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A B S T R A C T

The anterior bed nucleus of stria terminalis (BNST) is involved in reinstatement of extinguished fear, and
neuropeptide Y2 receptors influence local synaptic signaling. Therefore, we hypothesized that Y2 receptors in
anteroventral BNST (BNSTav) interfere with remote fear memory and that previous fear extinction is an im-
portant variable. C57BL/6NCrl mice were fear-conditioned, and a Y2 receptor-specific agonist (NPY3-36) or
antagonist (JNJ-5207787) was applied in BNSTav before fear retrieval at the following day. Remote fear
memory was tested on day 16 in two groups of mice, which had (experiment 1) or had not (experiment 2)
undergone extinction training after conditioning. In the group with extinction training, tests of remote fear
memory revealed partial retrieval of extinction, which was prevented after blockade of Y2 receptors in BNSTav.
No such effect was observed in the group with no extinction training, but stimulation of Y2 receptors in BNSTav
mimicked the influence of extinction during tests of remote fear memory. Pharmacological manipulation of Y2
receptors in BNSTav before fear acquisition (experiment 3) had no effect on fear memory retrieval, extinction or
remote fear memory. Furthermore, partial retrieval of extinction during tests of remote fear memory was as-
sociated with changes in number of c-Fos expressing neurons in BNSTav, which was prevented or mimicked
upon Y2 blockade or stimulation in BNSTav. These results indicate that Y2 receptor manipulation in BNSTav
interferes with fear memory and extinction retrieval at remote stages, likely through controlling neuronal ac-
tivity in BNSTav during extinction training.

1. Introduction

Relapse of extinguished fear is a major problem in the treatment of
fear-like anxiety disorders and poses a serious challenge to the long-
term outcome of existing extinction-based therapies. Return of fear can
affect up to 62% of treated patients (Mystkowski, Craske, Echiverri, &
Labus, 2006). For instance, approximately 27% panic disorder patients
have been reported with relapse following exposure-based therapies
(Brown and Barlow, 1995; Fava et al., 2001). Thus, a profound phar-
macological support is prerequisite to regulate remote fear memory
retrieval to achieve long-term and stable suppression of fear.

NPY, a 36-amino-acid peptide known for its anxiolytic properties is
involved in fear and extinction learning (Gutman, Yang, Ressler, &
Davis, 2008; Tasan, Verma, Wood, & Lach, 2016; Verma, Tasan,
Herzog, & Sperk, 2012; Verma et al., 2015). Pavlovian fear conditioning
and fear extinction are valid clinically relevant models to explore the
behavior and brain mechanisms of fear acquisition, extinction and re-
lapse (Davis, 2002; Goode and Maren, 2014; Pape and Paré, 2010;
Verma et al., 2012). Of particular interest being that over-expression of

a Y2 receptor-specific agonist (NPY3-36) in the central amygdala (CEA)
resulted in a reduction in spontaneous recovery and reinstatement of
fear suggesting that Y2 receptor activation supports a permanent sup-
pression of fear (Verma et al., 2015). In contrast, local deletion of Y2
receptors in the CEA increased the expression of conditioned stimulus
(CS)-induced freezing during fear recall and fear extinction (Verma
et al., 2015). Recently, Wood et al. (2015) provided evidence that
GABAergic, NPY-expressing neurons of the medial nucleus of the cen-
tral amygdala (CEm) reciprocally connect to the bed nucleus of the stria
terminalis (BNST).

The BNST is part of the extended amygdala and considered a center
of valence, integrating information with negative valence or anxiety-
like states, and has gained recent attention as a relevant region for
human stress-related psychiatric diseases (Alheid and Heimer, 1988;
Lebow and Chen, 2016; Walker, Miles, & Davis, 2009). The BNST is
divided into anterior/posterior and dorsal/ventral sections through
fiber bundles of the stria terminalis and anterior commissure, respec-
tively (Hammack, Mania, & Rainnie, 2007). The anterior BNST is the
main termination zone of axonal inputs from the CEA. Both regions
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robustly innervate each other, and reportedly play a crucial role to
mediate behavioral processes related to fear and anxiety (Fendt, Endres,
& Apfelbach, 2003; Tovote, Fadok, & Luthi, 2015; Walker, Toufexis, &
Davis, 2003). The role of these regions is highlighted in an experimental
rat model of posttraumatic stress disorder (PTSD), suggesting dimin-
ished CEA and enhanced BNST influences during alterations in fear/
anxiety characterizing PTSD-like states (Rodriguez-Sierra, Goswami,
Turesson, & Paré, 2016). In particular, the ventral sector of the anterior
BNST (BNSTav) seems well positioned to control anxiety-like responses,
given its projections via the paraventricular hypothalamic nucleus that
regulate the HPA axis, and its axonal connections with the ventral
tegmental area (VTA) (Gungor and Paré, 2016; Herman, Ostrander,
Mueller, & Figueiredo, 2005). BNSTav also receives inputs from various
brain regions involved in fear behavior, including infralimbic prefrontal
cortex, basomedial and central amygdala, various thalamic and brain-
stem nuclei (Shin, Geerling, & Loewy, 2008). In fact, optogenetic acti-
vation of glutamatergic or GABAergic neurons in BNSTav produced
anxiogenic- or anxiolytic-like effects, respectively, likely through pro-
jections to VTA (Jennings et al., 2013). It was reported recently that
inactivation of the anterior BNST prevents reinstatement but not re-
newal of conditioned fear to an extinguished CS suggesting that the
BNST is critical for fear recovery following stress-exposure, but not for
contextual retrieval processes that mediate fear renewal (Goode et al.,
2015).

While relatively few studies have investigated the effects of NPY in
the BNST, there is some evidence indicating that NPY can modulate
BNST neurons depending on whether pre- or postsynaptic receptors are
stimulated (Tasan et al., 2010, 2016; Wood et al., 2015). Of interest
here is that Y2 receptors exist on fibers of NPY-negative neurons in
BNST (Tasan et al., 2010; Tasan et al., 2016; Wood et al., 2015), and
that stimulation of presynaptic Y2 receptors reduces GABAergic trans-
mission to neurons in the ventral sector of the anterior BNST (Kash and
Winder, 2006; McCall et al., 2013; Pleil et al., 2012). Chronic stress
impairs this ability of NPY to suppress inhibitory postsynaptic currents
in DBA/2J mice, but not in C57BL/6J mice, suggesting that stress can
alter NPY signaling in BNST depending on genetic background (Pleil
et al., 2012).

Therefore, we hypothesized that Y2 receptors in BNSTav interfere
with fear extinction and remote fear memory. C57BL/6NCrl adult mice
were exposed to a fear conditioning and extinction paradigm where a
Y2 receptor-specific agonist (NPY3-36) or antagonist (JNJ-5207787) was
applied locally in BNSTav at 20min before fear conditioning or 20min
before fear retrieval on the next day. Remote fear memory retrieval was
assessed 16 days after fear conditioning in groups of animals that had or
had not received fear extinction training after Y2 receptor manipula-
tion. Furthermore, neuronal activation patterns were assessed through
immediate early gene (c-Fos) mapping in BNSTav.

2. Material and methods

2.1. Animals

All experiments were carried out in accordance with the European
Committees Council Directive (86/609/EEC) and were approved by
local authorities LANUV NRW (AZ 84-02.04.2014.A414). Experiments
were performed in adult male C57BL/6NCrl mice [n= 65 (n=60 for
behavioral studies, n= 5 for histological verification of drug diffusion
sites) 10–12weeks old, weighing 25–32 g, Charles River, Sulzfeld,
Germany]. Each experimental animal was housed under standard la-
boratory conditions (12 h/12 h light/dark cycle, lights being on at
07:00, food and water ad libitum). Animals were group housed (3–5 per
cage) in transparent standard Macrolon cages type III, provided with
sawdust, plastic tube and nesting material. A week before stereotaxic
surgery and for subsequent experiments, animals were single housed.

2.2. Stereotaxic surgery for guide cannula implantation

Adult male C57BL/6NCrl (8–10weeks of age) mice were bilaterally
implanted with guide cannulae using a stereotaxic frame (Model 962,
David Kopf Instruments, Tujunga, California, USA) with blunt ear bars.
For BNSTav, coordinates were taken according to Paxinos and Franklin
(2008) (in mm, from bregma): BNSTav: A, 0.02; L,± 0.7; V, −4.5. All
surgical procedures were performed under deep anesthesia by in-
traperitoneal injection of pentobarbital (Narkoren; 50 mg/kg), supple-
mented by subcutaneous injection of carprofen (Rimadyl; 5 mg/kg).
Injected volume was varied between 0.15 and 0.25ml, according to the
weight of the individual animal. Depth of the anesthesia was ascer-
tained by lack of the ocular and hind limb withdrawal reflexes. The
scalp was incised to level bregma and lambda in the same dorsoventral
plane. After setting the coordinates, small holes were drilled into the
skull and a guide cannula (Polymicro tech., fused silica capillary, ID:
250 µm, OD: 355 µm) was lowered into the BNSTav. The entire skull
surface was covered with dental cement to secure the cannula to the
skull. A dummy cannula (Polymicro tech., fused silica capillary, ID:
73.5 µm, OD: 150.8 µm) was inserted into each guide cannula following
the surgery. Mice were allowed to recover from surgery for at least one
week prior to drug treatment and behavioral training.

2.3. Drugs

The Y2 receptor agonist NPY3-36 (PolyPeptide Laboratories, France)
and the Y2 receptor antagonist JNJ-5207787 (Tocris Bioscience,
Germany) were prepared at the day of the experiment from stock so-
lutions at concentrations of 200 nM in 0.9% NaCl (pH 7.4) and infused
into the BNSTav. Fluorescently labelled NPY3-36 (Cy3-NPY3-36; Phoenix
Pharmaceuticals, Inc., 330 Beach Road, Burlingame, CA 94,010, USA)
was similarly prepared as NPY3-36.

2.4. Drugs administration procedure

In two separate groups of animals, twenty minutes before fear
conditioning or fear extinction training, respectively, the dummy can-
nula was removed and replaced with infusion cannula that protruded
an additional 1mm from the tip of the guide cannula. NPY3-36, JNJ-
5207787 or saline was infused bilaterally into the BNSTav at a rate of
100 nl/min and a total volume of 300 nl. Before retracting the infusion
cannula additional 5min were given for diffusion of the drug. Animals
were kept under light inhalation anesthesia (Isoflurane, 2.5%; CP
Pharma, Germany) during these procedures.

2.5. Experimental design

Behavioral experiments were conducted with single housed,
10–12weeks old male C57BL/6NCrl mice (n=60). Mice were divided
into three groups according to the time point of drug injection (20min
before acquisition; 20min before retrieval) and fear extinction proce-
dure (with extinction (Ext); without extinction (no Ext)), according to
the following scheme:

1. Fear acquisition—24 h—Drug—20min—Fear extinction—
2weeks— Remote fear memory retrieval. (n= 21; n=7/drug
treatment categories saline, NPY3-36 and JNJ-5207787; with ex-
tinction (Ext)).

2. Fear acquisition—24 h—Drug——————— No extinction
————————2 weeks— Remote fear memory retrieval.
(n= 21; n= 7/drug treatment categories saline, NPY3-36 and JNJ-
5207787; without extinction (no Ext)).

3. Drug—20min—Fear acquisition—24hr—Fear retrieval—2weeks—
Remote fear memory retrieval. (n= 18; n=6/drug treatment ca-
tegories saline, NPY3-36 and JNJ-5207787).
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