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Abstract: Neuropeptide Y (NPY) has anxiolytic-like effects and facilitates the extinction of cued
and contextual fear in rodents. We previously showed that intracerebroventricular administration
of NPY reduces the expression of social fear in a mouse model of social fear conditioning (SFC)
and localized these effects to the dorsolateral septum (DLS) and central amygdala (CeA). In the
present study, we aimed to identify the receptor subtypes that mediate these local effects of NPY.
We show that NPY (0.1 nmol/0.2 µL/side) reduced the expression of SFC-induced social fear in a
brain region- and receptor-specific manner in male mice. In the DLS, NPY reduced the expression of
social fear by acting on Y2 receptors but not on Y1 receptors. As such, prior administration of the Y2
receptor antagonist BIIE0246 (0.2 nmol/0.2 µL/side) but not the Y1 receptor antagonist BIBO3304
trifluoroacetate (0.2 nmol/0.2 µL/side) blocked the effects of NPY in the DLS. In the CeA, however,
BIBO3304 trifluoroacetate but not BIIE0246 blocked the effects of NPY, suggesting that NPY reduced
the expression of social fear by acting on Y1 receptors but not Y2 receptors within the CeA. This
study suggests that at least two distinct receptor subtypes are differentially recruited in the DLS and
CeA to mediate the effects of NPY on the expression of social fear.

Keywords: social fear; social phobia; conditioned fear; SFC; fear expression; neuropeptide Y;
BIBO3304 trifluoroacetate; BIIE0246; dorsolateral septum; central amygdala

1. Introduction

As the most abundant and widely distributed neuropeptide in the mammalian brain,
neuropeptide Y (NPY) regulates a variety of biological and pathophysiological functions,
such as blood pressure, food intake, neuroendocrine secretions, neuronal excitability and
neuroplasticity [1–6]. These effects are mediated by at least five subtypes of G-protein-coupled
receptors, among which the Y1, Y2, Y4 and Y5 subtypes are localized in the brain [7–9]. NPY
and its receptors are highly expressed in brain regions involved in emotional behavior and
fear-related behavior, including the amygdala, hippocampus, septum, cerebral cortex, locus
coeruleus, periaqueductal gray, basal ganglia, hypothalamus and thalamus [10–12], suggesting
a regulatory role of NPY and its receptors in these behaviors.

A considerable amount of literature demonstrates anxiolytic and fear-reducing proper-
ties of NPY that depend on the receptor subtype, brain region and dose applied. Anxiolytic-
like effects were described after intracerebroventricular (i.c.v.) administration of NPY [13]
and local administration of NPY into the central amygdala (CeA) [14,15], basolateral amyg-
dala (BLA) [15], locus coeruleus [16], lateral septum [17], dorsolateral septum (DLS) [15],
dentate gyrus and the CA1 region of the hippocampus [15,18], as well as after localized
overexpression of NPY within the amygdala [19] or in rats with a higher innate number of
NPY-positive cells in the CeA [20]. The anxiolytic-like effects observed after i.c.v. or after
local administration of NPY into the CeA, lateral septum and CA1 region of the hippocam-
pus are mediated by postsynaptic Y1 receptors [14,17,18,21], whereas the intra-dentate
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gyrus effects are mediated by presynaptic Y2 receptors [18]. These studies suggest a brain
region- and receptor-specific modulation of anxiety-like behavior by NPY. While postsy-
naptic Y1 receptors were shown to mediate primarily anxiolytic-like effects [14,17,18,21],
the activation of presynaptic Y2 receptors exerts predominantly anxiogenic-like effects, as
demonstrated in studies using specific Y2 receptor agonists and antagonists [22,23].

Similar brain region-and receptor-specific effects of NPY have been described on
social interaction, a test that simultaneously assesses social anxiety-like behavior and social
motivation. As such, NPY promotes social interaction when administered into the DLS [24]
and BLA [25] but does not affect social interaction when administered into the intramedial
septum [24] and CeA [25]. While the effects of NPY on social interaction are mediated
by Y1 receptors but not Y2 receptors in the DLS [24], both Y1 and Y2 receptors mediate
its effects in the BLA [25,26]. These partly differential effects of NPY on anxiety (i.e., non-
social anxiety) and social anxiety suggest that distinct brain regions and receptor subtypes
mediate the effects of NPY on social versus non-social anxiety.

Several studies using fear conditioning paradigms have revealed that NPY is also a
strong suppressor of fear. Accordingly, i.c.v.-administered NPY impairs the acquisition
of cued and contextual fear by acting on Y1 receptors [27–29], impairs the retention and
retrieval of cued fear by acting on Y1 and Y2 receptors [30–32] and facilitates the extinction
of cued and contextual fear possibly by simultaneously acting on Y1 and Y2 receptors
and also on Y4 receptors [29,30,33–35]. The effects of NPY on the expression of cued fear
also seem to be brain region-dependent since NPY inhibits the expression of cued fear
when administered into the BLA but not when administered into the medial amygdala
(MeA) [30,31] via a Y1 receptor-independent mechanism [31].

These anxiolytic-like, prosocial and fear-reducing properties of NPY suggest its po-
tential benefit in disorders associated with social anxiety and fear. Indeed, in a model of
social fear conditioning (SFC), we showed that i.c.v. administration of NPY reduced the
expression of social fear by simultaneously acting on Y1 and Y2 receptors [36]. Moreover,
i.c.v. administration of NPY also reduced the expression of antidepressant-resistant social
fear [37], further supporting its potential benefit in disorders associated with social anxiety
and fear. The effects of NPY on the expression of social fear are also brain region-dependent
and could be localized to the DLS and CeA. As such, NPY reduced the expression of social
fear when administered into the DLS and CeA but not when administered into the dorsal
hippocampus, MeA and BLA [15].

As a follow-up study, we aimed to identify the receptor subtypes that mediate these
local effects of NPY on the expression of social fear given that receptor-specific effects
of NPY have been reported on other types of behavior, including anxiety-like behavior,
social behavior and fear-related behavior. As the pharmacological inactivation of either
Y1 or Y2 receptors reduced the i.c.v. effects of NPY on the expression of social fear,
and simultaneous inactivation of these receptors completely blocked the i.c.v. effects of
NPY [36], we administered specific Y1 and Y2 receptor antagonists before NPY into the
DLS and CeA prior to social fear extinction.

2. Results

To investigate whether the intra-DLS and intra-CeA administration of NPY reduces the
expression of social fear via Y1 and/or Y2 receptors, separate groups of conditioned mice were
administered vehicle (Veh; 0.2 µL/side), BIBO3304 trifluoroacetate (BIBO; Y1 receptor antagonist;
0.2 nmol/0.2 µL/side) or BIIE0246 (BIIE; Y2 receptor antagonist; 0.2 nmol/0.2 µL/side) into
these brain regions 20 min before social fear extinction on Day 2. After 10 min, mice were infused
again with either Veh (0.2 µL/side) or NPY (0.1 nmol/0.2 µL/side). On Day 1, during SFC, mice
received mild electric foot shocks each time they investigated an unfamiliar mouse to induce
social fear. On Day 2, during social fear extinction, the time that the mice spent investigating three
empty cages (i.e., non-social investigation) and six unfamiliar mice enclosed in wire mesh cages
(i.e., social investigation) was assessed as a read-out of non-social and social fear, respectively
(Figure 1).
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Figure 1. Schematic representation of the social fear conditioning (SFC) paradigm. On day 1, during SFC, the mice
were placed in the conditioning chamber and, after a 30 s habituation period, an empty wire mesh cage was placed as
a non-social stimulus near one of the short walls. After 3 min, the non-social stimulus was replaced by an identical
cage containing an unfamiliar mouse, i.e., social stimulus. Mice were given a mild electric foot shock each time they
investigated the social stimulus. On day 2, during social fear extinction, the mice were exposed in their home cages to three
non-social stimuli, followed by exposure to six unfamiliar social stimuli. Twenty min before social fear extinction, the mice
received the first infusion (vehicle, BIBO3304 trifluoroacetate or BIIE0246). Ten min later, the mice were infused again with
either vehicle or NPY.

2.1. NPY Reduces the Expression of Social Fear by Acting on Y2 Receptors in the DLS

During SFC on Day 1, the mice showed similar levels of investigation of the non-
social stimulus (empty cage), reflecting similar preconditioning non-social anxiety between
the groups (Figure 2a; F (3,23) = 0.326; p = 0.807). All mice received a similar number
of foot shocks during SFC, reflecting similar levels of distress during conditioning and
similar social fear learning between the groups (Figure 2b; F (3,23) = 0.145; p = 0.932).
During social fear extinction on Day 2, all mice showed similar levels of investigation of
the non-social stimuli (three empty cages; ns1–ns3), indicating that the treatment did not
alter non-social fear (Figure 2c). While the Veh/NPY-treated mice showed increased social
investigation compared with the Veh/Veh-treated mice, which indicated that NPY reduced
the expression of social fear when administered into the DLS, BIIE0246 but not BIBO3304
trifluoroacetate blocked these effects of NPY (treatment effect: F (3,23) = 12.195; p < 0.001;
stimulus x treatment effect: F (24,184) = 2.829; p < 0.001). In more detail, the BIBO/NPY-
and Veh/NPY-treated mice showed increased social investigation compared with the
Veh/Veh-treated mice, indicating that the Y1 receptor antagonist BIBO3304 trifluoroacetate
did not block the effects of NPY on the expression of social fear. The BIIE/NPY-treated
mice, however, showed a similarly low level of social investigation compared with the
Veh/Veh-treated mice, indicating that the Y2 receptor antagonist BIIE0246 blocked the
effects of NPY on the expression of social fear. These results demonstrate that NPY reduces
the expression of social fear by acting on Y2 but not Y1 receptors in the DLS.

2.2. NPY Reduces the Expression of Social Fear by Acting on Y1 Receptors in the CeA

During SFC on Day 1, mice showed similar levels of investigation of the non-social
stimulus (empty cage), reflecting similar preconditioning non-social anxiety between the
groups (Figure 3a; F (3,26) = 0.124; p = 0.945). All mice received a similar number of foot
shocks during SFC, reflecting similar levels of distress during conditioning and similar
social fear learning between the groups (Figure 3b; F (3,26) = 0.069; p = 0.976). During
social fear extinction on Day 2, all mice showed similar levels of investigation of the non-
social stimuli (three empty cages; ns1–ns3), indicating that the treatment did not alter
non-social fear (Figure 3c). While the Veh/NPY-treated mice showed increased social
investigation compared with the Veh/Veh-treated mice, which indicated that NPY reduced
the expression of social fear when administered into the CeA, BIBO3304 trifluoroacetate
but not BIIE0246 blocked these effects of NPY (treatment effect: F (3,26) = 17.896; p < 0.001;
stimulus x treatment effect: F (24,208) = 5.520; p < 0.001). In more detail, the BIIE/NPY-
and Veh/NPY-treated mice showed an increased social investigation compared with the
Veh/Veh-treated mice, indicating that the Y2 receptor antagonist BIIE0246 did not block
the effects of NPY on the expression of social fear. The BIBO/NPY-treated mice, however,
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showed a similarly low level of social investigation compared with the Veh/Veh-treated
mice, indicating that the Y1 receptor antagonist BIBO3304 trifluoroacetate blocked the
effects of NPY on the expression of social fear. These results demonstrate that NPY reduces
the expression of social fear by acting on Y1 but not Y2 receptors in the CeA.

Figure 2. NPY reduces the expression of social fear by acting on Y2 receptors in the dorsolateral
septum (DLS). (a) Preconditioning investigation of the non-social stimulus (empty cage) during SFC
on Day 1. (b) Number of foot shocks received during SFC. (c) Investigation of the non-social (ns1–ns3)
and social (cages with mice; s1–s6) stimuli during social fear extinction on Day 2. Conditioned mice
were bilaterally infused with either vehicle (Veh; 0.2 µL/side), BIBO3304 trifluoroacetate (BIBO; Y1
receptor antagonist; 0.2 nmol/0.2 µL/side) or BIIE0246 (BIIE; Y2 receptor antagonist; 0.2 nmol/0.2
µL/side) into the DLS 20 min before social fear extinction on Day 2. After 10 min, mice were infused
again with Veh (0.2 µL/side) or NPY (0.1 nmol/0.2 µL/side). NPY reduced the expression of social
fear; this effect was blocked by BIIE but not by BIBO (treatment effect: F (3,23) = 12.195; p < 0.001;
stimulus x treatment effect: F (24,184) = 2.829; p < 0.001). Data represent the means ± SEM, and
numbers in parentheses indicate group sizes. p < 0.05 * Veh/NPY and BIBO/NPY vs. Veh/Veh, and
Veh/NPY vs. BIIE/NPY; #Veh/NPY vs. Veh/Veh.

Figure 3. NPY reduces the expression of social fear by acting on Y1 receptors in the central amygdala
(CeA). (a) Preconditioning investigation of the non-social stimulus (empty cage) during SFC on Day 1.
(b) Number of foot shocks received during SFC. (c) Investigation of the non-social (ns1–ns3) and
social (cages with mice; s1–s6) stimuli during social fear extinction on Day 2. Conditioned mice
were bilaterally infused with either vehicle (Veh; 0.2 µL/side), BIBO3304 trifluoroacetate (BIBO; Y1
receptor antagonist; 0.2 nmol/0.2 µL/side) or BIIE0246 (BIIE; Y2 receptor antagonist; 0.2 nmol/0.2
µL/side) into the CeA 20 min before social fear extinction on Day 2. After 10 min, mice were infused
again with Veh (0.2 µL/side) or NPY (0.1 nmol/0.2 µL/side). NPY reduced the expression of social
fear; this effect was blocked by BIBO but not by BIIE (treatment effect: F (3,26) = 17.896; p < 0.001;
stimulus x treatment effect: F (24,208) = 5.520; p < 0.001). Data represent the means ± SEM, and
numbers in parentheses indicate group sizes. p < 0.05 * Veh/NPY and BIIE/NPY vs. Veh/Veh, and
Veh/NPY vs. BIBO/NPY; # Veh/NPY vs. BIBO/NPY.
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3. Discussion

The present study demonstrates for the first time that NPY reduces the expression of
SFC-induced social fear in a brain region-and receptor-specific manner in male mice. In
more detail, we showed that when administered into the DLS, NPY reduced the expression
of social fear by acting on Y2 receptors but not on Y1 receptors. When administered into
the CeA, however, NPY reduced the expression of social fear by acting on Y1 receptors but
not on Y2 receptors. These results suggest that at least two distinct receptor subtypes are
differentially recruited in the DLS and CeA to mediate the effects of NPY on the expression
of social fear.

In previous studies, we have shown that i.c.v. administration of NPY reduced the
expression of SFC-induced social fear via simultaneous activation of Y1 and Y2 recep-
tors [36]. While both the Y1 receptor antagonist BIBO3304 trifluoroacetate and the Y2
receptor antagonist BIIE0246 partly blocked the effects of NPY on social fear expression,
only the combination of these antagonists completely blocked the effects of NPY. I.c.v.
administration of NPY also reduced the expression of antidepressant-resistant social fear
in mice lacking the lysosomal glycoprotein acid sphingomyelinase (ASM) [37]. In these
ASM-/- mice, antidepressants such as paroxetine and amitriptyline failed to reverse SFC-
induced social fear, although they were successful in reversing social fear in wild-type
ASM+/+ mice [37} and in CD1 mice [38]. This further supports the potential benefit of
NPY in disorders associated with social anxiety and fear and its potential as an alternative
pharmacotherapy for social anxiety disorder patients who fail to respond to antidepres-
sant treatments [39]. The effects of NPY on the expression of social fear seem to be brain
region-dependent since NPY reduced the expression of social fear when administered
into the DLS and CeA but not when administered into the dorsal hippocampus, MeA
and BLA [15]. In this study, we confirmed and extended these findings by identifying the
receptor subtypes that mediate the effects of NPY in the DLS and CeA.

The lateral septum plays a critical role in regulating emotional behaviors, social behav-
iors and fear-related behaviors [40] and expresses both presynaptic Y1 and postsynaptic Y2
receptors [41,42]. When administered into the DLS, NPY was shown to exert anxiolytic-like
effects [15], to stimulate social interaction by acting on Y1 receptors but not on Y2 recep-
tors [24] and to reduce the expression of social fear [15]. Although Kask et al. [24] showed
that NPY stimulated social interaction when administered into the DLS, it seems unlikely
that DLS-administered NPY reduced the expression of social fear simply by stimulating
social interaction. First, different receptor subtypes mediated the effects of NPY on social
interaction and on social fear expression. As such, NPY stimulated social interaction by
acting on Y1 receptors but not on Y2 receptors [24], whereas the effects on social fear
expression were mediated by Y2 receptors and not by Y1 receptors (Figure 2c). Second,
NPY increased social investigation only in socially fear conditioned SFC+ mice but not
in unconditioned control SFC− mice when administered into the DLS and CeA [15], sug-
gesting that NPY increases social investigation only in individuals with low or impaired
sociability. This effect was also observed after i.c.v. administration of NPY [36,37] and
resembles the effects of other neuropeptides, such as oxytocin or neuropeptide S, which
were also shown to reduce social fear in SFC+ mice without further increasing social inves-
tigation in SFC− mice [43,44]. Given that the anxiolytic-like effects of NPY in the lateral
septum were mediated by Y1 receptors [17], it is possible that NPY reduced the expression
of social fear exclusively by acting on Y2 receptors or by simultaneously acting on Y1 and
Y2 receptors. While Y2 receptors mediate the effects of NPY on social fear extinction, it
cannot be excluded that the anxiolytic-like effects exerted via Y1 receptors contributed to
the reduced expression of social fear. By reducing anxiety, NPY might enable the mice to
approach the social stimuli faster and therefore lead to a faster extinction of social fear.
Interestingly, the DLS seems to be an important brain region for the development and
expression of social fear, and several neuropeptide classes can modulate social fear at
the level of the DLS. For example, local administration of neuropeptides with anxiolytic
and prosocial properties such as oxytocin and NPY in the DLS reduced the expression of
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social fear [43,45] (Figure 2c). Moreover, social fear increased oxytocin receptor binding
and impaired the release of oxytocin within the DLS [43], which were alterations that
normalized after successful extinction of social fear. By using c-Fos immunohistochemistry,
Menon et al. [45] demonstrated reduced neuronal activation within the lateral septum in
lactating mice that showed reduced expression of SFC-induced social fear, further demon-
strating the involvement of the lateral septum in the development and expression of social
fear. Preliminary studies have suggested that social fear also alters the expression of NPY
system-related genes. For example, we observed increased Npyr2 gene expression in the
lateral septum of SFC+ mice, suggesting the involvement of this receptor in social fear
and supporting our results showing that NPY reduced the expression of social fear by
activating Y2 receptors within the DLS.

The amygdala is the central component of the fear circuitry and is involved in the
perception, learning and expression of fear [46]. Within the amygdala, the CeA constitutes
the output relay for the functional consequences of amygdala activation by fearful stimuli
and, together with the BLA, coordinates the behavioral and physiological correlates of fear
expression [46,47]. When administered into the CeA, NPY was shown to exert anxiolytic-
like effects by acting on Y1 receptors [14,15] and to reduce the expression of social fear by
acting on Y1 receptors but not on Y2 receptors [15] (Figure 3c). This suggests that the effects
of NPY on social fear expression might be at least partly mediated by its anxiolytic-like
effects. As NPY did not promote social interaction when administered into the CeA [15,25],
it seems unlikely that CeA-administered NPY reduced the expression of social fear by
stimulating social interaction. In a study employing viral vector-mediated overexpression
of the Y2 selective agonist NPY3-36, Verma et al. [34] demonstrated that NPY promoted
cued fear extinction by reducing the expression of cued fear via activation of Y2 receptors
within the CeA. This suggests that NPY reduces the expression of both social and cued fear
at the level of CeA and that distinct receptor subtypes are recruited to mediate these effects
depending on the valence of the stimulus. As such, activation of postsynaptic Y2 receptors
within the CeA reduces the expression of cued fear and thereby promotes the extinction
of cued fear but does not affect the expression and extinction of social fear. Activation
of presynaptic Y1 receptors, on the other hand, reduces the expression of social fear and
thereby promotes social fear extinction.

The different contributions of Y1 and Y2 receptors in the regulation of conditioned
social fear at the level of the DLS and CeA are unlikely explained by a different anatomical
localization of the receptors, as both the presynaptic Y1 and postsynaptic Y2 receptors are
expressed in the DLS and CeA. Quantitative receptor autoradiography studies revealed
moderate levels of Y1 receptor expression and high levels of Y2 receptor expression in both
the DLS and the CeA [41,42].

Although we were able to identify the receptors mediating the effects of NPY on the
expression of social fear at the level of the DLS and CeA, a simultaneous activation of Y1 and
Y2 receptors was not necessary in any of these brain regions. Given that activation of both
Y1 and Y2 receptors was necessary to mediate the i.c.v. effects of NPY on the expression of
social fear [15], it is possible that the effects observed after i.c.v. administration of NPY were
mediated simultaneously by postsynaptic Y2 receptors within the DLS and by presynaptic
Y1 receptors within the CeA. The question arises on whether additional brain regions
might also be recruited and whether the activation of both the Y1 and Y2 receptors in
these brain regions might be necessary to mediate the effects of NPY on the expression of
social fear. Brain regions such as the dorsal hippocampus, MeA and BLA do not seem to
mediate the effects of NPY on social fear [15]. However, the involvement of other brain
regions expressing Y1 and Y2 receptors and known to be associated with social behavior
and fear-related behavior, such as the prefrontal cortex and the bed nucleus of the stria
terminalis [48,49], has not been investigated so far.

Taken together, we have shown that when administered into the DLS, NPY reduced
the expression of social fear by acting on Y2 receptors but not on Y1 receptors. When
administered into the CeA, however, NPY reduced the expression of social fear by acting
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on Y1 receptors but not on Y2 receptors. These results suggest that at least two distinct
receptor subtypes are differentially recruited in the DLS and CeA to mediate the effects of
NPY on the expression of social fear.

4. Materials and Methods
4.1. Animals

Male CD1 mice (Charles River, Sulzfeld, Germany, 8 weeks of age, 32–36 g) were
individually housed after arrival and remained single-housed throughout the experiments.
Age- and weight-matched male CD1 mice were used as social stimuli. Mice were kept
under standard laboratory conditions (12:12 light/dark cycle, lights on at 07:00 h, 22 ◦C,
60% humidity, food and water ad libitum). Experiments were performed during the light
phase between 09:00 and 14:00. All efforts were made to minimize animal suffering and to
reduce the number of animals used.

4.2. Stereotaxic Cannula Implantation

Implantation of the guide cannula (23G, 8 mm length; Injecta GmbH, Klingenthal,
Germany) for bilateral infusions was performed one week after arrival under ketamine-
xylazine anesthesia (intraperitoneal injection of 120 mg/kg Ketavet® and 16 mg/kg
Rompun®, respectively) as previously described [15,50], 1 mm above the DLS (AP +
0.3 mm, L ± 0.5 mm, D + 1.6 mm) or CeA (AP-1.2 mm, L ± 2.8 mm, D + 3.8 mm). After
surgery, mice were handled for 5 days before experiments started.

4.3. Intracerebral Infusions

Mice received bilateral DLS or CeA infusions of either vehicle (Veh; distilled H2O; 0.2µL/side),
porcine NPY (0.1 nmol/0.2 µL/side; PeptaNova, Sandhausen, Germany), Y1 receptor antagonist
BIBO3304 trifluoroacetate (BIBO; N-[(1R)-1-[[[[4-[[(Aminocarbonyl)amino]methyl]ph
enyl]methyl]amino]carbonyl]-4-[(aminoiminomethyl)amino]butyl]-α-phenyl-benzeneacetamide
ditrifluoroacetate; 0.2 nmol/0.2 µL/side; Tocris Bioscience, Bristol, UK) or Y2 receptor antago-
nist BIIE0246 (BIIE; N-[(1S)-4-[(Aminoiminomethyl)amino]-1-[[[2-(3,5-dioxo-1,2-diphenyl-1,2,4-
triazolidin-4-yl)ethyl]amino]carbonyl]butyl]-1-[2-[4-(6,11-dihydro-6-oxo-5H-dibenz[b,e]azepin-11-
yl)-1-piperazinyl]-2-oxoethyl]-cyclopentaneacetamide; 0.2 nmol/0.2 µL/side; Tocris Bioscience,
Bristol, UK) via an infusion cannula (27G, 9 mm length) inserted into the guide cannula and
connected via polyethylene tubing to a Hamilton syringe. The infusion system was left in place
for 30 s following the infusion to allow diffusion of the solution.

The correct infusion site was histologically verified. Brains were removed, snap-frozen
in isopentane (2-Methylbutane; Sigma-Aldrich, Darmstadt, Germany) and dry ice and
cut in coronal brain sections through the guide cannula probe tracts. Accordingly, 3 DLS
cannulas were not correctly implanted, and these mice were excluded from the study. NPY,
BIBO3304 trifluoroacetate and BIIE0246 doses and timing of administration were selected
based on previous studies [15,28,50].

4.4. Social Fear Conditioning (SFC) Paradigm

To induce social fear, mice were conditioned during SFC, and social investigation was
assessed during social fear extinction as a read-out of social fear.

SFC. SFC was performed with a computerized fear conditioning system (TSE System
GmbH, Bad Homburg, Germany) as previously described [36–38,43,44,51,52]; see [53] for a
schematic representation of the SFC paradigm. The mice were placed in the conditioning
chamber (45 × 22 × 40 cm), and after a 30-s habituation period, an empty wire mesh cage
(7 × 7 × 6 cm) was placed as a non-social stimulus near one of the short walls. After 3
min, the non-social stimulus was replaced by an identical cage containing an unfamiliar
male mouse, i.e., social stimulus. Mice were given a 1-s mild electric foot shock (0.7 mA)
each time they investigated, i.e., made direct contact with the social stimulus. The mice
received between 2 and 4 foot shocks, with a variable inter-shock interval, depending on
when direct social contact was made. The number of foot shocks was assessed as a measure
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of distress and social fear learning. The mice were returned to their home cage when no
further social contact was made for 2 min (average duration of SFC approximately 10 min).
All mice investigated the social stimulus and could be conditioned. The time mice spent
investigating the non-social stimulus, as a preconditioning measure of non-social anxiety,
was analyzed.

Social fear extinction. One day after SFC, the mice were exposed in their home cage to
three non-social stimuli, i.e., empty cages identical to the cage used during SFC, to assess
non-social investigation as a parameter of non-social fear. The mice were then exposed
to six unfamiliar social stimuli, i.e., mice enclosed in wire mesh cages, to assess social
investigation as a parameter of social fear. Each stimulus was placed near a short wall of
the home cage and presented for 3 min, with a 3 min inter-exposure interval. The test was
recorded and analyzed using JWatcher (V 1.0, Macquarie University, Sydney, Australia,
and UCLA, Los Angeles, CA, USA). Non-social investigation was defined as direct sniffing
of the empty cage, whereas social investigation was defined as direct sniffing of the cage
and/or the social stimulus inside the cage.

4.5. Statistical Analysis

For the statistical analysis, SPSS (Version 24, SPSS Inc., Chicago, IL, USA) was used.
Data were analyzed by one-way ANOVA or two-way ANOVA for repeated measures,
followed by Bonferroni’s post hoc analysis whenever appropriate. Statistical significance
was set at p < 0.05.
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