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Infralimbic Neurotrophin-3 Infusion Rescues Fear Extinction
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The inability to properly extinguish fear memories constitutes the foundation of several anxiety disorders, including panic disorder. Recent
findings show that boosting prefrontal cortex synaptic plasticity potentiates fear extinction, suggesting that therapies that augment synaptic
plasticity could prove useful in rescue of fear extinction impairments in this group of disorders. Previously, we reported that mice with
selective deregulation of neurotrophic tyrosine kinase receptor, type 3 expression (TgNTRK3) exhibit increased fear memories
accompanied by impaired extinction, congruent with an altered activation pattemn of the amygdala—hippocampus—medial prefrontal
cortex fear circuit. Here we explore the specific role of neurotrophin 3 and its cognate receptor in the medial prefrontal cortex, and its
involvement in fear extinction in a pathological context. In this study we combined molecular, behavioral, in vivo pharmacology and ex vivo
electrophysiological recordings in TgNTRK3 animals during contextual fear extinction processes. We show that neurotrophin 3 protein
levels are increased upon contextual fear extinction in wild-type animals but not in TgNTRK3 mice, which present deficits in infralimbic
long-term potentiation. Importantly, infusion of neurotrophin 3 to the medial prefrontal cortex of TgNTRK3 mice rescues contextual fear
extinction and ex vivo local application improves medial prefrontal cortex synaptic plasticity. This effect is blocked by inhibition of
extracellular signal-regulated kinase phosphorylation through peripheral administration of SL327, suggesting that rescue occurs via this
pathway. Our results suggest that stimulating neurotrophin 3-dependent medial prefrontal cortex plasticity could restore contextual fear

INTRODUCTION

Extinction is a learning process that encodes new valence for
the conditioned stimulus through repeated unreinforced re-
exposure (Quirk and Mueller, 2008; Sotres-Bayon et al,
2007). It offers the therapeutic possibility of diminishing the
impact caused by the intrusive recollection of traumatic
events (Parsons and Ressler, 2013). However, impaired
extinction of fear memories is thought to contribute to the
development and persistence of anxiety disorders including
phobias, post-traumatic stress disorder and panic disorder
(PAND). Specifically, PAND patients show exaggerated and
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extinction deficit in pathological fear and could constitute an effective treatment for fear-related disorders.
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pathological fear (Lissek et al, 2005; Lissek et al, 2009) that is
resistant to extinction (Michael et al, 2007).

The medial prefrontal cortex (mPFC) and its interactions
with the amygdala and the hippocampus are critical in the
extinction of fear associations (Sierra-Mercado et al, 2011).
Specifically, the infralimbic (IL) region of the mPFC is
important in tonic inhibition of subcortical structures and
emotional responses—such as fear, and is the core region in
extinction of conditioned fear (Milad and Quirk, 2002;
Vidal-Gonzalez et al, 2006). Fear extinction involves
physiological mechanisms or neural plasticity in the mPFC
including protein synthesis (Santini et al, 2004), glutamater-
gic receptor activation (Sotres-Bayon and Quirk, 2010) and
synaptic long-term potentiation (Peters et al, 2010). Brain-
derived neurotrophic factor (BDNF) and neurotrophin 3
(NT3) have been firmly established as regulators of neuronal
development and synaptic plasticity in the mammalian brain
(McAllister et al, 1999). In the adult brain, neurotrophic
tyrosine kinase receptor, type 3 (NTRK3, aka TrkC)
promotes synaptogenesis by inducing differentiation of
functional excitatory presynaptic terminals (Takahashi
et al, 2011). Recently, it was shown that this effect is


http://dx.doi.org/10.1038/npp.2016.154
mailto:mara.dierssen@crg.es
http://www.neuropsychopharmacology.org

modulated by its cognate ligand—NT3 (Ammendrup-
Johnsen et al, 2015; Han et al, 2016). In another study,
establishment of dendritic arborization of Purkinje cells of
the cerebellum depends on a correct balance between NT3
and TrkC levels (Joo et al, 2014).

Brain-derived neurotrophic factor (BDNF) has been
shown to potentiate extinction memory when infused into
the mPFC-IL brain region (Peters et al, 2010). We have
explored the role of NT3 and its high-affinity receptor
NTRK3 (aka TrkC). NTRK3 gene has been associated with
PAND and other psychiatric conditions in human genetic
studies (Armengol et al, 2002; Gratacos et al, 2001; Muinos-
Gimeno et al, 2009). We previously demonstrated that
transgenic mice overexpressing the full-length NTRK3
(TgNTRK3 mouse model) recapitulate PAND phenotypes
(Dierssen et al, 2006). Importantly, TgNTRK3 mice show
fear memories that are resistant to contextual extinction,
along with an altered neuronal activation in the hippocam-
pus—amygdala—mPFC fear circuit (Santos et al, 2013).
This provides strong face validity, since PAND patients also
show exaggerated and pathological fear (Lissek et al, 2005;
Lissek et al, 2009) that is resistant to extinction (Michael
et al, 2007). These patients also show structural and
functional alterations in regions of the limbic system and
cingulated cortex (reviewed in Santos et al, 2015).

Here we explored the role of NT3/TrkC system in
contextual fear extinction and the possibility of targeting
the NT3 system for alleviating pathological fear in this
PAND model. We found that local NT3 infusion rescued
mPFC-IL long-term potentiation (LTP) and the ability of
TgNTRK3 animals to extinguish fear memory. These effects
were blocked by inhibition of phosphorylation of extra-
cellular signal regulated kinase (ERK) through perypheral
administration of SL327, suggesting that they occur via ERK
pathway. Our work shows for the first time the involvement
of NT3/TrkC and ERK signaling in the modulation of
pathological fear and highlights a potential novel pathway to
target in fear-related disorders.

MATERIALS AND METHODS
Animals

Young adult (two to four months old) male wild-type (WT)
and TgNTRK3 (Dierssen et al, 2006) mice were used in all
experiments. The colony was maintained by crossing
TgNTRK3 males with C57Bl/6SJL females (purchased from
Jackson laboratory, Bar Harbor, Maine, USA). A double
transgenic line was generated—Thyl-YFP/NTRK3—by
crossing TgNTRK3 animals with the commercially available
transgenic B6.Cg-Tg(Thyl-YFPH)2]Jrs/] (Feng et al, 2000;
Jackson laboratory). Double mutants express the human
NTRKS3 transgene and the reporter gene yellow fluorescent
protein (YFP) under the Thyl promoter. WT littermates
served as controls for all the experiments. Pups were weaned
at postnatal day 21 and group housed (3-5 animals) in
standard laboratory cages filled with sawdust. Mice were
maintained at controlled temperature, on a 12h light/12h
dark cycle, with standard food pellets (Mucedola, MI, Italy)
and water ad Iibitum. All behavioral experiments were
conducted during the light period of the light/dark cycle. All
experiments were performed in accordance with the
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European Communities Council Directive (86/609/EEC)
and all the procedures were approved by the local ethical
committee (CEEA: JMC-07-1001-MDS; MDS-08 1116; MDS-
-09-1165; MDS-13-1492).

Contextual Fear Conditioning and Extinction

The contextual fear conditioning protocol was performed in
a fear conditioning apparatus (StartFear, Panlab Harvard
Apparatus, Barcelona, Spain) and freezing behavior was
automatically recorded using commercial software (FREEZ-
ING, Panlab Harvard Apparatus). Mice were presented with
five random aversive foot shocks (US) in an initially neutral
context (CS) to elicit a conditioned freezing response. On day
1, animals were placed in the testing chamber for a three
minutes (min) habituation session. On day 2, mice were
trained in the same chamber in a five min session composed
of two min exploration, followed by five US presentations
(foot shock: 2's, 0.2 mA) separated by a variable inter-trial
interval (ITI, between 15-60s); mice remained in the
chamber for additional 30s after the last US presentation.
Freezing behavior was measured in the 15 s period after each
shock. The total time spent freezing in the 15s interval was
quantified and presented as percentage of freezing time.

Twenty-four hours after training mice underwent extinc-
tion of contextual conditioned fear (day 3). The extinction
phase consisted of one session of six trials (E1-E6), each
lasting two min and separated from the next by 1-h interval.
The following day (day 4) mice were tested for fear
extinction memory in the same context for two min.
A control group was also included in the study that did
not go through the fear conditioning and extinction
paradigms, but was exposed to the behavioral room and
handled by the researcher.

Data were analyzed using repeated measures two-way
ANOVA with genotype as between-subject factor and trials
(E1-E6) as within-subject factors (fear conditioning and fear
extinction training sessions) and two-way ANOVA with
genotype and treatment as factors (test session). P<0.05 was
assumed as critical value for significance throughout the
study. Statistical analyses were performed using SPSS 22.0
package.

Protein Extraction

WT and TgNTRK3 mice were anaesthetized (mixture of
1.0 mg/kg medetomidine and 0.1 mg/kg ketamine) and
intracardiac perfused with phosphate buffered saline (PBS,
0.1M pH 7.6) to clean excess blood. Brains were removed
and the hippocampus and PFC regions dissected and frozen
in dry ice. For total protein extraction, tissue was
homogenized with syringe and 20 G needle in 150 pl of lysis
buffer (137 mM sodium chloride, 20 mM Tris-hydroxide
chloride pH 8, 1% nonidet P40 and 10% glycerol) with
protease (1 complete tablet and 1 mM phenylmethylsulfonyl
fluoride) and phosphatase (1 mM sodium fluoride and 1 mM
sodium orthovanadate) inhibitors. Samples were centrifuged
at 13200rpm for 30min at 4°C and the supernatants
collected and stored at —80°C. Protein quantification was
performed with the BCA protein assay kit (Thermo
Scientific, Rockford, IL, USA).
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Western Blot for TrkC Receptor

Forty microgram of PFC total protein extracts from WT and
TgNTRK3 were loaded in NuPAGE 4-12% Bis-Tris poly-
acrylamide gels (NP0336, Novex, Life Technology, Invitro-
gen, Carlsbad, CA, USA) and bands separated by
electrophoresis. Proteins were transferred to nitrocellulose
membranes using the iBlot Gel Transfer Stacks kit (IB301001,
Novex) and incubated in Odyssey blocking buffer (Novex).
Membranes were incubated with primary goat anti-TrkC
antibody (1:1000, 07-226, Upstate, Temecula, CA, USA) for
1h and with mouse anti-GAPDH (1:4000, MAB374, Milli-
pore, Temecula, CA, USA) for 15 min, at room temperature
(RT). Finally, membranes were incubated with the corre-
sponding secondary antibodies polyclonal rabbit anti-goat
Alexa Fluor 680LT (1:6000, A-21088, Invitrogen) and donkey
anti-mouse IRDye 800CW (1:15000, 926-32212, LI-COR) for
1h at RT. Detection was performed using Odyssey infrared
scanner (LiCor) and bands were quantified using Odyssey
software. Data are reported as percentage of TrkC/GAPDH
ratio as referred to control littermates within each genotype.
Statistical analysis was performed using 2-way ANOVA with
genotype and treatment as factors (Control vs Fear con-
ditioning vs Extinction).

Quantification of NT3 Levels by Enzyme-Linked
Immunosorbent Assay (ELISA)

Quantification of NT3 levels was performed using the Mouse
NT3 ELISA kit (BEK-2079, Biosensis, Thebarton, Australia).
To detect a reliable amount of NT3, 300 pg of total protein
extract from WT and TgNTRK3 hippocampus and PFC
brain homogenates were used. Briefly, samples and protein
standards were loaded in pre-coated 96-well microplates and
incubated with mouse anti-NT3 primary antibody, overnight
at 4°C with agitation. Followed by incubation with
biotinylated anti-mouse for 2h at RT with agitation.
Development was performed using the avidin-biotin-
peroxidase (ABC) complex for 1h at RT with agitation.
Finally, incubation with TMB color developing agent was
performed for ten min and the reaction was stopped with
TMB stop solution. The amount of NT3 was quantified by
reading absorbance at 450 nm on a Versa max plate reader
(Molecular Devices, Sunnyvale, CA, USA).

Data were reported as the percentage of NT3 levels relative
to control littermates within each genotype. Statistical
analysis was performed using two-way ANOVA with
genotype and treatment as factors (Control wvs Fear
conditioning vs Extinction).

Immunofluorescence

One hour after the last extinction trial (E6), Thyl-YFP/WT
and Thyl-YFP/NTRK3 animals were anesthetized and
intracardiac perfused with PBS followed by fixation with
4% paraformaldehyde (PFA) in PBS. Brains were removed
and kept in 4% PFA for 24h at 4°C for post-fixation, and
then passed to a solution of 30% sucrose in PBS for 2 days at
4°C. Free floating coronal sections (40 pm) were obtained
using a Vibrotome (VT1000S, Leica Microsystems, Wetzlar,
Germany).
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Free floating brain sections were permeabilized with 0.3%
Triton X-100 in PBS for 30 min and blocked in 3% BSA/0.3%
Triton X-100 in PBS for 1h, at RT. Subsequently, sections
were incubated overnight at 4°C with primary rabbit
polyclonal anti-c-Fos antibody (1:500, H-125, Santa Cruz
Biotechnology) or mouse anti-pERK1/2  (1:1500,
SAB1305560, Sigma-Aldrich, Saint Louis, MO, USA).
Secondary antibody alexa fluor 594 goat anti-rabbit IgG
(1:1000 Invitrogen) was incubated for 1h at RT. Sections
were mounted on glass slides and nuclei stained with
Vectashield with DAPI (Vector Laboratories).

Quantification of c-Fos-, pERK- and YFP-Positive Cells

Analysis of Thyl-YFP/c-Fos and Thyl-YFP/pERK double-
positive neurons was performed in one of every sixth section
of each animal, covering the entire prefrontal cortex (bregma
2.10 through 1.54). For each section, images were captured
with a confocal microscope (TCS SP5, Leica Microsystems)
using a 40 x objective. Ten pm-thick z-stacks were captured
that included one picture centered in the mPFC-IL region of
the PFC and z-maximum projections for each image was
obtained by IMAGE] 1.421 software. The area of interest was
delimited and the number of YFP-, c-Fos- and pERK-
positive neurons was quantified. Data were presented as the
percentage of double-positive neurons per total number of
YFP-positive neurons analyzed. Results are reported as
mean + SEM and analyzed using Student’s t-test.

Stereotaxic Surgery

Animals were injected subcutaneously with 0.05mg/kg
buprenorfine and 15 min later were deeply anesthetized with
an ip. mixture of 1mg/kg medetomidine/75 mg/kg keta-
mine. The head was fixed in a stereotaxic apparatus (Just for
Mice Standard Stereotaxic Instrument, Harvard Apparatus,
Holliston, MA, USA) and two holes were opened in the skull
corresponding to the mPFC-IL region, following stereotaxic
coordinates (Paxinos and Franklin, 2001): antero-posterior
+2.0, medio-lateral +0.50, dorso-ventral —1.2. Bilateral
cannulae (0.5 outer/0.25 inner diameter, AISI 304 Unimed,
Lausanne, Switzerland) were implanted and fixed (Simplex
Rapid, Kemdent, UK). Animals were awaked with antisedan
(i.p. 2 mg/kg). For three days following surgery mice were
administered buprenorphine (i.p. 0.05mg/kg) for analgesia
and checked for general health status. Behavioral procedures
were performed at least seven days after surgery. Histological
confirmation of the implantation site was performed for all
animals at the end of behavioral protocol. Animals where
cannulae were not correctly located in the mPFC-IL were
excluded from the study (WT-saline n=1, TgNTRK3-saline
n=1 and TgNTRK3-NT3 n=1).

Intra-mPFC NT3 Administration

Animals were fear-conditioned and subsequently submitted
to the fear extinction-training paradigm (as described
above). One hour after the last trial of extinction training,
recombinant human NT3 (C079, Novoprotein, Shanghai,
China), 0.75 pl per side from a 1 mg/ml solution or saline,
was infused in the mPFC-IL. The infusion was performed
in manually immobilized animals using an internal



micro-cannula (0.2 outer/0.09 inner diameter, AISI 3161,
Unimed) connected through a 15cm long PVC tube (0.25
inner diameter, F117952, Gilson) to a 5 pl syringe (Model 75,
Hamilton). The internal cannula was introduced into the
implanted one and exiting internally into the brain for 1 mm.
The infusion was performed at a rate of 250 nl/min. After the
infusion, animals were returned to their home cage. For ERK
phosphorylation experiment, the specific inhibitor SL327
(50 mg/kg, S4069, Sigma-Aldrich) or saline was peripherally
administrated to mice immediately after the last trial of
extinction training, followed 1 h later by NT3 infusion into
the mPFC-IL (as described before).

Data were analyzed using repeated measures two-way
ANOVA with genotype and treatment as between-subject
factors, and extinction trials (E1-E6) as within-subject
factors (for extinction training). A two-way ANOVA with
genotype and treatment as factors was used to analyze data
from extinction test.

Slice Preparation

After decapitation, the brain was quickly removed and placed
on ice-cold cutting solution following (Aghajanian and
Rasmussen, 1989); in mM: 252 sucrose, 2.5 KCI, 3 MgSO,,
1.25 NaHPO,, 1 CaCl,, 26 NaHCO3, 10 dextrose and gassed
with 95% O,, 5% CO, to a final pH of 7.4. Coronal slices
(300 pm thick) including the infralimbic cortex (Paxinos and
Franklin, 2001) were obtained with a vibratome (Leica, series
1000 classic, Nussloch, Germany), placed in an interface style
recording chamber (Fine Science Tools, Foster City, CA) and
bathed in artificial cerebrospinal fluid (ACSF) containing
(in mM): 124 NaCl, 2.5 KCl, 1 MgSO,, 1.25 NaHPO,, 2.5
CaCl,, 26 NaHCO3, 10 dextrose and aerated with 95% O,,
5% CO, to a final pH of 7.4. Bath temperature was
maintained at 32-34 °C.

Electrophysiological Recordings

Field postsynaptic potentials (fPSPs) were recorded from
layer V of the mPFC-IL in response to stimulation of layer
II/III of the same region (as in Marek et al, 2011). Unfiltered
recordings were obtained by means of saline-filled pipettes
(impedance 1-2 MQ) through a Neurolog system amplifier
(Digitimer, Letchworth Garden City, UK). Electrical stimuli
were delivered by means of a concentric bipolar electrodes
(platinum-iridium; FHC, Bowdoin, ME, USA) with a
stimulus intensity adjusted such that yielded a half-
maximal response (100-150 pA; 0.1 ms duration). For each
slice, after determining a stable baseline, paired-pulse
protocols were given with an interval of 50 ms between
pulses. To quantify paired-pulse facilitation (PPF) the
response was represented as the ratio between both stimuli
fPSP2/fPSP1. After 15min baseline records (pulse at
0.016 Hz), LTP was induced using a HEFS protocol
(4 episodes of 1s at 100 Hz) and then recorded for 60 min
(pulse at 0.016 Hz). The amplitude of each fPSPs was
quantified. The fiber volley was not systematically measured.
Recordings were digitized and acquired using Spike2 (Cam-
bridge Electronic Design, Cambridge, UK). For NT3
application experiments the same protocol was used and
the drug (1 mg/ml) was applied in the bath for 20 min before
starting the recordings. Data analysis was carried out with
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Spike2 using a custom made script. Statistical analysis was
performed using repeated measures two-way ANOVA with
genotype and time as factors for LTP and Student t-test
for PPF.

RESULTS

Acquisition of Contextual Fear Conditioning and
Extinction Regulates Expression Levels of NT3 and TrkC

To address the potential involvement of changes in the NT3/
TrkC system in fear extinction processes we first quantified
the NT3 and TrkC protein levels in the PFC of WT and
TgNTRK3 animals. Material was obtained from controls and
from animals sacrificed 1h after fear conditioning acquisi-
tion and 1h after the last extinction acquisition trial
(Figure la). WT and TgNTRK3 animals showed similar
increase in the percentage of freezing levels in the contextual
fear conditioning paradigm (Figure 1b, trial effect
Fo, 20=7.781 p=0.002). As previously shown (Santos
et al, 2013) we observed impaired acquisition of fear
extinction in TgNTRK3 animals, as compared with WT
(Figure 1c, trial x genotype effect F(s 45)=2.462 p=0.047).

At the molecular level, WT and TgNTRK3 animals showed
no differences in the basal NT3 and TrkC expression levels in
the PFC. Interestingly, both fear acquisition and fear
extinction significantly increased the expression of TrkC in
both WT and TgNTRK3 mice, as compared with control
animals of the corresponding genotype (Figure 1d and e;
treatment effect F, 39)=7.206 p=0.003). However, upon
both fear acquisition and fear extinction, NT3 levels were
increased in WT, but not in TgNTRK3 animals, as compared
with control values (Figure 1f; genotype x treatment
interaction F(, ,5=4.01 p=0.030; Bonferroni post hoc:
WT-control vs TgNTRK3-control p=1.0; WT-FC s
TgNTRK3-FC  p=0.004; WT-Ext vs TgNTRK3-Ext
p=0.001). The increase in NT3 and TrkC levels upon fear
acquisition training and extinction training in WT animals
suggests a role for these molecules in fear processing.
Moreover, data also shows that NT3/TrkC pathway is
dysregulated in the TgNTRK3 mouse model.

In the hippocampus, we quantified the levels of NT3 in
WT and TgNTRK3 animals at basal, after fear conditioning
and fear extinction (Figure 1g). We observed an increase in
the levels of NT3 in both WT and TgNTRK3 animals after
fear extinction (treatment effect, F ,6=5.50 p=0.010),
though no differences in NT3 levels were observed between

genotypes.

Impaired ERK Activation in Pyramidal mPFC-IL
Neurons of TgNTRK3 Mice

ERK activation, which can be triggered by the NT3/TrkC
intracellular signaling cascade (Li et al, 2014; Reichardt,
2006), is necessary for successful fear extinction in rodents
(Fischer et al, 2007; Tronson et al, 2009). We therefore
reasoned that altered NT3/TrkC function might disturb
fear extinction memory in TgNTRK3 mice due to impaired
ERK signaling. We analyzed ERK phosphorylation levels in
excitatory neurons of mPFC-IL of TgNTRK3 and WT
mice 1h after the last fear extinction trial, using the
double transgenic line Thyl-YFP/NTRK3. No genotype
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466
differences were found in the total number of excitatory = p=0.19, respectively). However, the number of pERK-
(YFP-positive) neurons in the mPFC-IL (Figure 2a and band  positive cells and YFP/pERK double-positive neurons was
Figure 2e and f; to)=-0.913 p=0.38 and tu =1427  significantly reduced in TgNTRK3 as compared with WT
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Figure |  TgNTRK3 mice show impairment in NT3 expression levels upon fear conditioning and extinction. (a) Schematic representation of experimental
setup. WT and TgNTRK3 mice submitted to contextual fear conditioning and within-session extinction protocols. One hour after the last trial of extinction
training mice were sacrificed and the prefrontal cortex and hippocampus regions dissected. Control animals were sacrificed without any fear conditioning or
extinction protocols. (b) In the contextual fear conditioning, TgNTRK3 and WT animals showed an increase in the percentage of freezing levels along the
session. (c) In the fear extinction acquisition session, a reduction in freezing time is observed along extinction trials in WT, but not TgNTRK3 animals (repeated
measures two-way ANOVA, WT n=5, TgNTRK3 n=6). (d) Representative Western blot scans of TrkC full-length isoform and GAPDH housekeeping
protein in the prefrontal cortex brain region. (e) Quantification of TrkC/GAPDH expression ratio. Upon fear conditioning and extinction paradigms the levels
of TrkC in the PFC of both WT and TgNTRK3 animals are increased (two-way ANOVA, n=6 per group). (f) Determination of NT3 levels by ELISA. In the
prefrontal cortex, after fear conditioning and fear extinction the levels of NT3 are higher in WT than in TgNTRK3 animals (two-way ANOVA, n=5 per
group). (g) In the hippocampus, NT3 levels are increased in both WT and TgNTRK3 animals after fear extinction protocol. FC, fear conditioning group; Ext,
fear extinction group; E1-E6, extinction trials; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NT3, neurotrophin type 3; TrkC, tropomyosin kinase
receptor, type 3; TgNTRK3, transgenic mice overexpressing NTRK3; WT, wild type. Trial effect, **» <0.01; trial x genotype interaction, °p < 0.05; treatment
effect, “"p<0.01; Bonferroni post hoc comparisons, **p <0.01, *¥#p <0.001.
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Figure 2 TgNTRK3 show impaired ERK activation and impaired neuronal activation of excitatory neurons in the mPFC-IL region, upon fear extinction
acquisition. (a) Representative photomicrographs of pERK immunofluorescence and Thy | -YFP positive neurons in the IL region of the mPFC. Quantification of
(b) Thyl-YFP-, (c) pERK- and (d) pERK/YFP double-positive neurons in the IL of WT and TgNTRK3 animals after fear extinction. TgNTRK3-Ext animals
showed a reduction in the percentage of pERK-positive excitatory cells as compared with WT-Ext animals (Student’s t test; WT-Ext n=5; TgNTRK3-Ext
n=25). (e) Representative photomicrographs of c-Fos immunofluorescence and Thy |-YFP positive neurons in the IL region of the mPFC. Quantification of (f)
Thy-YFP-, (g) c-Fos- and (h) c-Fos/YFP double-positive neurons in the IL of WT and TgNTRK3 animals after fear extinction. TgNTRK3-Ext animals showed a
remarkable reduction in the percentage of activated excitatory neurons, as compared with WT-Ext animals (Student's t test, n=5/6). Ext, fear extinction
group; IL, infralimbic; pERK, phosphorylated extracellular signal regulated kinase; TgNTRKS3, transgenic mice overexpressing NTRK3; Thyl, thymus cell
antigen I; WT, wild type; YFP, yellow fluorescent protein. Scale bar= 100 um. Student's t test, *p <0.05, **p <0.01, ***p <0.001.

animals (Figure 2a, ¢ and d; pERK, t,=12.483 p=5.5E"";
YFP/pERK t4)=3.80 p=0.004). Moreover, upon fear
extinction the number of c-Fos-positive cells and YFP/c-
Fos double-positive neurons in the mPFC-IL was signifi-
cantly reduced in TgNTRK3 animals compared with WT
(Figure 2e, g and h; c-Fos, t4)=3.705 p=0.018; YFP/c-Fos,
t9y=6.24 p=1.5E~**). We suggest that disturbance of ERK
signaling may constitute a mechanism of pathological fear
directly resulting from changes in the NT3/TrkC signaling
pathway in the mPFC-IL of TgNTRK3 mice.

Infusion of NT3 in mPFC-IL Rescues Fear Extinction
Impairment in TgNTRK3 Mice via ERK Signaling
Pathway

To determine whether the impairment of fear extinction in
TgNTRK3 is the result of a deficit of local NT3 during fear
memory formation, we infused NT3 in the mPFC-IL region
1 h after the last extinction trial and analyzed fear extinction
24h later hence targeting the consolidation phase of
extinction memory (Figure 3a). WT and TgNTRK3 showed
an increase in the percentage of freezing levels along fear
conditioning trials (Figure 3b, trial effect F(4 125)=13.144
p=2.1E-08). As before, in the extinction session WT
animals showed a progressive reduction in their freezing

levels along trials, which was not observed for TgNTRK3
animals  (Figure 3c, genotype x trial interaction
Fs, 160)=3.595 p=0.013; Bonferroni post hoc WT wvs
TgNTRK3, E1 p=0.017, E4 p=2.4E-05, E5 p=2.0E - 05,
E6 p=7.0E — 06). Infusion of NT3 had a differential effect on
extinction memory (tested 24h later) in each genotype
(Figure 3d, genotype x treatment interaction F(;, 30)=16.723
p=29E-04). Infusion of NT3 to WT animals non-
significantly increased the freezing response as compared
with WT-saline animals (Bonferroni post hoc, WT-saline vs
WT-NT3 p=0.054). By contrast, in TgNTRK3 mice NT3
rescued the impaired fear extinction by reducing freezing
levels to WT values (Bonferroni post hoc, WT-saline vs
TgNTRK3-saline  p=4.3E-05 ~ TgNTRK3-saline vs
TgNTRK3-NT3 p=7.9E—04, WT-NT3 vs TgNTRK3-NT3
p=0.46).

We then addressed whether the NT3-mediated rescue of
fear extinction impairment in TgNTRK3 animals was
mediated through the ERK pathway. A new group of animals
was trained in the fear extinction paradigm and immediately
after the last extinction trial was administered i.p. with SL327
(a ERK phosphorylation inhibitor) or vehicle, followed by
NT3 infusion into the mPFC-IL 1h after the last extinction
acquisition trial (Figure 4a). Again, we observed that WT and
TgNTRK3 animals increased their percentage of freezing
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Figure 3 Local NT3 infusion to mPFC-IL rescues fear extinction memory deficit in ToNTRK3 mice. (a) Schematic representation of experimental setup. WT
and TgNTRK3 mice were bilaterally implanted with cannulae in the mPFC-IL and submitted to contextual fear conditioning and extinction paradigms. One
hour after the last extinction training trial mice were locally infused with saline or NT3 (0.75 pg/side) and tested 24 h later for fear memory. (b) WT and
TgNTRK3 mice increased their percentage of freezing time along fear conditioning sessions (repeated measures two-way ANOVA). (c) In the fear extinction
acquisition session, a reduction in freezing time is observed along extinction trials in WT but not TgNTRK3 groups (repeated measures two-way ANOVA).
(d) Local infusion of NT3 into mPFC | h after the last extinction training trial, reduced the percentage of freezing time of TgNTRK3 animals when tested 24 h
later, thus rescuing the fear extinction deficit (two-way ANOVA). WT-saline n=8, WT-NT3 n= 10, TgNTRK3-saline n=7 and TgNTRK3-NT3 n=9. EI-E6,
extinction trials |-6; mPFC, medial prefrontal cortex; NT3, neurotrophin type 3; TgNTRK3, transgenic mice overexpressing NTRK3; WT, wild type. Trial effect,

% <0.001; genotype effect, °°°

time along conditioning trials (Figure 4b; trial effect
F, ssy=15.34 p=148E-09). Additionally, we again ob-
served a genotype difference in freezing levels during the
extinction training paradigm with WT groups reducing
freezing and TgNTRK3 groups maintaining high freezing
levels (Figure 4c; genotype effect F, = 5)=17.49
p=3.9E-04). NT3 recovered extinction in TgNTRK3, but
peripheral administration of SL327 blocked the NT3-induced
extinction memory in both WT and TgNTRK3 animals
(Figure 4d; treatment effect F(; 59, =15.47 p=0.001). Thus
indicating that signaling through the ERK pathway is
indispensible for the NT3 dependent consolidation of
extinction memory.

Long-Term Potentiation Deficit in mPFC-IL Region of
TgNTRK3 Mice is Rescued by Local NT3 Administration

Finally, we measured LTP (Figure 5a and b) and paired pulse
facilitation (PPF) in WT and TgNTRK3 mPFC-IL brain
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p<0.001; Bonferroni post hoc comparisons, *p <0.05, *##p <0.001.

slices. The LTP protocol was carried out in both genotypes
by stimulating layers II/III and recording in layer V of the
mPFC-IL (Marek et al, 2011). An early potentiation of the
fPSPs was evoked in both genotypes (Figure 5c¢ and e).
Following 1h of recording, WT animals showed LTP while
the averaged PSP’s amplitude was back to baseline values in
the TgNTRK3. LTP in TgNTRK3 mice was thus significantly
reduced with respect to WT (Figure 5c, genotype effect
F(1, 24)=31.83 p=8.27E - 6). When NT3 was applied to the
bath 20 min before initiating the recordings, LTP was
efficiently induced in both WT and TgNTRK3 brain slices,
with no significant differences between genotypes (Figure 5e,
genotype effect F; 15)=0.11 p =0.7439), hence rescuing the
impaired local LTP in the mPFC-IL brain region of
TgNTRK3 animals.

No significant differences were found between WT and
TgNTRK3 animals in short term plasticity in the form of
PPF (Figure 5d, t34)=0.196 p=0.846), and no differences
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Figure 4 Local NT3-mediated rescue of fear extinction memory in TgNTRK3 mice occurs via ERK pathway. (a) Schematic representation of experimental
setup. A new group of WT and TgNTRK3 mice were bilaterally implanted with cannulae in the mPFC and submitted to contextual fear conditioning and
extinction paradigms. Immediately after extinction training mice were administered i.p. either saline or the ERK phosphorylation inhibitor SL327 (50 mg/kg).
One hour later mice were infused with N'T3 (0.75 pg/side) and tested 24 h later for fear memory. (b) WT and TgNTRK3 mice increased their percentage of
freezing time along fear conditioning sessions (repeated measures two-way ANOVA). (c) WT, but not TgNTRK3, showed a reduction in freezing time along
extinction trials (repeated measures two-way ANOVA). (d) Peripheral administration of SL327 blocked the NT3-dependent reduction of freezing time in
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were detected either upon NT3 application (Figure 5f,
taoy = 1.323 p=0.201).

DISCUSSION

Fear extinction is of clinical relevance in maladaptive fear
and is the cornerstone of psychological therapy of several
anxiety disorders (Parsons and Ressler, 2013). Recent
findings in rodents and nonhuman primates showed that
modulation of plasticity in the mPFC affects extinction and
alters fear output. In humans, patients affected by PAND are
unable to extinguish fear memories (Michael et al, 2007) and
present neuroanatomical alterations in prefrontal cortical
regions (reviewed in Santos et al, 2015). In our previous
work, we have shown deficits in extinction of contextual fear
memory in TgNTRK3, a mouse model of PAND (Santos

et al, 2013). We here report a deficit in the NT3/TrkC—ERK
intracellular signaling in this brain region that seems to
causally involved in fear extinction impairment in TgNTRK3
mice and can be recovered by local substitution of NT3 to the
mutant mPFC. Targeting plasticity in the mPFC could
constitute a therapeutic approach in the treatment of anxiety
disorders with deficits in TrkC mediated signaling.

The TgNTRK3 shows a complex pattern of TrkC
expression in the brain suggesting that regulatory mechan-
isms are in place, leading to age-dependent and subtle and
region-specific differences in the adult TgNTRK3 animals.
TgNTRK3 brains show higher TrkC expression levels than
WT at postnatal day 14 pups, which is less pronounced in
adult animals (Dierssen et al, 2006). Moreover, adult
TgNTRK3 showed higher TrkC expression than WT animals
in some brain regions but not in others (Dierssen et al, 2006).
In the present study, at baseline no differences were detected
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four episodes of | s at 100 Hz), and followed by | h recording (one stimulation each minute). (b) Schematic representation of mPFC-IL stimulation and
recording sites. Stimulation electrode in layer Il/lll, and recording electrode in layer V of mPFC-IL. (c) TgNTRK3 animals showed a deficit in LTP maintenance in
the mPFC-IL region as compared with WT animals (repeated measures two-way ANOVA with genotype and time points as factors; WT, n= | | slices from a
total of five mice; TgNTRK3, n= 15 slices from a total of seven mice). On the left, examples of WT and TgNTRK3 recordings at time | (baseline, black) and
time 2 (1 h after HFS; gray). (d) No differences were observed in PPF between WT and TgNTRK3 (Student's t test; WT, n=21 slices from a total of five mice;
TgNTRK3, n=15 slices from a total of seven mice). (e) Local NT3 application completely rescued LTP in TgNTRK3 slices without affecting WT values
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were observed in PPF between WT+NT3 and TgNTRK3+NT3 (Student's t test; WT, n= 12 slices from a total of five mice; TgNTRK3, n= 10 slices from a
total of seven mice). LTP, long-term potentiation; mPFC-IL, medial prefrontal cortex-infralimbic; NT3, neurotrophin 3; PPF, paired pulse facilitation; TgNTRK3,
transgenic mice overexpressing NTRK3; WT, wild type. Genotype effect ®*°p <0.001.

in TrkC levels between genotypes in PFC. As a result,  extinction (Fischer et al, 2007; Tronson et al, 2009), reduced
TgNTRK3 mouse model has a deregulation in TrkC levels = ERK phosphorylation in the mPFC-IL of TgNTRK3 in turn
across brain regions that may affect plasticity. may explain the impairment in fear extinction memory

First, we observed that TgNTRK3 did not show the  observed in the mutant mice. In fact, TgNTRK3 animals
extinction-related increase in NT3 levels in the mPFC that  showed a reduction in ERK phosphorylation in mPFC-IL
we observed in WT animals. Binding of NT3 to its high-  excitatory neurons along with a reduction in neuronal
affinity TrkC receptor results in intracellular activation of  activation (as measured by c-Fos levels). Excitatory project-
ERK signaling (Li et al, 2014; Reichardt, 2006). Therefore, the ing neurons in the mPFC-IL activate the medial intercalated
NT3 deficit observed in TgNTRK3 animals is likely to result ~ cell cluster, a key inhibitory checkpoint in the amygdala
in a deficit in the activation of the NT3/TrkC downstream circuit during fear extinction (Sierra-Mercado et al, 2011),
pathway ERK. Since activation of ERK, as measured by its  thereby playing a central role in signaling ‘fear off’ (Vidal-
phosphorylation levels, is associated with successful fear = Gonzalez et al, 2006). The lack of NT3 upregulation in our
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PAND mouse model is in line with an impairment of such
fear-off signals, leading to the observed fear extinction
deficit.

Indeed, NT3 infusion into the mPFC-IL region of
TgNTRK3 mice during the consolidation phase of fear
extinction was sufficient to rescue the impaired fear
extinction phenotype. This effect can be attributed to the
downstream activation of the ERK signaling, as inhibition of
ERK, using the specific inhibitor SL327, blocks NT3-
mediated extinction in TgNTRK3 mice.

To evaluate the PFC effects of NT3-induced extinction on
synaptic plasticity, we used ex vivo electrophysiology
recordings in the mPFC-IL. TgNTRK3 animals showed a
deficit in LTP in the mPFC-IL region, confirming reduced
synaptic plasticity in this brain region. In agreement
with our behavioral observations, the impaired LTP in the
mPFC-IL was completely rescued when NT3 was applied to
mPFC brain slices of TgNTRK3 mice. The NT3/TrkC
pathway actively modulates the glutamatergic system by
increasing excitatory currents through the modulation of
presynaptic neurotransmitter containing vesicles (Collin
et al, 2001). Moreover, exogenous application of NT3 can
enhance glutamatergic synaptic transmission via activation
of TrkC receptor, by increasing the efficacy of glutamate
release (Lessmann, 1998). More recently, evidence showed
that NT3 modulates the TrkC-mediated differentiation of
excitatory presynaptic terminals (Ammendrup-Johnsen et al,
2015; Han et al, 2016). Therefore, the rescue of the impaired
LTP in TgNTRK3 mice by exogenous application of
NT3 might be contributed by a restored glutamatergic
transmission. Supporting this hypothesis, we found that
TgNTRK3 animals have an overinhibited infralimbic cortex
due to a reduced presynaptic glutamate/GABA load
(vGLUT1/vGAT puncta, data not shown), in agreement
with the impaired LTP in the IL-mPFC. In fact, it has been
shown that altered glutamatergic transmission is a neuro-
chemical landmark in anxiety disorders, including PAND
(Harvey and Shahid, 2012).

BDNF was shown to potentiate extinction memory when
infused into the mPFC-IL (Peters et al, 2010). The authors
showed that a flow of BDNF produced in the hippocampus
to the mPFC-IL is necessary for successful fear extinction.
We did not observe differences between WT and TgNTRK3
in hippocampal NT3 levels after fear extinction, suggesting
that the NT3 deficit observed in the PFC of TgNTRK3
animals after fear is not due to a problem of NT3 production
in the hippocampus.

In summary, we show that NT3/TrkC homeostasis is
altered in the mPFC of TgNTRK3 mice and critically
involved in fear extinction deficits in this mouse model of
PAND (Dierssen et al, 2006; Santos et al, 2013). The
impaired fear extinction is associated with a deficit of NT3
and plasticity in the mPFC-IL brain region, and is rescued by
local NT3 infusion. Our study implicates for the first time
NT3-induced synaptic plasticity in the modulation of
pathological fear and thus identifies an entry site for the
development of pharmacological support of cognitive
behavioral therapy in PAND and other disorders of
pathological fear. It needs to be determined whether the
observed mechanisms are more generally involved in PAND
and anxiety disorders of different etiology.
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