs (500 nM) and synthetic peptides
(2.5 pg/ml) with approximately the same mass concentration
were coincubated in hippocampal neurons for 6 h. Then the
surface proteins were extracted and subjected to immunoblot-
ting analysis. Compared with control cells, ADDLs signifi-
cantly decreased the membrane expression of EphB2.
Treatment with Pep32 and Pep63, both of which could effec-
tively block the interaction between EphB2 and ADDLs, led to
aremarkable enhancement in the surface expression of EphB2
(n = 3 in each group, F(s 50, = 35.2, p = 0 for Pep32 and p =
0.009 for Pep63; Fig. 3B). In contrast, Pep21 and Pep25, which
could not notably inhibit the binding of EphB2 and ADDLs,
exhibited a poorly protective effect (n = 3 in each group,
Fis.50) = 35.2, p = 0.967 for Pep21 and p = 0.869 for Pep25).
According to the results described above, Pep63 was selected
as the interfering peptide to investigate its neuroprotective
effects both in vitro and in vivo.

We further attempted to determine the optimal concentration
of Pep63 to obtain a neuroprotective effect on cultured hip-
pocampal neurons. Hippocampal neurons were exposed to
ADDLs (500 nMm) and different concentrations (1.25, 2.5, and 5
ug/ml) of Pep63 for 6 h, after which the surface expression of
EphB2 was examined. Pep63 significantly rescued the decreased
protein levels of EphB2 at all tested concentrations, with the pro-
tective effect reaching a maximum at the concentration of 2.5
pug/ml (n = 5 in each group, F(5 5, = 12.83, p = 0; Fig. 3C).

In addition, we investigated the impacts of Pep63 on the
activation of EphB2 by detecting the phosphorylated level of
EphB2 at pY594 because EphB2 activation can regulate
NMDA receptor surface and synaptic localization (Salter and
Kalia, 2004). First, we determined whether Pep63 itself could
activate EphB2 and results showed that the pY594 of EphB2
did not change upon Pep63 treatment in the cultured hip-
pocampal neurons (n = 4 in each group, F(, 4,y = 0.590, p =
0.470; Fig. 3D). Second, we investigated whether Pep63 could
block the activation of EphB2. We applied ephrinB1 fused
with the Fc portion of Ig molecule, which allows ephrinB1 to
be dimerized with an anti-Fc antibody to activate EphB2. Cul-
tured hippocampal neurons were treated with dimerized
ephrinB1-Fc. As a control, we treated neurons with dimerized
Fc alone, which without ephrinB1 attached would not activate
EphB2. It was found that the pY594 of EphB2, compared with
the control group, increased significantly after treatment
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Identification of the binding sites of the EphB2 FN domain on ADDLs. 4, Prepared ADDLs coimmunoprecipitate with EphB2 from homogenates of the hippocampus. First, 500 g of

lysate was incubated with ADDLs (22.5 1.q) overnight at 4°C with 4 g of anti-3 amyloid and 1-16 (6E10) monoclonal antibodies (Covance) added. Coimmunoprecipitation was performed
according to the Catch and Release kit (Millipore) as described in the user's manual. Samples were subjected to SDS-PAGE followed by immunoblotting analysis using anti-EphB2 antibodies. B,
Immunoblot results of the formaldehyde-mediated in vitro cross-linked products of ADDLs and FN. ADDLs (0.5 mg/ml) and FN (0.5 mg/ml) were mixed and incubated at RT for 0.5 h before the
addition of formaldehyde. After the reaction was quenched by Tris-HCl (0.5 ), the cross-linked samples were subjected to SDS-PAGE and immunoblotting analysis. C, In vitro peptide scan of potential
ADDL-interacting sites in the EphB2 FN domain. Overlapping 10-mer peptides with 3 aa shifts derived from the EphB2 FN domain were synthesized on cellulose membranes. Numbers denote the
identity of the first and the last peptide of each line of the peptide array. The membrane was incubated with ADDLs and the bound protein was visualized immunologically using the 3 amyloid and
1-16 (6E10) monoclonal antibodies. Dark spots represent the peptides that had bound to ADDLS. Four spots as indicated by arrows were considered as potential binding regions. D, Peptide

sequences of Pep21, Pep25, Pep32, and Pep63, respectively.

with ephrinB-Fc in the absence of Pep63 (1 = 3 in each group,
F,6) = 27.872, p = 0.002) and the presence of the Pep63 did
not alter the pY594 of EphB2 (p = 0.093; Fig. 3E). These
results suggest that Pep63 does not affect the activation of
EphB2.

It has been demonstrated that EphB2 interacted with the GluN1
subunit of NMDA receptors and this interaction occurred at the cell
surface (Dalva et al., 2000). Because Pep63 could rescue the de-
creased surface expression of EphB2 induced by ADDLs in the
cultured hippocampal neurons, we wondered whether the EphB2—

GluN1 interaction would be reduced by ADDLs and if such dis-
ruption would be prevented by Pep63. To find out, cultured hip-
pocampal neurons were subjected to ADDLs (500 nM) for 6 h in the
presence or absence of Pep63 (2.5 ug/ml) and then the interaction
between EphB2 and GluN1 was determined by coimmunoprecipi-
tation. We found that ADDLs indeed reduced the binding amount
of GluN1 with EphB2 (n = 3 in each group, F;4 = 12.621,p =
0.001). Pep63 significantly rescued the decreased GluN1-EphB2 in-
teraction (n = 3in each group, F; g) = 20.968, p = 0.011) and Pep63
itself had no effect on the interaction between EphB2 and GluN1
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Figure 3.  Pep63 effectively interferes with the EphB2—ADDL interaction. 4, Results of coimmunoprecipitation of ADDLs with
EphB2 from hippocampus homogenates in the presence of Pep21, Pep25, Pep32, and Pep63, respectively. Pep32 and Pep63 were
found to block the EphB2—ADDL interaction much more effectively than the other synthetic peptides, with the latter being slightly
more effective than the former. B, Effect of Pep21, Pep25, Pep32, and Pep63 on the decreased surface expression of EphB2 induced
by ADDLs in cultured hippocampal neurons. Treatment with Pep32 and Pep63 remarkably rescued the reduced surface expression
of EphB2, with Pep63 displaying the best protective effect. (, Identification of the optimal neuroprotective concentration of Pep63
in cultured hippocampal neurons. Pep63 was found to rescue the decreased protein levels of EphB2 induced by ADDLs significantly
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(p = 0.603; Fig. 3F). These results demon-
strate the specific role of Pep63 in blocking
the EphB2-ADDL interaction. The amino
acids identical to Pep63 in FN are not in-
volved in the interaction of EphB2 with
GluN1.

Pep63 rescues the decreased total and
surface expression of EphB2 and the
surface expression of GluN2B-
containing NMDA receptors induced
by ADDLs in cultured hippocampal
neurons

Next, the neuroprotective effect of Pep63
(2.5 pg/ml) against ADDL treatment in
cultured hippocampal neurons was inves-
tigated. We first studied the protective ef-
fect of Pep63 on the total and surface
expression of EphB2, both of which were
significantly reduced by ADDLs. After
treatment with Pep63 for 6 h, the surface
expression of EphB2 was rescued by ap-
proximately 2-fold (S-EphB2: n = 5 in
each group, F; 5,y = 22.180, p = 0) and
the total amount of EphB2 in the hip-
pocampal neurons was significantly en-
hanced (T-EphB2: n = 5 in each group,
F(5.50) = 16.684, p = 0; Fig. 4A). We sub-
sequently examined the protective effect
of Pep63 on the surface expression of the
NMDA receptor subunits. The decreased
surface expression of both GluN2B and
GluN1 induced by ADDLs was remark-
ably rescued after Pep63 treatment (S-
GluN2B: n = 6 in each group, F; 35 =
33.020, p = 0; S-GluN1: n = 4 in each
group, F;,,) = 22.470, p = 0.029; Fig.
4B). The decreased pY1472 of GluN2B
was rescued by Pep63 as well (pY1472:
n = 5in each group, F; ,,, = 21.585,p =
0.004; Fig. 4B).

In addition to immunoblotting analysis,
immunofluorescence analysis was applied
to confirm the neuroprotective effect of
Pep63 on EphB2 and NMDA receptor traf-
ficking. Cultured hippocampal neurons
were double stained with N-terminal EphB2

<«

at all concentrations tested; its maximal protective effect was
found at a concentration of 2.5 ug/ml. D, Detection of the
phosphorylated level of EphB2 at pY594 upon Pep63 treat-
ment for 6 h. The pY594 of EphB2 in cells treated with Pep63
was comparable to that of control cells. E, Detection of the
impacts of Pep63 on the activation of EphB2 by ephrinB1-Fcin
cultured hippocampal neurons. F, Pep63 prevents the disrup-
tion of the EphB2—GluN1 interaction induced by ADDLSs. EphB2
immunoprecipitation from cultured hippocampal neurons re-
vealed that the dissociation of EphB2/GIuNT complexes upon
ADDLs treatment was restored by exogenous Pep63. **p <
0.01, ***p < 0.001 compared with the control group (Con).
#p < 0.05, ##p < 0.01, #iHp << 0.001 compared with the
ADDL group. Data are presented as mean = SEM.
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Figure4. Pep63 rescues the decreased total and surface expression of EphB2 induced by ADDLs in cultured hippocampal neurons. A, Pep63 rescues the decreased total and surface expression of
EphB2induced by ADDLs. B, Pep63 rescues the decreased surface expression of GluN2B-containing NMDA receptors induced by ADDLSs. The reduced phosphorylated GluN2B at pY1472 was improved
as well. C, Double staining against N-terminal surface EphB2 (S-EphB2, red) and synaptophysin (Syn, green) showed that treatment with Pep63 (2.5 wg/ml) (Figure legend continues.)
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Pep63 rescues the decreased surface and synaptic expression of GIuN2B receptor induced by ADDLS in cultured hippocampal neurons. A, Double staining against N-terminal surface

GluN2B (S-GIuN2B, green) and synaptophysin (Syn, red) showed that treatment with Pep63 (2.5 r.g/ml) rescued both the decreased total surface (green) and synaptic (yellow) expression of GIuN2B
induced by ADDLs. No change in synaptophysin was observed. Scale bars: top three panels, 70 wm; bottom panel, 10 wm. B, Quantitative analysis of the total surface GluN2B area. €, Quantitative
analysis of the synaptic GluN2B area. Error bars indicate SEM from at least three independent experiments with 25 cellsimaged per experimental condition in each experiment. **p < 0.01, ***p <
0.001 compared with the control group (Con); #p << 0.05, ##p << 0.01, ###p << 0.001 compared with the ADDL group. Data are presented as mean = SEM.

<«

(Figure legend continued.)  rescued both the decreased total surface (red) and synaptic (yel-
low) expression of EphB2 induced by ADDLs (500 nw, 6 h). No change in synaptophysin was
observed. Scale bars, top three panels, 70 p.m; bottom panel, 10 um. D, Quantitative analysis
of the total surface EphB2 area. E, Quantitative analysis of the synaptic EphB2 area. Error bars
indicate SEM from at least three independent experiments with 25 cellsimaged per experimen-
tal condition in each experiment. ***p << 0.001 compared with the control group (Con). #p <
0.05, ##p << 0.01, ###p < 0.001 compared with the ADDL group. Data are presented as
mean = SEM.

(surface EphB2, S-EphB2) and synaptophysin (Syn, a presynaptic
marker). Our data showed that Pep63 (2.5 ug/ml, 6 h) rescued both
the decreased surface and synaptic expression of EphB2 induced by
ADDLs (500 nMm, 6 h; S-EphB2: F; 55y = 15.126, p = 0; synaptic
EphB2: F; ;04) = 12.186, p = 0.007; Fig. 4C-E). Similar results were
obtained for the surface (S-GluN2B) and synaptic expression of
GIuN2B (S-GluN2B: F; o4 = 13.935, p = 0.002; synaptic GluN2B:
F5.104) = 6.185,p = 0.018; Fig. 5A—-C). These data further demonstrate
that Pep63 can improve the decreased surface expression of EphB2 and
GluN2B-containing NMDA receptors induced by ADDLs.
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Pep63 improves impaired learning and memory in APP/PS1 transgenic mice. A, APP/PS1 transgenic mice (APP) and WT mice were implanted with double cannulae targeting

the dorsal hippocampus and bilaterally injected with Pep63. B, Pep63 (50 and 100 ng) significantly improved the impaired context-dependent fear memory in APP/PS1 transgenic mice
compared with WT mice. C, Pep63 (100 ng) significantly improved the impaired tone-dependent fear memory in APP/PS1 transgenic mice compared with WT mice. D, After training,
APP/PS1 transgenic mice injected with Pep63 took less time to reach the platform than that of vehicle mice. E, Representative routes to reach the platform. The latency to first reach the
platform was recorded 24 h after the last training session. F, APP/PS1 transgenic mice injected with vehicle took longer time to reach the platform compared with WT mice injected with
vehicle, while mice injected with Pep63 took less time than those injected with vehicle. *p << 0.05, **p << 0.01, ***p << 0.001 compared with the WT vehicle group; #p << 0.05, ###p <
0.001 compared with the APP vehicle group. Data are presented as mean == SEM.
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Pep63 improves impaired learning and memory in APP/PS1
transgenic mice

To determine whether blocking the interaction between EphB2
and ADDLs reverses learning and memory deficits in APP/PS1
transgenic mice, Pep63 (20 ng/0.25 ul/d or 100 ng/0.25 ul/d) or
ACSF vehicle was injected bilaterally into the dorsal hippocam-
pus of 6-month-old APP/PS1 transgenic mice and WT mice for
5 d (Fig. 6A). The fear-conditioning test was applied to detect the
protective effect of different concentrations of Pep63. As indi-
cated in the Figure 6, B and C, both the context- and tone-
dependent memories were shown to be impaired in 6-month-old
APP/PS1 mice. Pep63 of high concentration significantly rescued
both the impaired context-dependent fear memory (n = 8 in
each group; Fs 5, = 15.053, p = 0) and tone-dependent fear
memory (n = 8 in each group; F;55,) = 2.352, p = 0.011) in
APP/PS1 mice. However, Pep63 at a low concentration only sig-
nificantly improved the impaired context-dependent fear mem-
ory (p = 0), but failed to display the same protective effect on the
tone-dependent fear memory (p = 0.145) in APP/PS1 mice.
These results demonstrate that Pep63 can improve both the
hippocampus-dependent and amygdala-dependent memory loss
and the protective effects are concentration dependent. There-
fore, a high concentration of Pep63 (100 ng/0.25 ul/d) was used
in the subsequent tests.

After being injected with Pep63 or ACSF for 5 d, all the ani-
mals were trained in the Morris water maze test. After the second
trial day, Pep63 had no significant effect on the behavior of the
WT mice in the acquisition task (Fig. 6D). In contrast, APP/PS1
transgenic mice injected with vehicle spent much more time in
reaching the platform compared with WT mice, whereas APP/
PS1 transgenic mice injected with Pep63 were almost indistin-
guishable from the WT mice in the acquisition task (Fig. 6D). On
the test day, vehicle-injected, but not Pep63-injected, APP/PS1
transgenic mice took longer to reach the original platform loca-
tion than vehicle-injected WT controls (n = 8 in each group,
F45 = 17.376, p = 0.025), whereas the Pep63-injected WT
mice performed similarly to vehicle-injected WT mice (p =
0.968; Fig. 6 E, F).

In addition, we examined the protective effect of Pep21, which
could not effectively block the interaction between EphB2 and
ADDLs, on the impaired learning and memory of APP/PS1 trans-
genic mice. As expected, unlike Pep63, Pep21 failed to display a
protective effect (data not shown).

Pep63 rescues the decreased total and surface expression of
EphB2 and the surface expression of GluN2B-containing
NMDA receptors in the hippocampus of APP/PS1 transgenic
mice

To further confirm that the protective effect of Pep63 on APP/
PS1 transgenic mice is due to blocking the interaction between
EphB2 and ADDLs, we first measured the expression of total and
surface EphB2 in the hippocampus of APP/PS1 transgenic mice
and WT mice. As indicated in Figure 7, A and B, the decreased
total and surface expression of EphB2 were significantly rescued
by Pep63 in APP/PS1 transgenic mice (T-EphB2: n = 4 in each
group, F; 1) = 3.347, p = 0.047; S-EphB2: n = 5 in each group,
F5,15 = 5.319, p = 0.006). We next examined the surface expres-
sion of NMDA receptors in the hippocampus. Similarly, Pep63
remarkably rescued the reduced surface expression of GIuN2B in
APP/PS1 transgenic mice (n = 5 in each group, F ,,, = 4.181,
p = 0.013; Fig. 7C). Consistently, the decreased pY1472 of
GluN2B was obviously rescued as well (n = 5 in each group,
Fi,15 = 4.01, p = 0.013; Fig. 7D). As expected, Pep63 had a
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similar protective effect on the decreased surface expression of
GluN1 (n = 7 in each group, F(; ;) = 14.538, p = 0.002), but had
no effect on the expression of GIuN2A (n = 7 in each group,
F3.18 = 0.177, p = 0.719; Fig. 7F), supporting our finding that
ADDLs did not affect the surface expression of GluN2A in cul-
tured hippocampal neurons (Fig. 1D). These results suggest that
the reduced total and surface expression of EphB2 and the surface
expression of GluN2B-containing NMDA receptors in the hip-
pocampus, which are relevant to memory loss in APP/PS1 trans-
genic mice, can be significantly rescued by Pep63.

Discussion

Overall, we demonstrated that Pep63, a 10-mer peptide that ef-
fectively blocked the EphB2-ADDL interaction, represents a
novel therapy against AD via improving impaired memory defi-
cits, as well as the expression of EphB2 and surface GluN2B-
containing NMDA receptors in the hippocampus of APP/PS1
transgenic mice. We also found that Pep63 prevented ADDL-
induced dysfunction of GluN2B-containing NMDA receptor
trafficking by improving EphB2 expression and the subsequent
effect on GluN2B phosphorylation. Our studies suggest that
blocking the EphB2—-ADDL interaction with a small peptide
could be sufficient to rescue the cognitive dysfunction in AD.
This may be a promising strategy for AD treatment.

Potential therapies targeting the interaction of Af3 oligomers
and EphB2 in AD

It is accepted that ADDLs play a prominent role in triggering the
early cognitive deficits that constitute AD. Drugs in the former
category are designed to inhibit 8- or y-secretase, which releases
A from its precursor (Citron, 2010; De Strooper et al., 2010;
Golde et al.,, 2011). Although Notch-sparing -y-secretase inhibi-
tors or B-secretase (BACE]) are still in trials, some clinical trials
have been stopped because of side effects that worsen cognitive
impairment (Schor, 2011; Huang and Mucke, 2012). Efforts to
lower A levels using an active immunization trial in humans
were also stopped due to immunopathological side effects (Gil-
man et al., 2005; Huang and Mucke, 2012).

Several other experimental strategies have been identified to
prevent or reverse hAPP/AB-dependent neuronal and cognitive
impairments in transgenic mice, including reversal of EphB2 ex-
pression (Cissé et al., 2011a; Geng et al., 2013). These studies
show that AB oligomers bind to the FN repeats domain of EphB2
and trigger EphB2 degradation in the proteasome. Increasing
EphB2 expression in the dentate gyrus of hAPP transgenic mice
reversed the deficits in NMDA-receptor-dependent memory im-
pairments. Depletion of EphB2 is critical in AB-induced neuro-
nal dysfunction. Increasing EphB2 levels or function could be
beneficial in AD. Therefore, targeting AS oligomers and the
EphB2 interaction and the subsequent biological cascades could
be a potential therapy.

Full-length EphB2 contains a ligand-binding domain, a
cysteine-rich region, an FN domain, a transmembrane region, a
tyrosine kinase domain, a sterile a-motif domain, and PSD95,
DLG, and ZO1 (PDZ) domains. The FN domain of EphB2, which
consists of 203 aa residues, has been demonstrated to be critical
for its interaction with AB oligomers (Cissé et al., 2011a). We
used a peptide array method to find four 10-mer peptides, Pep21,
Pep25, Pep32, and Pep63, that were designed to represent the FN
domain and could mediate the binding with ADDLs. Among
them, Pep63 effectively interfered with the EphB2-ADDL inter-
action and affected the levels of EphB2, the phosphorylation of
GluN2B, and the surface expression of GluN1/GluN2B.
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Figure7. Pep63 rescues the decreased total and surface expression of EphB2 and the surface expression of GluN2B-containing NMDA receptors in the hippocampus of APP/PS1 transgenic mice.
A, Pep63 significantly rescued the reduced total expression of EphB2 in APP/PS1 transgenic mice (APP). B, Pep63 significantly improved the surface expression of EphB2 in APP/PS1 transgenic mice.
C, Pep63 strikingly rescued the reduced surface expression of GIuN2B subunits in APP/PST transgenic mice. D, Pep63 significantly enhanced the (Figure legend continues.)
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EphB2- and NMDA-receptor-dependent synaptic plasticity
dysfunction in AD

NMDA receptors are important in synaptic plasticity (Col-
lingridge et al., 2004; He et al., 2014). Several studies have dem-
onstrated that AB oligomers downregulate the function of
NMDA receptors and associated signaling molecules and impair
both synaptic plasticity and glutamatergic transmission. Surface
expression of GluN1 in cortical neurons is found to be reduced by
AP via the activation of the -7 nicotinic receptor and the ty-
rosine phosphatase STEP (Snyder et al., 2005). Accordingly, the
levels of GluN1 and GluN2B subunits are reduced in the hip-
pocampus in AD patients (Ikonomovic et al., 1999; Sze et al.,
2001). In addition, hAPP transgenic mice carrying high brain
levels of AB oligomers have decreased phosphorylation levels of
GIuN2B in the hippocampus (Palop et al., 2005). However, little
is known about the mechanisms by which A oligomers exert
their neurotoxic effects. GluN2B phosphorylation at Y1472 is
important for GluN1/GluN2B trafficking to the cell member,
which plays an important role in NMDA-receptor-dependent
synaptic plasticity. Our results confirmed that ADDLs decreased
GluN2B phosphorylation and the surface expression of GluN2B-
containing NMDA receptors, whereas GluN2A was not affected.
Similar results were obtained in APP/PS1 transgenic mice. Pep63
could significantly improve GluN2B phosphorylation and the
surface expression of GluN2B-containing NMDA receptors. This
indicates that EphB2 is involved in the dysfunction of the traf-
ficking of GluN2B-containing NMDA receptors and synaptic
plasticity in AD.

EphB2 expression was also found to be decreased in human
AD patients and hAPP transgenic mice (Simén et al., 2009).
Upon treatment with A3 oligomers, the expression of EphB2 in
mature hippocampal neurons was lowered by 60% (Lacor et al.,
2007). EphB2 can regulate the influx of NMDA-receptor-
dependent Ca®" and the downstream transcription factors in-
volved in LTP formation (Takasu et al., 2002). Mice lacking
EphB2 have impaired NMDA-receptor-dependent LTP and
memory deficits (Grunwald et al., 2001; Henderson et al., 2001).
In mature neurons, EphB2 can enhance the localization of
GluN2B-containing NMDA receptors at synapses (Nolt et al.,
2011). Furthermore, the gene-targeted depletion of endogenous
EphB2 by shRNA reduced the surface levels of the GluN1 sub-
units of NMDA receptors in primary neurons and impaired the
currents of NMDA receptors and LTP in nontransgenic mice
(Cissé et al., 2011a). Conversely, peptide EphB2/CTF2 overex-
pression remarkably increased the surface localization of GluN1
in cell lines and primary neurons (Xu et al., 2009). In addition,
increasing EphB2 expression drastically improved the activity of
LTP and NMDA receptors in hAPP transgenic mice (Cissé et al.,
2011a). In the present study, the EphB2—GluN1 interaction was
reduced by ADDLs and such disruption could be prevented by
Pep63 via preserving the expression of EphB2. EphB2 may exert
its effect via phosphorylation of Y1472 at GIuN2B due to its ty-
rosine kinase activity (Salter and Kalia, 2004). Our results further
demonstrated that blocking the interaction between EphB2 and
ADDLs by Pep63 (which could preserve the expression of EphB2)

<«

(Figure legend continued.)  phosphorylated levels of GluN2B at pY1472in APP/PST transgenic
mice. E, Pep63 remarkably rescued the reduced surface expression of GluN1 subunits in APP/PS1
transgenic mice. F, Surface expression of GluN2A subunits was not changed and Pep63 had no
effect on their surface expression in APP/PS1 transgenic mice. *p << 0.05, **p << 0.01,***p <
0.001 compared with the WT vehicle group; #p << 0.05, ##p << 0.01 compared with the APP
vehicle group. Data are presented as mean = SEM.
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and the subsequent phosphorylation of GluN2B at Y1472 would
improve GluN2B-containing NMDA receptor trafficking. In
contrast, a very recent study showed that the protective effect of
EphB2 depends on its PDZ-binding motif and association with
GluA2, but not on its kinase activity (Miyamoto et al., 2016). The
effect of Pep63 on the regulation of AMPA receptors should be
studied further.

Role of EphB2 in memory deficits and anxiety in AD

In the present study, we first found that Pep63, which could block
the interaction between EphB2 and ADDLs, improved impaired
learning and memory in APP/PS1 mice, including spatial mem-
ory (Morris water maze) and associative learning (fear condition-
ing). The cognitive deficits in the APP/PS1 mouse model, first
described by Jankowsky et al. (2001), have been well character-
ized. Cognitive deficits have been first seen in mice at 3 months of
age in the radial arm water maze spatial working memory task
and are also reported by 6 months in the Morris water maze test
(Caoetal., 2007; Ding et al., 2008), whereas the associative learn-
ing described in fear-conditioning tasks start at 6—8 months
(Cramer et al., 2012). Both the Morris water maze and fear-
conditioning results were impaired at 6—7 months in the present
study. Interestingly, Pep63 injected into the hippocampus not
only rescued impaired context-dependent fear conditioning,
which is correlated with both the hippocampus and the amygdala
(Maren et al., 2013), but also reversed tone-dependent fear con-
ditioning. The amygdala is believed to be involved in tone-
dependent fear conditioning (Johansen et al., 2011).

Anxiety disturbances have been reported in some of the AD
mouse models (Lee et al., 2004; Cissé et al., 2011b; Murakami et
al., 2011; Filali et al., 2012). Usually, this starts early, at 3—-6
months of age, in APP/PS1 models. We also reported that
anxiety-like behaviors was found in 9-month-old APP/PS1 mice
(Hao et al.,, 2015). In the present study, we found an anxiety-like
behavior in APP/PS1 mice at 6—7 months of age (data not
shown). The EphB2-NMDA receptor interaction and down-
stream signaling in the amygdala are reportedly involved in anx-
iety (Attwood et al., 2011). It remains to be determined whether
the hippocampus—amygdala circuit participates in memory def-
icits and anxiety behaviors in AD.

In summary, Pep63, which inhibits the binding between
EphB2 and ADDLs, rescues impaired synaptic plasticity and
memory deficits viaimproving the total and surface expression of
EphB2, as well as the surface expression of GluN2B-containing
NMDA receptors in the hippocampus of APP/PSI transgenic
mice. Our studies suggest that blocking the interaction between
EphB2 and ADDLs with small peptides could be sufficient to
rescue the cognitive dysfunction in AD.
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