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Infralimbic EphB2 Modulates Fear Extinction in Adolescent

Rats
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Adolescent rats are prone to impaired fear extinction, suggesting that mechanistic differences in extinction could exist in adolescent and
adultrats. Since the infralimbic cortex (IL) is critical for fear extinction, we used PCR array technology to identify gene expression changes
in IL induced by fear extinction in adolescent rats. Interestingly, the ephrin type B receptor 2 (EphB2), a tyrosine kinase receptor
associated with synaptic development, was downregulated in IL after fear extinction. Consistent with the PCR array results, EphB2 levels
of mRNA and protein were reduced in IL after fear extinction compared with fear conditioning, suggesting that EphB2 signaling in IL
regulates fear extinction memory in adolescents. Finally, reducing EphB2 synthesis in IL with shRNA accelerated fear extinction learning
in adolescent rats, but not in adult rats. These findings identify EphB2 in IL as a key regulator of fear extinction during adolescence,
perhaps due to the increase in synaptic remodeling occurring during this developmental phase.
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Introduction

Symptoms of post-traumatic stress disorder (PTSD) can develop
in children and adolescents who have been exposed to traumatic
events, such as natural disasters, assaults, rape, and war. This
population often finds it difficult to forget their childhood trau-
mas during adulthood (Ahrens and Rexford, 2002; Berger et al.,
2007; Berger and Gelkopf, 2009). Although, a recent study
(Gilboa-Schechtman et al., 2010) showed that prolonged expo-
sure therapy can significantly improve the symptoms of PTSD in
adolescents, >30% of the adolescents continued to meet the di-
agnostic criteria for PTSD post-treatment. Since early life trau-
mas increase the probability of PTSD development after
traumatic events in adults (Koenen et al., 2007), improving the
outcomes of exposure therapy in adolescents could reduce the
development of PTSD in adulthood. Using pavlovian fear ex-
tinction (EXT) in rats to mimic exposure therapy in humans,
it was found that fear extinction memory in adolescent rats is
less robust than in adult rats (McCallum et al., 2010; Pattwell
et al.,, 2012). This finding suggests that fear extinction in
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adolescents and adults may involve different molecular
mechanisms.

Molecular changes underlying fear extinction can occur in the
amygdala, hippocampus, or medial prefrontal cortex (mPFC;
Quirk and Mueller, 2008; Mahan and Ressler, 2012; Maren et al.,
2013). Since reduced fear extinction in adolescents involves a
reduced activation of infralimbic cortex (IL; Kim et al., 2011), it is
likely that gene expression changes in IL, which mediate consol-
idation of extinction memory, may be different during adoles-
cence. However, previous studies found that fear extinction in
both adolescents and adults depends on IL signaling via NMDA
receptors (Burgos-Robles et al., 2007; Sotres-Bayon et al., 2009;
McCallum etal., 2010), mGluR5 receptors (Fontanez-Nuin et al.,
2011; Sepulveda-Orengo et al., 2013), and ERK (Hugues et al.,
2006; Kim et al., 2011), suggesting that similar mechanisms
within IL encode fear extinction in both adolescents and adults.

To identify additional mechanisms mediating fear extinction
plasticity in IL during adolescence, we first used an unbiased PCR
array approach to identify changes in synaptic plasticity-related
genes in IL induced by fear extinction in adolescent rats. Two
groups that showed normal (low freezing at the end of the extinc-
tion session) or impaired extinction (high freezing at the end of
the session) were compared to identify novel molecules critical
for fear extinction-induced plasticity. Interestingly, ephrin type B
receptor 2 (EphB2), a tyrosine kinase receptor, was downregu-
lated in IL after a successful extinction session. Although most
studies involving EphB2 are related to neuronal development
(Flanagan and Vanderhaeghen, 1998; Gao et al., 1999; Elowe et
al., 2001; Cramer et al., 2006; Kayser et al., 2006, 2008, 2011;
Nishimura et al., 2006; McClelland et al., 2010; Srivastava et al.,
2013), EphB2 also contributes to synaptic plasticity (Dalva et al.,
2000; Grunwald et al., 2001; Takasu et al., 2002; Lai and Ip, 2009;
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tal, and brains were removed and cut into 30 wm

Figure1. Identification of EphB2 as a potential marker of successful fear extinction learning in IL. A, Percentage of time that rats slices to verify cannula placement. Fluorescent

spent freezing to the tone during fear conditioning (day 1, one habituation tone plus three tone—shock pairings). B, Average
percentage freezing during the first and last two tones of extinction. Rats were divided into normal extinction learners (blue, n =
5) and impaired extinction learners (black, n = 4). Extinction training was given on day 2 and consisted of 15 tones. Both groups
were euthanized 5 h after extinction. €, Samples of brain slices after removing IL with tissue puncher. D, Relative expression of
various genes in the normal extinction group/impaired extinction group detected by a PCR array.

Antion etal., 2010; Hruska and Dalva, 2012). In addition, a recent
study (Trabalza et al., 2012) showed that the expression of one of
the EphB2 ligands, EphrinB2, is increased in the hippocampus
after contextual fear conditioning (COND), suggesting that in-
creased activation of EphB2 signaling may contribute to in-
creased fear expression. However, the role of EphB2 in fear
extinction is completely unexplored. In this study, we found that
EphB2 expression decreases after fear extinction in IL and that
reducing IL EphB2 expression facilitates fear extinction in ado-
lescent but not in adult rats. Our findings suggest that reduced
signaling via EphB2 in IL plays an important role in fear extinc-
tion memory during adolescence.

Materials and Methods

Subjects. The procedures were approved by the Institutional Animal Care
and Use Committee of the Ponce Health Sciences University School of
Medicine in compliance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Male Sprague Dawley rats (~30
or ~60 d postnatal) were transported from the Ponce Health Sciences
University colony to a satellite facility nearby where they were housed in
transparent polyethylene cages inside a negative-pressure clean room
(BioBubble, Colorado Clean Room, Ft. Collins, CO). Rats were main-
tained on a 12 h light/dark schedule with free access to food (standard
laboratory rat chow) and water.

Behavioral apparatus. Rats were fear conditioned, extinguished, and
tested in a 25 X 29 X 28 cm chamber with aluminum and Plexiglas walls
(Coulbourn Instruments). The floor consisted of stainless steel bars that
deliver a mild shock. A speaker was mounted on the outside wall, and
illumination was provided by a single overhead light. The chamber was
situated inside a sound-attenuating box (Med Associates) with a ventilating
fan that produced an ambient noise level of 60 dB. The conditioned stimulus
(CS) was a 4 kHz tone with duration of 30 s and an intensity of 80 dB. The
unconditioned stimulus (US) was a 0.44 mA scrambled footshock, 0.5 s in
duration, which coterminated with the tone during the conditioning phase.
Between sessions, floor trays and shock bars were cleaned with soapy water
and the chamber walls were wiped with a damp cloth. Behavior was recorded
with digital video cameras (Micro Video Products).

images were obtained using an Olympus light
microscope and were merged with NIS Elements
imaging software (Nikon).

PCR array and real-time PCR. IL and prelim-
bic cortex (PL) tissue was collected with a tissue
punch and stored in Allprotect Tissue Reagent
(catalog 76405, Qiagen) at —80°C. IL tissue
was lysed by pipetting. Then RNA was extracted using a RNeasy Micro
Kit (catalog 74004, QIAGEN) and stored at —80°C. This kit was used
because it has the capacity of extracting RNA from small tissue samples
such as from IL. RNA was quantified with a NanoDrop 2000 (Thermo
Scientific). A 0.2 ug sample of RNA was used for the rat synaptic plastic-
ity PCR array (PARN-126Z, SABiosciences) or was converted into cDNA
using an iScript cDNA Synthesis Kit (catalog 170-8890, Bio-Rad). was
then diluted to a concentration of 1:20. The cDNA dilution underwent
RT-PCR using iQ SYBR Green Supermix (catalog 170-8882, Bio-Rad).
EphB2 primers were purchased from SABiosciences (catalog
PPR55124A). Custom primers for B-actin and GAPDH were used as
housekeeping controls (B-actin: forward, AAGTCCCTCACCCTC-
CCAAAA; reverse, AAGCAATGCTGTCACCTTCCC; GAPDH: forward,
GATGCTGGTGCTGAGTATGT; reverse, GCGGAGATGACCCTT).

Protein analysis. IL tissue was collected and stored in RIPA buffer at
—20°C. IL tissue was lysed by pipetting, and a Bradford assay was used to
quantify protein by measuring the absorbance of our samples. One hun-
dred micrograms of protein was immunoprecipitated overnight with
rabbit anti-EphB2 antibody H-80 (1:50; sc-28980, Santa Cruz Biotech-
nology), Sepharose Protein A (PA50-00-0002) beads, and ELB buffer, as
follows: NaCl (250 mm), HEPES (50 mm), EDTA (5 mm), NP-40 (0.1%),
DTT (1 m), aprotinin, leupeptin, Pafobloc, PMSF, NaPPi, Na,VO,,
one tablet of PhosSTOP Phosphatase Inhibitor Cocktail (catalog
04906837001, Roche Life Science), and one tablet of Complete mini
Protease Inhibitor Cocktail (catalog 04693116001, Roche Life Science).
After overnight immunoprecipitation, the samples were loaded into a gel
and run at 100 V for 90 min. Then the proteins were transferred to a
membrane using the iBlot (catalog IB1001, Life Technologies). Immedi-
ately after transfer, membranes were incubated with blocking solution
containing 25 g of nonfat milk, TTBS (Tris-NaCl, 10X, and Tween 20)
for 1 h, washed, and incubated with the rabbit anti-EphB2 antibody
H-80 (1:505 sc-28980, Santa Cruz Biotechnology) or the mouse anti-
NR1 antibody (catalog 556308, BD Biosciences) overnight. The next
day, membranes were washed with TTBS. After washing, membranes
were incubated with SuperSignal West Pico Chemiluminescent Sub-
strate (catalog 34080, Thermo Scientific) to detect the protein bands.
Quantity One software from Bio-Rad was used to measure the inten-
sity of the bands.
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Immunofluorescence assay. Rat brains were
fixed in paraffin blocks and cut into 4-um-
thick slices of the medial prefrontal cortex. To
remove the paraffin, tissues were exposed to
xylene for 15 min. Tissues were dehydrated by
immersion in ethanol (100%, 95%, 80%, and
70%, respectively) for 3 min. Tissues were
washed with 10% PBS, incubated with citrate-
EDTA buffer, pH 6.0, for 40 min at 95°C, and
allowed to stand at room temperature for 20
min. Once the slides were dry, they were incu-
bated with protein block for 15 min. Tissues
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were incubated in a moist chamber overnight
at 4°C with the following primary antibodies:
anti-tubulin B III antibody (TU-20; 1:50;
ab7751, Abcam) and anti-GFP antibody (1:
2000; ab6556, Abcam). After primary antibody
incubation, tissues were washed with 10% PBS
and incubated with secondary antibodies at
room temperature in a moist, dark chamber
for 20 min. The following secondary antibodies
were used: Alexa Fluor 488 goat anti-rabbit IgG
H + L (1:100; A-11034, Invitrogen) and Cy5
AffiniPure donkey anti-mouse IgG H + L (I:
100; catalog 715-175-151, Jackson Immu-
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noResearch). Nuclei were labeled with DAPI
(D-1306; 1:50,000). Tissue images were ob-
tained using an Olympus light microscope and
merged with NIS Elements imaging software
from Nikon.

Surgery. Rats were anesthetized with isoflu-
rane and placed in a stereotaxic apparatus. Un-
der anesthesia, the skin was retracted and holes
were drilled in the skull. Rats were implanted
with dual 26 gauge stainless-steel guide cannu-
lae (Plastics One) in the mPFC as described
previously (Santini et al., 2004). Stereotaxic co-
ordinates for IL placements were 2.0 mm ante-
rior, 0 mm lateral, and 3.6 ventral from bregma
for juvenile, and 2.3 mm anterior, 0 mm lateral,
and 4.4 mm ventral from bregma for adults
(Paxinos and Watson, 1986). Coordinates for
the PL placements in juvenile rats were 2.0 mm
anterior, 0 mm lateral, and 2.6 ventral from
bregma. Rats were allowed 7 d to recover from
surgery.

Transfection and infusion of shRNA plasmids. SureSilencing shRNA
Plasmids for EphB2 were used (KR55124G, SABiosciences). This prod-
uct contained four different plasmid clones of EphB2-shRNA, each with
a 21 base sequence matching different parts of the EphB2 gene sequence
(Clone 1, ggaccttgtttataacatcat; Clone 2, tgacgtcgtatctcagatgat; Clone 3,
cgacatctcctgtgtcaagat; Clone 4, ctactactatgaggctgattt; Scramble clone, ggaatct-
cattcgatgcatac). The clones were designed using a very precise algorithm
(Zhou et al., 2006). BLAST analysis demonstrated that the 21 bases of all
four clones only displayed 100% homology with the EphB2 gene se-
quence and showed no homology with other synaptic plasticity-related
genes or members of the Eph family of receptors. The closest gene match
to any of the clones had three base mismatches (Agbll gene to clone 1)
and 2 or less base mismatches are needed for shRNA-mediated down-
regulation of other unintended genes (Naito et al., 2004; Kim et al.,
2005). The scramble clone did not have 100% homology with any gene
and the closest match had a 7 base mismatch (Erich2 gene).

All plasmids contained GFP for the identification of cells expressing
the plasmids. Plasmid clones were transformed into top 10 competent
cells (catalog C4040-03, Invitrogen) and then purified using the Endofree
Plasmid Maxi Kit (catalog 12362, QIAGEN) following the manufacturer
instructions. The EphB2-shRNA clones were mixed after normalizing their
concentration. A 0.5 ug sample of the plasmid clones was combined with
in vivo jetPEI (catalog 201-10G, Polyplus) to enhance the transfection

Cond
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IL EphB2 mRNA and protein is downregulated after fear extinction. A, C, Percentage of time that rats spent freezing
to the tone during fear conditioning (day 1, 1 habituation tone plus 3 tone—shock pairings) and extinction (day 2, 15 tones). B,
EphB2 mRNA expressed by each group (COND group, n = 7; (R group, n = 4; EXT group, n = 6). All values are relative to B-actin
and GAPDH. D, EphB2 protein expression by each group (COND group, n = 5; CR group, n = 5; EXT group, n = 6). E, Sample gels
for each group. No EphB2 band was found afterimmunoprecipitation with beads lacking EphB2 antibody (beads). Last lane shows
immunostaining for the NR1 subunit of NMDA receptors after EphB2 immunoprecipitation. Mouse anti-NR1 antibody (catalog
556308, BD Biosciences) does not detect heavy chain of rabbit anti-EphB2 antibody. Red arrow indicates the time point of eutha-
nasia. **p < 0.01, *p << 0.05. Numbers of samples are indicated in parentheses.

efficacy. In vivo jetPEI produces efficient transfection of plasmids into
nondividing cells such as neurons (Hassani et al., 2005). The 0.5 ug
sample of the plasmids was infused into IL or PL on days 2 and 3 of the
behavioral procedure before fear extinction at a rate of 0.5 pl/min.

Statistical analysis. The percentage of time spent freezing was used as a
measure of conditioned fear (Blanchard and Blanchard, 1972). Freezing
is the cessation of all movements except respiration. The total time spent
freezing during the 30 s tone was analyzed using commercial software
(FreezeScan, Clever Systems). The Student’s ¢ test or one-way ANOVA
(STATISTICA, Statsoft) were used to analyze the behavioral and bio-
chemical data. Following a significant main effect, post hoc tests were
performed with Tukey’s HSD tests. The effect of shRNA infusions on
behavior were analyzed by repeated-measures ANOVA followed by pair-
wise comparisons with Bonferroni correction (SPSS). Values are re-
ported as the mean * the SEM. The Excel-based PCR Array Data
Analysis Software from the manufacturer (SABiosciences) was used to
analyze the PCR array results.

Results

Identification of EphB2 in IL as a potential mediator of fear
extinction in adolescent rats

To identify novel molecules critical for fear extinction-induced
plasticity in IL, we first exposed a group of postnatal day 30 (P30)
rats to auditory fear conditioning on day 1 and fear extinction (15
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ence (F, ;) = 12.80, p < 0.01) and a group by trial difference
(F1.7) = 10.9, p = 0.013). Tukey’s post hoc analysis showed that
although both groups had similar levels of freezing during the
first two tones of extinction (p = 0.77), the normal extinction
group froze less to the last two tones than did the impaired ex-
tinction group (p = 0.02), indicating that the groups differed in
extinction but not fear conditioning recall.

Both groups were euthanized 5 h after the extinction fear condition-
ing. IL tissue was collected using a tissue puncher (Fig. 1C) and pooled
before RNA extraction. The 5 h time point was chosen because increases
in the expression of synaptic plasticity-related genes occur at this
time point after synaptic stimulation and behavioral training
(Hong et al., 2004; Lamprecht et al., 2009), and to allow time for
the gene expression changes needed for consolidation of the fear
extinction memory to occur. RNA was extracted from pooled IL
tissue to measure the expression of synaptic plasticity-related genes
with a single PCR array for each group. We calculated the fold
change of different genes as the mRNA expression of the normal
extinction group over the mRNA expression of the impaired extinc-
tion group. Unexpectedly, we found a 3.73-fold decrease in the IL
expression of EphB2, a gene never previously associated with fear
extinction, in the group showing nor-
mal extinction (Fig. 1D). Since this was
a single sample for each group, we could
not perform statistical analysis; how-
ever, the results provided direction for
the following experiments.

I ; Fear extinction downregulates EphB2
mRNA and protein levels in IL of
adolescent rats

To confirm and extend the results of the
PCR array, we measured the mRNA levels
of IL EphB2 with RT-PCR in three groups
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Figure 4.

Fear conditioned; R, rest.

recall tones) on day 2 (Fig. 1 A, B). Then, rats were separated post
hoc into two groups based on their average freezing in response to
the last two tones of extinction. Rats that showed <50% freezing
were placed in the normal extinction group, and rats that showed
>50% freezing were placed in the impaired extinction group.
Both groups had similar levels of freezing during the last tone of
conditioning (., = 2.36, p = 0.39), indicating a similar acquisi-
tion of fear conditioning. Repeated-measures ANOVA of the av-
erage freezing to the first and last two tones of the normal and
impaired extinction groups demonstrated a main group differ-

Reducing EphB2 synthesisin IL accelerates fear extinction. A, EphB2-shRNA (n = 12) and scramble-shRNA (n = 10)
plasmid infusions were localized to IL. B, Expression of plasmid GFP after infusion into IL. €, Percentage of time that P30 rats spent
freezing to the tone during fear conditioning (day 1, one habituation tone plus three tone-shock pairings) and five partial
extinction sessions (days 4 — 8, four tones per day). Black arrows indicate the time-point of IL infusions. *p = 0.05; #p =< 0.075.FC,

tional 35 min before euthanizing the CR
group to compensate for the difference
in the duration of the CR (7 min) and
EXT (43 min) protocols. In addition, all
euthanizations were performed ata sim-
ilar time of the day (between 3:00 and
4:00 P.M. Eastern time). After being eu-
thanized, ILs was collected for mRNA or protein analysis.
Figure 2A shows the behavior of the animals used for the
mRNA analysis. One-way ANOVA showed that all three groups
froze similarly in response to the last tone of conditioning on day
1 (COND group, 81%; CR group, 70%; EXT, 76%; F(, ,,) = 0.64,
p = 0.54). The CR and EXT groups also had levels of freezing that
were similar to those of the first extinction tone on day 2 (CR
group, 81%; EXT group, 70%; t,,, = 2.20, p = 0.49). The EXT
group showed decreased fear in response to the last tone (21%)
compared to the first tone (70%) of extinction (., = 2.18,p =
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0.004). RNA was extracted from IL tissue, 3 COND E= Conditioning Recall (CR) == EXT
and EphB2 mRNA was amplified using
RT-PCR (Fig. 2B). B-actin and GAPDH A Day 1 Day 2 B
were used as housekeeping genes (Fischer 100. : 2.0
et al., 2002; Uchida et al., 2010; Wang et <Zt
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group, 0.6; F, .4 = 4.39, p = 0.03).
Tukey’s post hoc comparisons showed that
EphB2 was significantly downregulated in
the EXT group compared with the COND
group (p = 0.03). The CR group was not
statistically different from the COND
(p =0.34) or EXT (p = 0.51) groups.

A one-way ANOVA of the behavioral
groups used to examine EphB2 protein
(Fig. 2C) showed that all three groups
froze similarly to the last tone of condi-
tioning on day 1 (COND group, 67%; CR
group, 70%; EXT group, 75%; F(, 13 =
0.10, p = 0.90). The CR and EXT groups
had similar levels of freezing to the first
extinction tone on day 2 (¢ = 2.26,p =
0.68). The EXT group showed decreased
freezing to the last tone (41%) compared
with the first tone (73%) of extinction
(tsy = 2.57, p = 0.03). Protein was ex-
tracted from IL tissue punches, and
EphB2 was immunoprecipitated and ana-

100 -

% Freezing
~ » (=]
o o o
1 1 1

N
o
I

=l Scramble-shRNA (8)

P

it

== EphB2-shRNA (9)

Fluorescence

Brightfield/Fluorescence

o
1

lyzed by Western blot analysis (Fig. 2D).
To help control for potential differences
in protein loading, we compared EphB2
expression to the IgG heavy chain [IgG
(H)] levels in each sample (Kedar et al.,
2008; Liu et al., 2008; Ushijima et al.,
2008). There was no main group differ-
ence in IgG (H) band density among
groups (F(, ;3 = 1.42,p = 0.27). One-way
ANOVA showed a main group difference
in IL EphB2 protein expression (COND
group, 0.16; CR group, 0.11; EXT group,
0.03; F, 3 = 7.07, p = 0.008). Tukey’s post hoc comparisons
showed that EphB2 was significantly downregulated in the
EXT group compared with the COND group (p = 0.007) and
showed a trend of being reduced compared with the CR group
(p = 0.079), suggesting that the reduced expression of EphB2
in IL may be important for extinction memory in adolescent
rats. The CR group was not different from the COND group
(p = 0.45).
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Figure 5.

Reducing EphB2 protein in IL accelerates fear extinction in
adolescent rats

To test whether reduced EphB2 expression in IL plays a role in
fear extinction, plasmids containing EphB2-shRNA were infused
into IL to reduce EphB2 protein levels in adolescent rats. GFP was
used to detect plasmid expression. The plasmids contain promot-
ers that allow expression in all types of cells located at the infusion
site. However, EphB2 is largely expressed in presynaptic and
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Reducing EphB2 synthesis in PL does not affect fear extinction. A, Percentage of time that P30 rats spent freezing to
the tone during fear conditioning (day 1, 1 habituation tone plus 3 tone—shock pairings) and extinction (day 2, 15 tones). Red arrow
indicates the time point of euthanasia. B, EphB2 mRNA expressed by each group (COND group, n = 8; (R group, n = 4; EXT group,
n = 6). Allvalues are relative to B-actin and GAPDH. C, EphB2-shRNA (n = 9) and scramble-shRNA (n = 8) plasmid infusions were
localized to PL. D, Expression of plasmid GFP after infusion into PL. E, Percentage of time that P30 rats spent freezing to the tone
during fear conditioning (day 1, one habituation tone plus three tone—shock pairings) and five partial extinction sessions (days
4-8, four tones). Black arrows indicate the time point of PL infusions.

postsynaptic specializations of neurons (Liebl et al., 2003; Bou-
vier et al., 2008; Attwood et al., 2012), and not by astrocytes
(Bundesen et al., 2003). Therefore, EphB2 expression will be
mainly reduced in IL neurons by the EphB2-shRNA plasmids. To
test whether EphB2-shRNA reduces EphB2 protein, the plasmids
were infused into IL of adolescent rats. Two days later, animals
were euthanized and the expression of plasmid GFP was verified
by immunohistochemistry. IL neurons expressed GEP (Fig. 3A),
indicating that they were transfected with the plasmids. In addi-
tional animals, IL tissue punches were collected 2 d after plasmid
infusion, and EphB2 protein was analyzed by immunoprecipita-
tion. Rats infused with EphB2-shRNA expressed less EphB2 pro-
tein in IL than rats infused with a scramble-shRNA (t,, = 2.78,
p = 0.02; Fig. 3B). IgG (H) did not differ between groups (., =
2.78, p = 0.24). Together, these results indicate that the EphB2-
shRNA plasmid effectively reduces EphB2 expression in IL neu-
rons 2 d after infusion.
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0 . ) COND CR EXT 0.05). This finding demonstrates that
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reducing EphB2 expression in IL facili-
tates the acquisition of fear extinction.

Prelimbic EphB2 is not important for
fear extinction in adolescent rats

Given that the PL is adjacent to the IL
and is important for fear expression
(Vidal-Gonzalez et al., 2006; Sierra-
Mercado etal., 2011), we tested the pos-
sibility that the facilitation of fear
extinction by the EphB2-shRNA was

E due to effects in PL. As shown in Figure
100 I : : : : 5A, we first measured the mRNA levels
A : : : : of PL EphB2 with RT-PCR in different

o 8¢9 o : : : : groups of rats that received the same be-
£ 60X HE : : : : havioral treatment used for Figure 2.
o P : : : : One-way ANOVA showed that all three
E 40 I : : : : groups froze similarly to the last tone of
2,0l § § § g § § i conditioning on day 1 (COND group,
$a 4.t : : : H 80%; CR group, 70%; EXT group, 81%;

0 itit: : : : : F15 = 0.56, p = 0.57). The CR and

FC R E1 E2 E3 E4 E5 EXT groups also had similar levels of

D1 D2.3 D4 D5 D6 D7 D8 freezing to the first extinction tone on

’ day 2 (CR group, 81%; EXT group, 70%;

Figure6. Reducing EphB2 synthesisin IL of adult rats does not affect fear extinction. 4, Percentage of time that P60 rats ~ f(11) = 2.20, p = 0.49). The EXT group

spent freezing to the tone during fear conditioning (day 1, 1 habituation tone plus 3 tone—shock pairings) and extinction
(day 2, 15 tones). Red arrow indicates the time point of euthanasia. B, EphB2 mRNA expressed by each group (COND group,
n = 13; (R group, n = 7; EXT group, n = 9). All values are relative to B-actin and GAPDH. C, EphB2-shRNA (n = 11) and
scramble-shRNA (n = 9) plasmid infusions were localized to IL. D, Expression of plasmid GFP after infusion into IL. E,
Percentage of time that P60 rats spent freezing to the tone during fear conditioning (day 1, 1 habituation tone plus 3
tone—shock pairings) and five partial extinction sessions (days 4—8, four tones per day). Black arrows indicate the time

point of IL infusions. *p << 0.05.

Next, we tested whether reducing EphB2 protein levels in
IL with the shRNA would affect fear extinction in adolescent
(P30) rats. Rats received fear conditioning (one habituation
tone and three tone—shock pairings) on day 1 and were sepa-
rated into two groups matched for similar freezing to the last
conditioning tone (EphB2-shRNA, 83%; scramble-shRNA,
83%; t(59) = 2.09, p = 0.94). On days 2 and 3, rats were infused
with plasmids containing either the EphB2-shRNA or the
scramble-shRNA into IL (Fig. 4A, B). Since we hypothesized
that reducing EphB2 would enhance fear extinction, we used a
partial extinction protocol to increase our ability to detect
facilitated extinction. From day 4 through day 8, the rats re-
ceived partial extinction [four tones per day, extinction 1 (E1)
to E5]. On day 4, both groups showed similar levels of free-
zing to the first two tones of extinction (EphB2-shRNA, 75%;
scramble-shRNA, 86%; t,4, = 2.09, p = 0.26), indicating that
the EphB2-shRNA did not affect the recall of the fear memory.
However, the EphB2-shRNA treatment facilitated fear extinc-
tion learning across days (Fig. 4C). Repeated-measures

showed decreased fear to the last tone
(21%) compared the first tone (70%) of
extinction (t,,, = 2.18, p = 0.004).
RNA was extracted from PL tissue, and
EphB2, B-actin, and GAPDH mRNA were
amplified using RT-PCR (Fig. 5B). One-
way ANOVA showed no main group dif-
ference in PL EphB2 mRNA expression
relative to B-actin and GAPDH (COND group, 1.1; CR group,
1.3; EXT group, 1.2; F, 5, = 0.34, p = 0.72). These results
suggest that reduced EphB2 expression in PL is not needed for
fear extinction.

Next, we fear conditioned two groups of rats, infused them
with the same plasmids containing either the EphB2-shRNA
or the scramble-shRNA into PL (Fig. 5C,D), and exposed them
to the same 4 d extinction protocol used for the shRNA infu-
sions into IL. Both groups were matched for freezing to the last
trial of fear conditioning on day 1 (Fig. 5E). The shRNA plas-
mids were infused into PL on days 2 and 3, and extinction
treatment (4 tones per day) was given on days 4—8. Both
groups showed similar extinction across days. Repeated-
measures ANOVA showed no main group difference from E1
to E5 (F(; 15 = 0.02, p = 0.88). These data indicate that re-
ducing EphB2 expression in PL does not affect fear extinction
and demonstrate a selective role of IL EphB2 in fear extinction.
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IL EphB2 does not modulate fear extinction in adult rats
Until now, all of our experiments had been performed in adoles-
cent P30 rats. To examine whether IL EphB2 plays a similar role
in the extinction of adult animals, we conducted the same exper-
iments in young adult P60 rats. First, we measured the mRNA
levels of IL EphB2 in P60 rats with RT-PCR using the same be-
havioral groups as shown in Figure 2. As shown in Figure 6A,
one-way ANOVA showed that all three groups froze similarly to
the last tone of conditioning on day 1 (COND group, 92%; CR
group, 92%; EXT group, 84%; F, ,s) = 0.74, p = 0.49). The CR
and EXT groups also had similar levels of freezing to the first
extinction tone on day 2 (CR group, 89%; EXT group, 94%;
tas) = 2.16, p = 0.46). The EXT group showed decreased fear to
the last tone (53%) compared the first tone (94%) of extinction
(tae) = 2.11, p < 0.001). RNA was extracted from IL tissue, and
EphB2, B-actin, and GAPDH mRNA were amplified using RT-
PCR (Fig. 6B). One-way ANOVA showed a main group differ-
ence in IL EphB2 mRNA expression relative to B-actin and
GAPDH (COND group, 0.9; CR group, 1.1; EXT group, 0.6;
F(5,3) = 4.90, p = 0.02). Tukey’s post hoc comparisons showed
that EphB2 was significantly downregulated in the EXT group
compared with the CR group (p = 0.01), but not the COND
group (p = 0.13), suggesting that reduced expression of EphB2 in
IL may not be important for extinction memory in adult rats.
Next, we fear conditioned two groups of P60 rats and matched
them for freezing to the last trial of fear conditioning on day 1. On
days 2 and 3, the groups were infused with the same plasmid
containing either the EphB2-shRNA or the scramble-shRNA into
IL (Fig. 6C,D). Both groups received extinction (four tones per
day) on days 4—8 and showed similar extinction across days (Fig.
6E). Repeated-measures ANOVA showed no main group differ-
ence from E1 to E5 (F; ;) = 0.06, p = 0.80). These data indicate
that reducing EphB2 expression in IL of adult rats (P60) does not
affect fear extinction and demonstrate a selective role of IL EphB2
in adolescent fear extinction.

Discussion

The main findings of this study are that the tyrosine kinase EphB2
is downregulated in IL 5 h after fear extinction, that reducing
EphB2 synthesis in IL enhances fear extinction, and that this
mechanism regulates fear extinction in adolescent rats but not in
adult rats. Although EphB2 plays a role in synaptic plasticity
(Dalva et al., 2000; Grunwald et al., 2001; Takasu et al., 2002; Lai
and Ip, 2009; Antion et al., 2010; Hruska and Dalva, 2012) and
spatial memory (Cissé et al., 2011), this is the first demonstration
that EphB2 modulates emotional learning and memory. Interest-
ingly, our findings suggest that EphB2 may play a more critical
role in memory formation during development. Fear extinction
memory requires NMDAR activation in both adolescent and
adult rodents (Santini et al., 2001; Burgos-Robles et al., 2007;
Sotres-Bayon etal., 2007; McCallum et al., 2010). Our finding that
EphB2 in IL facilitates fear extinction only in adolescent rats suggests
that additional signaling mechanisms appear to be mediating extinc-
tion memory in adolescence. In the following paragraphs, we discuss
possible mechanisms by which IL EphB2 downregulation could be
driving fear extinction in adolescence (Fig. 7).

The Ephrin receptors (EphRs) are a large family of receptor
tyrosine kinases composed of the EphA and EphB receptors,
which bind with promiscuity to their natural ligands, Ephrin A
and Ephrin B (Gale et al., 1996; Pasquale, 2004). During brain
development, EphRs modulate axonal growth and pruning (Gao
et al.,, 1999; Cramer et al., 2006). These developmental processes
continue in the prefrontal cortex until late adolescence (Cress-
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Figure7.  Model of the role of EphB2-mediated IL plasticity in fear extinction during adoles-
cence. NMDA receptor stimulation during fear extinction potentiates extinction-related syn-
apses (shown in red) and causes reduced EphB2 expression in IL. Reduced EphB2 may eliminate
synapses not required for fear extinction (white ovals) while reducing the depotentiation of
extinction-related synapses. The increase in signal-to-noise ratio would strengthen IL-
mediated inhibition of the amygdala to reduce fear.

man etal., 2010), and may contribute to altered fear conditioning
and extinction at this age (McCallum et al., 2010; Pattwell et al.,
2011; Hartley and Lee, 2015). Synaptic pruning is believed to
preserve activated behaviorally important synapses while elimi-
nating unused weaker synapses, leading to maturation of pre-
frontal functions (Katz and Shatz, 1996; Kano and Hashimoto,
2009). Since decreasing the expression of EphB2 reduces the den-
sity of dendritic spines (Kayser et al., 2006, 2011), the reduced
expression of EphB2 after extinction may lead to the pruning of
synapses that are not involved in fear extinction memory, per-
haps via interactions with glia (Schafer and Stevens, 2013). In
fact, the disruption of synaptic pruning can impair learning
(Zhan et al.,, 2014). Therefore, EphB2-mediated pruning of IL
synapses may be required for fear extinction during adolescence.
The lower prefrontal synaptic pruning found in adults may re-
strict this EphB2-mediated mechanism to adolescents.

EphB2 is also known to play a role in synaptic plasticity by
controlling the activity of AMPA and NMDA receptors (Sheffler-
Collins and Dalva, 2012). Ephrin-mediated EphB2 activation
increases EphB2-NMDA interaction and NMDA receptor po-
tentiation (Dalva et al., 2000; Henderson et al., 2001; Takasu et
al., 2002). EphB2 receptors also promote NMDA receptor clus-
tering and synaptic localization (Nolt et al., 2011) and can acti-
vate NMDA receptors via Src phosphorylation (Takasu et al.,
2002). Decreasing EphB2 expression reduces NMDA receptor
currents (Henderson et al., 2001; Cissé et al., 2011). Therefore,
the reduced expression of EphB2 after extinction would likely
reduce NMDA-dependent plasticity in IL. At first glance, this
seems counterintuitive given that fear extinction depends on
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NMDA-dependent plasticity in the prefrontal cortex (Burgos-
Robles etal., 2007). However, the NMDA receptor dependency of
fear extinction ends <2 h after fear extinction (Burgos-Robles et
al., 2007). In addition, synapses from many structures show
metaplasticity and are resistant to LTP after learning because they
are presumed to be already potentiated (Sacchetti et al., 2002;
Tsvetkov et al., 2002; Whitlock et al., 2006; Zhu et al., 2007).
Furthermore, potentiated synapses are more susceptible to
NMDA receptor-dependent LTP reversal (Norris et al., 1998).
After extinction, IL synapses that were potentiated by extinction
training may downregulate EphB2 to avoid LTP reversal and
maintain the extinction memory. Consistent with this, LTP in the
mPFC is associated with the maintenance of extinction (Herry
and Garcia, 2002).

Different mechanisms appear to mediate fear extinction in
preadolescent (<P24), adolescent (~P30-P45), and adult
(>P60) rats (Callaghan and Richardson, 2013). During the early
preadolescent phase, fear extinction erases fear memories via
NMDA receptor-independent mechanisms that do not require
the mPFC (Langton et al., 2007; Kim et al., 2009). As the pread-
olescent phase progresses, chondroitin sulfate proteoglycans or-
ganize into perineural nets in the amygdala and fear memories
become resistant to erasure by extinction (Gogolla et al., 2009).
From this stage through to adulthood, extinction instead creates
a new memory that inhibits the expression of the intact fear
memory (Quirk et al, 2010) through a NMDA receptor-
dependent mechanism that involves ERK signaling in IL (Hugues
et al., 2004; Burgos-Robles et al., 2007; Langton et al., 2007; Kim
et al., 2009). However, adolescent rats require more extinction
training and NMDA receptor activation than adult rats to suc-
cessfully recall extinction memory, suggesting the presence of a
break in adolescent extinction memory (McCallum et al., 2010).
Since EphB2 expression impeded extinction memory in adoles-
cent rats, but not in adult rats, EphB2 may contribute to this
break in extinction.

Which molecular mechanism mediates EphB2 downregula-
tion? A recent study (Dias et al., 2014) found that miR-134a
downregulates the Notch signaling pathway 6 h after fear condi-
tioning in the amygdala. EphB2 is downregulated by miR-128
(Lin et al., 2013). miR-128 modulates neuronal excitability and
motor behavior (Tan et al., 2013) and is increased in the hip-
pocampus 3 h after contextual fear conditioning in an NMDA
receptor-dependent manner (Kye et al., 2011). Furthermore, an
increase in miR-128 in IL after fear extinction contributes to fear
extinction memory (Lin et al., 2011). Therefore, the observed
decrease in EphB2 in IL after fear extinction could be produced
by an NMDA receptor-dependent increase in miRNAs such as
miR-128.

Our findings demonstrate the importance of the tyrosine ki-
nase receptor EphB2 in fear extinction during adolescence. Pre-
vious research shows that inappropriate expression of EphB2 in
different brain structures may play an important role in CNS
diseases. Increased expression of EphB2 in the amygdala leads to
anxiety in mice (Attwood et al., 2011), whereas too little hip-
pocampal EphB2 is associated with impaired cognitive function
in an Alzheimer mouse model (Cissé et al., 2011). In addition,
fear conditioning increases the hippocampal expression of one of
the EphB2 ligands, Ephrin B2, suggesting that EphB2 may play a
role in fear learning (Trabalza et al., 2012). Our study extends
previous research by directly demonstrating that manipulating
EphB2 expression alters emotional learning and memory.

Furthermore, our results indicate that different or additional
mechanisms mediate fear extinction in adolescents. Identifying

J. Neurosci., September 9, 2015 - 35(36):12394 12403 « 12401

drug treatments aimed at specific targets such as EphB2 could
enhance exposure therapy during adolescence. The facilitation of
exposure therapy during adolescence may reduce the likelihood
of the development of PTSD after similar traumatic exposure in
adulthood (Koenen et al., 2007). Therefore, understanding ex-
tinction during adolescent could be a key strategy in battling
PTSD in adults.
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