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Abstract

Rationale Neuropeptide Y (NPY) and its receptors are
densely localized in brain regions involved in the mediation
and modulation of fear, including the amygdala. Several
studies showed that central NPY is involved in the
modulation of fear and anxiety.

Objectives In the present study, we investigated (1) whether
intra-amygdala injections of NPY affect the expression of
conditioned fear and (2) whether NPY Y1 receptors (Y1R)
mediates the effects of these intra-amygdaloid NPY
injections.

Results Intra-amygdala NPY injections robustly decreased
the expression of conditioned fear measured by conditioned
freezing and fear-potentiated startle. These NPY effects
were not mimicked by intra-amygdala injections of the
Y1R agonists Y-28 or Y-36, and co-infusion of the YIR
antagonist BIBO 3304 did not block the NPY effects.
Furthermore, we tested Y1R-deficient mice in conditioned
freezing and found no differences between wild type and
mutant littermates. Finally, we injected NPY into the
amygdala of Y1R-deficient mice. Y1R deficiency had no
effect on the fear-reducing effects of intra-amygdala NPY.

Conclusions These data show an important role of the
transmitter NPY within the amygdala for the expression of
conditioned fear. YIR do not appear to be involved in the
mediation of the observed intra-amygdala NPY effects
suggesting that these effects are mediated via other NPY
receptors.
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Introduction

Neuropeptide Y (NPY) is one of the most abundant
peptides found in the mammalian brain (Tatemoto et al.
1982). Its effects are mediated by its G-protein-coupled
receptors, among which, the Y1, Y2, Y4, and Y5 subtypes
are located in the brain (Holmes et al. 2003). During the last
decade, a crucial role of NPY in fear and anxiety has been
shown in animal research (summarized in Kask et al. 2002;
Holmes et al. 2003). Furthermore, decreased NPY levels
were found in the plasma and the cerebrospinal fluid of
patients suffering from depression or anxiety disorders
(Rasmusson et al. 2000; Heilig et al. 2004).

The present study investigated the role of NPY within
the amygdala in conditioned fear. Fear, in contrast to
anxiety, is induced in animals and humans by cues which
they can clearly identify, i.e., fear is specific; whereas,
anxiety is more generalized (e.g., Davis and Shi 1999;
Fendt 2006). A variety of studies demonstrated an impor-
tant role of NPY in fear and anxiety: For example, NPY
infusions into the cerebral ventricle reduce fear and anxiety
behavior in the elevated plus maze, the Vogel’s punished
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drinking test, the social interaction test, fear-potentiated
startle (FPS), and the light—dark box (Heilig et al. 1989,
1993; Pich et al. 1993; Broqua et al. 1995; Gutman et al.
2008). Pharmacological studies suggest an important role of
NPY Y1 receptors (Y1R) in mediating the anxiety- and
fear-reducing effects of NPY: YIR agonists mimic the
effects of exogenous NPY in different anxiety models
(Sorensen et al. 2004; Bacchi et al. 2006), and the
anxiolytic-like effects of intra-ventricular NPY injections
are absent in Y1R deficient mice (Karlsson et al. 2008).

The amygdala is a crucial region of the brain circuitry
mediating fear and anxiety (e.g., Fendt and Fanselow 1999;
LeDoux 2000). NPY and its receptors are present in the
amygdala (Kask et al. 2002; Holmes et al. 2003; Wolak et
al. 2003; Kishi et al. 2005) leading to the hypothesis that
the anxiolytic-like effects of NPY are mediated in part by
the amygdala. Indeed, local injections of NPY into the
amygdala, as well as NPY over-expression within the
amygdala, induced anxiolysis in different animal models
of anxiety (Heilig et al. 1993; Primeaux et al. 2005).
Surprisingly, there is only one recently published study
investigating the effects of intra-amygdala NPY injections
in a conditioned fear model (Gutman et al. 2008) despite
the extensive evidence that the amygdala is the central brain
site for conditioned fear (e.g., Davis 1994; Wilensky et al.
2006; Kim and Jung 2006). Conditioned fear models play a
central role in the investigation of the neural circuitry of
emotions and are used to probe potential anxiolytic treat-
ments in preclinical research (Garakani et al. 2006).

The aim of the present study was to investigate the
effects of intra-amygdala injections of NPY on the
expression of conditioned fear in mice and to explore
whether the observed effects of intra-amygdala NPY
injections are mediated by Y1R. As behavioral fear models,
we used FPS and conditioned freezing.

Material and methods
Animals

Experimentally naive male mice with an age of 2—3 months
were used: experiment 1: DBA/1J (n = 34), supplied by
Janvier, Le Genest Saint Isle, France; experiments 2—4:
C57Bl/6] (n = 200), supplied by Janvier, Le Genest Saint
Isle, France; and experiment 5 and 6: Y1R deficient mice
(n = 84). Y1R-deficient mice (B6-TgH(npyylKO)) were
purchased from the University of Lausanne, Switzerland,
and bred in Novartis facilities (backcrossed for at least ten
generations onto the C57BL/6JNpa background). Genotyp-
ing was performed using a Tagman assay (2 min, 50°C;
10 min 95°C, 40 cycles 15 s, 95°C; and 1 min, 60°C) on an
ABI Prism 7900HT. Knockout allele-specific Neo primers
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used were TGGATTGCACGCAGGTTCT (sense),
GTGCCCAGTCATAGCCGAAT (anti-sense), and
CGGCCGCTTGGGTGGAGAGG (probe labeled 5'FAM
and 3'BHQ1). Primers used for the glucocorticoid receptor
gene as reference were CGGGACCACCTCCCAAA
(sense), CCCCATAATGGCATCCCGAA (anti-sense), and
CTTCATCGGAGCACACCAGGCAGA (probe labeled 5'
YY and 3'BHQI).

The animals were housed in groups of 2—4 in a humidity
(55%) and temperature (22°C)-controlled room under a 12/
12 hday-night cycle with lights on at 07:00 a.m. Water and
food were available ad libitum. Experiments were in
accordance with the Swiss law and international guidelines
for the care and use of animals and covered by license
#1988 and #2152 (Kantonales Veterindramt Basel-Stadt,
Switzerland).

Surgery (experiments 14, 6)

Mice were anesthetized with ketamine/xylazine (110 mg/kg,
10:1, i.p.) and placed into a stereotaxic frame. The skull was
exposed, and stainless steel guide cannulae (diameter:
0.35 mm; length: 6 mm) were bilaterally implanted aiming
to the amygdala. The following coordinates were used
(Paxinos and Franklin 2001): 1.5 mm caudal from Bregma,
+3.5 mm lateral from Bregma, and —3.7 mm ventral from
dura. The guide cannulae were fixed to the skull with dental
cement and two to three anchoring screws (2x2.75 mm;
Laubscher, Téuffelen, Switzerland). To prevent post-surgery
pain, the analgesic Buprenorphine (0.01 mg/kg, i.p.) was
given twice a day on the first 2 days following surgery.
Behavioral tests started following full recovery (56 days).

Apparatus

Fear-potentiated startle (experiment 1) For this experiment,
a startle system with eight chambers (35x35%38 cm) was
used (SR-LAB, San Diego Instruments, San Diego, CA,
USA). Each chamber contained a small animal enclosure
made of transparent Plexiglas cylinder with 4 cm inner
diameter and 10 cm inner length. Movements of the animals
were detected by motion-sensitive transducers mounted
underneath the animal enclosure. For data acquisition, the
output signal of the transducers was digitized (sampling rate
24 bit, 1 kHz) and stored on a computer. Stored responses
were expressed in arbitrary units.

For fear conditioning, electric foot shocks and light
stimuli were used. The light stimulus was presented to the
animals with 10 W bulbs (ca. 700 lux) mounted to the back
of the test chambers. Scrambled foot shocks were admin-
istered by a floor grid (seven parallel bars, 8 mm apart and
4 mm diameter) and had an intensity of 0.6 mA and a
duration of 1 s. White background noise (50 dB sound
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pressure level (SPL)) and the acoustic noise stimuli (96 dB
SPL) were generated by high-frequency loudspeakers
mounted in the center of the ceiling of the test chambers.

Conditioned freezing (experiment 2—6) To measure condi-
tioned freezing, a computerized fear-conditioning system
(TSE, Bad Homburg, Germany) was used. The apparatus
consisted of four identical transparent Perspex boxes (46 x
46x32 cm) placed inside animal detection infrared sensors
frame; each box was located in a sound-attenuating chamber
provided with loudspeakers for the acoustic stimuli (back-
ground noise of 60 dB SPL and the tone stimuli for fear
conditioning), light sources (continuous illumination of
10 lux), and a ventilation fan for air exchange. The floor of
the boxes consisted of removable stainless steel grids (bars,
4 mm diameter; distance from rod center to rod center,
8.9 mm), which was connected to a shock unit and able to
deliver foot shocks of defined duration and intensity. Delivery
of all stimuli was controlled by a personal computer. Four
additional boxes of the same size as those described above but
made of black Perspex (including the floor) served to create a
different test context.

Movements of the animals were detected by the infrared
sensors. The time spent freezing (immobility) was automat-
ically recorded (no infrared beam crosses for more than 1 s)
during all phases of the experiments.

Drugs

Sterile saline (NaCl 0.9%) was used as a vehicle for all
experiments. The following concentrations were used for
the different compounds: NPY (Tocris via Lucerna Chem
AG, Lucerne, Switzerland): 0.125, 0.25, and 0.5 pg/0.3 ul
saline (i.e., 30, 60, and 120 pmol/brain side or 97.5, 185,
and 390 uM); Y-28 (Des-AA'"'® [Cys’?!, p-Lys’ (Ac),
p-His*®, Pro®*]-NPY, a specific YIR agonist (Mullins et al.
2001)): 0.01, 0.1, or 0.4 pug/0.3 ul (i.e., 0.9, 9, and 36 pmol/
brain side or 2.9, 29, and 116 uM); Y-36 ([p-Arg®’,
p-His?®]-NPY, a specific YIR agonist (Mullins et al.
2001)): 0.62 pg/0.3 ul (i.e., 120 pmol/brain side or
120 pM); and BIBO 3304 ((R)-2-Diphenylacetylamino-5-
guanidino-pentanoic acid 4-ureidomethyl-benzylamide tri-
fluoroacetate, a specific Y1R antagonist (Wieland et al.
1998)): 130 ng/0.3 pl (i.e., 60 pmol/brain side or 202 uM).
Y-28 and Y-36 were synthesized by NeoMPS, Strasbourg,
France, and the BIBO 3304 were synthesized by Novartis.

Experimental procedures
Experiment 1 (effects of intra-amygdala NPY on FPS

expression) On the first experimental day, the mice were
tested for baseline acoustic startle response to ten startle

stimuli and then matched into two treatment groups with
similar mean baseline startle magnitudes. On the following
2 days, the animals were fear-conditioned. On each day,
after a habituation period of 5 min, they received ten
pairings of a 30-s light stimulus and a foot shock which was
presented in the last second of the light stimulus. The mean
intertrial interval was 140 s (range: 100—180 s).

On the fourth day, NPY or vehicle was injected into the
amygdala during a short anesthesia with 1.5-3% isofluran
applied through a mask. Therefore, injectors with a
diameter of 0.15 mm (connected to Hamilton syringes by
tubes) were introduced into the guide cannulae, and a total
volume of 0.3 ul solution/side was injected with a speed of
0.1 pl/min, controlled by a microinfusion pump (CMA100,
CMA, Stockholm, Sweden). The injector was removed
after additional 60 s, and the mice were returned in their
home cage for 10 min. Then, the animals were put into the
startle devices and after an acclimatization period of 5 min,
12 startle stimuli of 96 dB SPL were administered, half of
them alone, the other half of them were preceded by the
conditioned light stimulus (in a pseudorandomized order).
Inter-stimulus interval was 120 s, and no shocks were
administered on this retention test day.

Experiment 2 (effects of intra-amygdala NPY injections
on conditioned freezing) Fear conditioning was performed
on the first experimental day using the transparent Perspex
boxes. The animals were individually placed into the boxes.
Sixty seconds later, the first of six pairings of a tone
stimulus (8 kHz, 80 dB, 30 s, pulsed with an interval of
100 ms) and a scrambled foot shock (0.4 mA, during the
last second of the tone stimulus) were presented. The inter
trial intervals were 60 s. Thirty seconds after the last
pairing, the mice were returned to the home cage. Then, the
boxes were cleaned with 70% ethanol and dried.

On the next day, NPY or vehicle was injected into the
amygdala during a short anesthesia with 1.5-3% isofluran
applied through a mask. Therefore, injectors with a
diameter of 0.15 mm (connected to Hamilton syringes by
tubes) were introduced into the guide cannulae, and a total
volume of 0.3 pl solution/side were injected with a speed of
0.1 pl/min, controlled by a microinfusion pump. The
injector was removed after additional 60 s, and the mice
were returned to their home cage for 10 min. Then, the
animals were placed in the black Perspex boxes, and after a
habituation period of 2 min, five tone stimuli (without foot
shocks) were presented with an interstimulus time of 1 min
(retention test).

Experiment 3 (effects of intra-amygdala injections of Y-28
on conditioned freezing) Except for the following details,
the same procedure as in experiment 2 was used. For fear
conditioning, the foot shocks had a duration of 2 s and an
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intensity of 0.6 mA, and the frequency of the tone stimulus
was 10 kHz. Furthermore, the injections before the
retention test were performed without anesthesia.

In this experiment, fear conditioning was again without
any injections. On the next day, the mice received injections
of 0.3 pl/side vehicle, 0.01, 0.1, or 0.4 ug/side Y-28 (Y1R
agonist), or 0.5 pug/side NPY (as a positive control) into the
amygdala. Fifteen minutes later, they were tested for
expression of conditioned freezing.

Experiment 4 (effects of intra-amygdala injections of Y-36
and BIB0 3304 on conditioned freezing) In this experiment,
0.3 ul/side vehicle, 0.62 pg/side Y-36 (Y 1R agonist), 0.5 pg/
side NPY (as a positive control), 130 ng/side BIBO 3304
(Y1R antagonist), or a combination of NPY and BIBO 3304
was injected into the amygdala. In contrast to the previous
experiment, the retention test now consisted of 15 tone
stimulus presentations to evaluate potential effects of the
injections on extinction of conditioned fear. Furthermore, a
second retention test with five tone stimulus presentations was
carried out on the third experimental day (without any
treatment) to probe fear extinction memory.

Experiment 5 (effects of YIR deficiency on conditioned
freezing) In this experiment, the animals had no cannulae
implanted and were not treated. Fear conditioning was
carried out as in experiments 3 and 4. On day2, the animals
were first exposed to the conditioning context for 5 min.
Three hours later, the conditioned stimulus (CS) was
presented ten times in the black Perspex boxes. This CS
exposure was identically repeated on the next 3 days
(extinction).

Experiment 6 (effects of intra-amygdala NPY injections
in YIR deficient mice on conditioned freezing) Again, the
behavioral procedure of experiment 3 was used. Animals
received intra-amygdala injections of 0.3 ul/side vehicle or
0.5 pg/side NPY.

Histology (experiments 1-4, 6)

Immediately after the final behavior test, all mice with
intra-amygdala cannulae were euthanized, and the brains
were removed for histological analysis in order to verify the
injection sites within the amygdala. The brains were
immersion-fixed with 4% formaldehyde and stored in
fixative until further processing. Prior to cutting, the brains
were transferred to phosphate buffered 30% sucrose for at
least 12 h. Frontal sections (100 pm) were cut on a freezing
microtome and stained with cresyl violet. The injection
sites were localized, and the extent of tissue lesions due to
cannulation was examined under a light microscope. The
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injection sites were drawn onto plates taken from a mouse
brain atlas (Paxinos and Franklin 2001).

Statistical analysis

All reported statistical tests were performed using the program
SYSTAT (Statistical Package for the Social Sciences Inc.,
version 11). An analysis of variance (ANOVA) was used with
the between-subject factor treatment (experiments 1-4, 6) or
genotype (experiment 5 and 6) and the within-subject factors
trial type (experiment 1) or trial number (experiments 2—6). In
case of significance (p<0.05), post hoc Dunnett’s or Tukey
tests were carried out.

Results
Histology

All injection sites from mice that were included in the
statistical analysis were bilaterally localized within the
amygdala, mainly in the central, lateral, and basolateral
subnuclei (Fig. 1). Thirty-six animals were excluded from
final analysis due to amygdaloid lesions caused by
cannulation or due to misplaced injection sites.

Experiment 1: effects of intra-amygdala NPY on FPS
expression

The aim of this experiment was to test whether conditioned
fear, measured by FPS expression, is affected by intra-
amygdala injections of NPY. Twenty-seven mice with
bilateral injection sites within the amygdala (vehicle: N=
12, NPY: N=15) were tested. Figure 2a depicts the mean
startle amplitudes (mean + SEM) after startle stimuli alone
(tone alone), after startle stimuli preceded by the condi-
tioned light stimuli (light-tone), as well as their difference
(FPS). Statistical analysis revealed the presence of condi-
tioned fear indicated by significant effects of the trial type
(tone alone vs light-tone: F(1,25)=8.43, P=0.008). Injec-
tions of NPY into the amygdala attenuated FPS expression
shown by a significant interaction between trial type and
treatment (F(1,25)=5.35, P=0.03); whereas, baseline startle
magnitude was not generally affected by NPY injections
(factor treatment: F(1,25)=1.63, ns).

Experiment 2: effects of intra-amygdala NPY on expression
of conditioned freezing

With this experiment, we wanted to explore (1) whether the
anxiolytic-like effects observed in experiment 1 can also be
seen in other models of conditioned fear, and (2) whether
this effect is dose-dependent. On the first experimental day,
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Fig. 1 Frontal sections of the
amygdala (adapted from
Paxinos and Franklin 2001)
depicting the injection sites of
the different experiments into
the amygdala. The photomicro-
praphs show representative
examples of two different ani-
mals. BLA basolateral amygdala,
CA central amygdala, LA lateral
amygdala

Experiment 1

Experiment 3

-1.34

# 3 (experiment 3)

# 29 (experiment 2)
~—

fear conditioning was carried out without any treatment. In
contrast to the FPS paradigm, it is possible in freezing
experiments to measure fear behavior during the conditioning
phase which allows one to check for group differences before
the critical treatment. In the present experiment, the four
different groups of animals were not different in baseline
immobility (ANOVA: F<I; data not shown), i.e., in the

immobility shown before presentation of the first CS-US
pairing. During the fear-conditioning training, there was an
increase of freezing behavior (ANOVA, factor trial number:
F(5,230)=32.45, P<0.001; data not shown) which was not
different in the different groups (factor group: F(3,46)=1.08,
ns; interaction trial numberxgroup: F(15,230)=1.04, ns)
indicating successful fear conditioning in all groups.
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Fig. 2 Effects of a
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C 0 T T
0 pg 0.125 pg 0 0.125 0.25 05
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On day2, the animals were injected (vehicle: N=12,
0.125 ug: N=11, 0.25 pug: N=13, 0.5 png: N=14) and tested
for expression of conditioned freezing. Figure 2b shows the
percent time spent freezing (mean + SEM) of the different
groups of animals during the presentation of the condi-
tioned tone stimulus. There was a significant effect of the
factor treatment (F(3,46)=2.92, P=0.04) indicating that
NPY injections into the amygdala reduced expression of
conditioned fear. Furthermore, an effect of trial number was
detected (F(4,184)=10.49, P<0.001) reflecting within-
session extinction of conditioned fear. This extinction was
not affected by the NPY injections (interaction treatment x
trial number: F<1). A post hoc Dunnett test showed a
significant reduction of conditioned freezing after intra-
amygdala injections of 0.5 ug NPY (P=0.02) and a trend to
an effect after 0.25 pug NPY (P=0.097) vs vehicle. There
were no statistical effects of NPY on either baseline
immobility or motor activity (measure by distance traveled)
in the habituation period before CS presentation (F<1; data
not shown).

Experiment 3: effects of intra-amygdala injections of Y-28
on conditioned freezing

The aim of this experiment was to test whether intra-
amygdala injections of a YIR agonist mimic the effects of
intra-amygdala NPY injections. Therefore, we injected the
specific YIR agonist Y-28 into the amygdala and tested the
effects of these injections on the expression of conditioned
freezing (vehicle: N=11, 0.01 ng: N=10, 0.1 pg: N=15,
0.4 pg: N=13). As in experiment 2, the behavior (baseline
immobility, freezing behavior) of the different groups was
not different in the conditioning session (F<1.24, ns; data
not shown). Figure 3a depicts the percent time spent
freezing (mean+SEM) during the presentation of the
conditioned tone stimulus after injections of different Y-28
doses (retention test). Statistical analysis revealed no effects
of intra-amygdala Y-28 on conditioned freezing (ANOVA,
factor treatment: F(3,45)=1.73, ns). However, there was a
trend to more rapid extinction after intra-amygdala Y-28
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injections (interaction treatment x trial number: F(12,180)=
1.64, P=0.09; factor trial number: F(4,180)=15.67, P<
0.001; extinction time course not shown).

As in experiment 2, intra-amygdala NPY injections (N=
14) had anxiolytic-like effects on conditioned freezing
(factor treatment: F(1,23)=12.68, P=0.002, interaction
treatment x trial number: F(4,92)=1.58, ns; factor trial
number: F(4,92)=6.75, P<0.001).

Experiment 4: effects of intra-amygdala injections of Y-36
and BIBO 3304 on conditioned freezing

The aim of our fourth experiment was to test (1) whether
another Y1R agonist, Y-36, mimics the effects of intra-
amygdala NPY; (2) whether a Y1R antagonist, BIBO 3304,
has opposite effects to those of intra-amygdala NPY, i.e.,
anxiogenic-like effects; (3) whether the YIR antagonist,
BIBO 3304, attenuates or even blocks the effects of intra-
amygdala NPY injections; and (4) whether any of these
treatments affect within- or between-session extinction of
conditioned fear. As in the previous experiments, the
behavior (baseline immobility, freezing behavior) of the
different treatment groups was not different in the condi-
tioning session (F<1; Fig. 4, day1l). After intra-amygdala
injections of vehicle (N=12), Y-36 (N=14), NPY (N=12),
BIBO 3304 (N=13), and NPY + BIBO 3304 (N=12),
expression of conditioned fear to the first five CS
presentations (see Figs. 3b and 4, day2) was reduced in
the two groups which received either NPY alone or NPY in
combination with BIBO 3304 (separated ANOVAs vs
vehicle injection: NPY: factor treatment: F(1,22)=8.13,
P=0.009; interaction treatment X trial number: F<1; factor
trial number: F(4,88)=3.38, P=0.01; NPY + BIBO 3304:
factor treatment: F(1,22)=7.73, P=0.01; interaction treat-
ment x trial number: F<1; factor trial number: F(4,88)=
5.93, P<0.001). Neither intra-amygdala injection of Y-36
nor of BIBO 3304 affected the expression of conditioned
freezing (Y-36: factor treatment: F'<1; interaction treatment
x trial number: F<1; factor trial number: F(4,96)=4.63, P=
0.002; BIBO 3304: factor treatment: F<1; interaction
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6.01, P<0.001).

If not only the first five CS presentation but all 15 CS
presentations were analyzed (Fig. 4, day2), the statistical
results were qualitatively identical (data not shown) with
one exception: Intra-amygdala BIBO 3304 injections had
again no general effect on fear expression (factor treatment:
F<1) but within-session extinction was facilitated (interac-
tion treatmentxtrial number: F(14,322)=1.91, P=0.03;
factor trial number: F(14,322)=7.44, P<0.001). However,
freezing behavior on the next day (second retention test
without treatment; Fig. 4, day3) was neither changed for
the group that received BIBO on the first retention test
(factor treatment: F'<1; interaction trial number x treatment:
F(4,92)=1.06, ns) nor for the other treatment groups (factor
treatment: F'<I; interaction trial numberXtreatment: F<
1.55, ns), indicating that between-session extinction was
not affected. In both retention tests, baseline immobility
before CS presentation was not affected by the treatments
(F<1.74, ns). Therefore, conditioned freezing was not
affected by intra-amygdala Y1R agonist or antagonists,
and the effects of intra-amygdala NPY were not blocked by
co-administration of a Y1R antagonist.

L ugY28 —1  ugNPY
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Experiment 5: effects of Y1R deficiency on conditioned
freezing

To further investigate this apparent lack of Y1R involve-
ment in the intra-amygdala anxiolytic effect of NPY, the
effects of Y1R deficiency were tested in our next
experiment. Therefore, heterozygote (N=12) and homozy-
gote (N=11) YR deficient mice as well as their wild type
littermates (N=12) were tested for acquisition, expression,
and extinction of conditioned fear.

There was no effect of genotype on baseline inactivity in
the phase before the first presentation of the tone CS
(ANOVA: F(2,32)=1.21, ns). In Fig. 5a, freezing behavior
during fear conditioning is depicted. The response to the
first CS presentation did not differ between the genotypes
(F(2,32)=1.41, ns). There was a significant increase in the
freezing response during the CS presentations (F(5,160)=
15.84, P<0.001) indicating successful fear conditioning. In
addition, there was a main effect of genotype (F(2,32)=
3.28, P=0.05; no significant effects detected in post hoc
pairwise comparisons), i.e., generally higher freezing levels
in YIR deficient animals during fear conditioning but no
interaction genotype X trial number (F<1).

Day 1 Day 2 Day 3
80 - -0 Vehicle —0—BIBO 3304 -
—=-Y-38 —O—NPY + BIBO 3304
s i -
L
(%]
H,
[o)} - -
£
)
9 -
x
1 2 3 4 5 6 8 9 10 11 12 13 14 15 1 2 3 4 5

CS-US pairings

Fig. 4 Time course of experiment 4 (intra-amygdala injections of
0.5 pg/side NPY, 0.62 pg/side Y-36, and 130 ng/side BIBO 3304).
Data are presented as means+SEM. Day I, fear conditioning with six

CS presentations

CS presentations
pairings of the tone CS with the foot shock US. Day2, retention test

with 15 presentations of the CS. Day3, extinction test with five CS
presentations
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Fig. 5 Conditioned freezing in YIR deficient mice, heterozygous,
and wild type littermates. a Fear conditioning with six pairings of the
tone CS with the foot shock US. b First retention test on contextual
fear and on cue-induced fear (mean of the first five CS presentation).

On the following day, expression of conditioned fear was
tested. There was no effect of genotype on contextual fear
(F<1; Fig. 5b), on freezing during the first five CS
presentation (F<1; Fig. 5b), or on freezing during all ten
CS presentation (F(2,32)=1.08, ns; Fig. 5c). After ten CS
presentations, within-session extinction was observed
(F(9,288)=5.52, P<0.001; Fig. 5c), and there was an
interaction between genotype and trial number (F(18,288)=
1.68, P=0.04) indicating less within-session extinction in the
YIR deficient mice. On the following test days (Fig. 5d),
between-session extinction was observed (F(3,96)=78.11,
P<0.001). There was no main effect of genotype (F<1) but
a significant interaction of genotype X test day (F(6,96)=
2.29, P=0.04) indicating stronger between-session extinction
in Y R-deficient mice.

Experiment 6: effects of intra-amygdala NPY injections
in Y1R deficient mice on conditioned freezing

The aim of the last experiment was to investigate whether
the anxiolytic-like effects of intra-amygdala NPY injections
can also be observed in Y1R deficient mice.

As in experiment 5, freezing behavior during fear
conditioning was not affected by genotype (data not shown;
factor gene: F<1; factor trial number: F(5,200)=35.97, P<
0.001; interaction gene x trial number: F<1).

In Fig. 6, the freezing response during the presentation
of five CS after injection of either vehicle (wild type:
N=11, deficient: N=12) or 0.5 ng NPY (wild type: N=10;
deficient: N=11) is depicted. Again, the genotype of the
animal did not affect expression of conditioned freezing
(F<1). As in the previous experiments, intra-amygdala
NPY injections significantly decreased conditioned freezing
(F(1,40)=9.70, P=0.003). However, this NPY effect was
quite similar in the different genotypes (interaction gene X
treatment: F'<1). Furthermore, within-session extinction
(factor trial number: F(4,140)=14.96, P<0.001) was
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¢ Time course of first retention test (all ten CS presentations). d Mean
freezing response of day2 to 5 (between-session extinction). Data are
presented as means + SEM

neither affected by genotype (F(4,160)=2.13, P=0.08) nor
by NPY injections (#(4,160)=1.40, ns; interaction gene x
treatment X trial number: F(4,160)=2.08, P=0.09).

Discussion

The aims of our study were to test whether intra-amygdala
NPY injections have fear-reducing effects in animal models
of conditioned fear and whether such effects are mediated
by Y1R. In summary, our experiments showed that intra-
amygdala NPY significantly reduces fear expression in FPS
and conditioned freezing. The latter model was further used
to clarify whether the fear-reducing effects of intra-
amygdala NPY are mediated by Y1R. First, we tried to
mimic the NPY effects by intra-amygdala injections of
specific Y1R agonists. Two different agonists, Y-28 and Y-
36, did not affect fear expression. Furthermore, a specific
YIR antagonist, BIBO 3304, was neither able to block the
NPY effects after co-administration nor had any effects
when injected alone. Finally, we evaluated Y1R-deficient
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Fig. 6 Fear expression after intra-amygdala NPY injections in YIR
deficient mice and wild type littermates. Data are presented as means
+ SEM. **P<0.01 post hoc Tukey test after significant main effects
(ANOVA)
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mice in conditioned freezing. Fear expression was not
affected in YI1R-deficient mice, and the fear-reducing
effects of intra-amygdala NPY were not affected in Y1R-
deficient mice.

There are numerous studies supporting an important
role of NPY in human anxiety disorders (Rasmusson et
al. 2000; Heilig et al. 2004), as well as in traditional
animal models of anxiety (e.g., Heilig et al. 1993; Sajdyk
et al. 1999; Krysiak et al. 2000; Sorensen et al. 2004,
Karlsson et al. 2005). However, there are only few studies
in animal models of conditioned fear which are believed to
be more translational than animal models of anxiety (e.g.,
Grillon and Baas 2003; Garakani et al. 2006). A very
recent study showed that NPY injections into the baso-
lateral amygdala reduce the expression of FPS in rats
(Gutman et al. 2008).

In the present study, NPY was injected into the
amygdala before the retention test for cue-induced condi-
tioned fear. In two different models, conditioned freezing
and FPS, we observed robust fear-reducing effects of intra-
amygdala NPY injections. These results provide the first
demonstration of the efficacy of intra-amygdala NPY
injections in mice and confirm the recently published data
in rats showing fear-reducing effects after such injections of
NPY in FPS (Gutman et al. 2008). Similar intra-amygdala
NPY effects were observed in animal models of anxiety
(Heilig 1995; Sajdyk et al. 1999). In all of these studies,
rats were used as experimental subjects, and the injections
were made into the basolateral region of the amygdala.
However, in mice (present study), due to their much smaller
size, it is not really possible to precisely hit a subnucleus of
the amygdala using normal injection cannulae. Most of our
injections sites were located in the basolateral part of the
amygdala (which also has the highest Y1R density within
the amygdala; Wolak et al. 2003; Kishi et al. 2005).
However, since the injected volume (0.3 ul) probably
floods the whole mouse amygdala complex, our experi-
ments do not allow to conclude which amygdaloid
subnucleus mediates the observed NPY effects.

Beside from using mice, our study has another critical
difference to literature studies investigating intra-ventricular
or intra-amygdala NPY effects on anxiety: We used models
of conditioned fear. These models were chosen since the
amygdala plays a very crucial role in conditioned fear (e.g.,
Davis 1992; LeDoux 2000; Antoniadis and McDonald
2001), and pathological processing of conditioned fear by
the amygdala is believed to be involved in the etiology of
human anxiety disorders (e.g., Etkin and Wager 2007;
Mineka and Oehlberg 2008). As in the anxiety models in
rats (Heilig 1995; Sajdyk et al. 1999), we observed robust
fear-reducing effects of intra-amygdala NPY injections in
our mouse experiments. It is important to mention that
other potentially interfering behavioral effects such as

changes in motor activity and baseline immobility or startle
magnitude were not observed (see results).

After demonstrating the fear-reducing effects of intra-
amygdala NPY in these two models of conditioned fear,
our next step was to test whether these effects can be
mimicked by YIR agonists. We used two different
specific YIR agonists, Y-28 and Y-36. These agonists
both have high affinities and potencies for Y1R (Mullins
et al. 2001; data confirmed by in-house tests), and we
used concentrations which are clearly over the EC50s for
YIR. In fact, the highest concentrations used in the
present study were more than 100-folds above the EC50
of these agonists, and higher doses would be unspecific
due to some potency of the Y-28 and Y-36 on NPY Y2 and
Y4 receptors (Mullins et al. 2001). Usually, concentrations
of ca. five- to tenfold EC50 are enough to get behavioral
effects with intracranial injections (e.g., Fendt et al. 2008;
Siegl et al. 2008). However, both agonists were not able to
mimic the fear-reducing effects of intra-amygdala NPY
injections. In addition, co-administration of BIBO 3304, a
specific YIR antagonist (Wieland et al. 1998), was not
able to block the fear-reducing effects of NPY injections
into the amygdala, and this, despite the evidence from
other studies that the dose of BIBO 3304 used, had
behavioral effects per se and blocked NPY effects (Sajdyk
et al. 1999; Wieronska et al. 2004, 2008; Smialowska et
al. 2007). Our data are in line with those of Gutman et al.
(2008) which found no effects of intra-amygdala BIBO
3304 injections on expression of FPS in rats. However, it
cannot totally be excluded that intra-amygdala injections
of Y1R agonists or antagonists could be effective if other
conditioning protocols are used (e.g., less pairings during
conditioning).

Finally, we conducted a further and perhaps optimal
approach to probe the role of YIR in the NPY effects we
observed: NPY was injected into the amygdala of Y1R-
deficient mice. Such an experiment is only conclusive if
Y 1R-deficient mice have no particular phenotype in
conditioned fear. In literature, there are quite different
phenotypes of Y 1R-deficient mice described: In one study,
they express an anxiolytic-like phenotype in the elevated
plus maze but an anxiogenic-like phenotype in the light—
dark box (Karl et al. 2006). In another study (Karlsson et al.
2008), they showed no phenotype in these anxiety models,
as well as in Pavlovian fear conditioning. In our experi-
ment, Y1R-deficient mice expressed slightly increased
freezing levels during fear conditioning but showed no
phenotype in the expression of conditioned fear. Further-
more, the fear-reducing effects of intra-amygdala NPY
injections were still present in Y1R-deficient mice. It
should be noted that Y1R-deficient mice have normal
mRNA levels of NPY Y2 and Y5 receptors, as well as
normal NPY plasma concentrations (Pedrazzini et al. 1998)
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which argue against possible compensatory changes in
Y 1R-deficient mice.

This result, together with our other experiments, clearly
indicates that Y1R within the amygdala is not involved in
the expression of conditioned fear. This apparently stands
in contrast to other studies showing that amygdaloid Y1R
are crucial for mediating the anxiolytic-like effects of
intracranial or intra-amygdaloid NPY (Heilig et al. 1993;
Heilig 1995; Sajdyk et al. 1999). However, in all the latter
studies, anxiety or conflict models were used (social
interaction test, Geller-Seifter test), and the idea that the
neural circuitries underlying anxiety and conditioned fear are
to some extend different (e.g., Davis 1998; McNaughton and
Corr 2004; Rosen 2004) could explain these apparently
contradictory findings. In this respect, it should be noted
that Y1R-deficient mice expressed increased levels of fear
during fear conditioning (here, both the context and the
cue is present). Furthermore, freezing to the conditioning
context was non-significantly increased. Based on the
hypothesis that contextual fear is more related to anxiety
(Grillon et al. 2006), these observations of the present
study well fit to the published role of YIR in anxiety
models.

In our experiments, we also observed a potential role of
YIR in fear extinction. It should be noted that our
experimental protocols were not optimized to test for
extinction effects, and we also used different extinction
protocols in the different experiments. Nevertheless, in each
experiment, significant extinction was observed in the control
groups. In general, our data do provide support for the idea
that NPY is involved in extinction (Gutman et al. 2008).
Gutman et al. demonstrated a facilitation of fear extinction
after NPY injections into the ventricle, but not after
injections into the amygdala. In line with these data, we
observed no effect of intra-amygdala NPY injections on
extinction. However, we found slight effects on fear
extinction after intra-amygdala injections of the YIR
antagonist BIBO 3304 and in Y1R-deficient mice (experi-
ment 4). Surprisingly, the effects of intra-amygdala injections
of the Y1R antagonist were not in line with the changes
observed in Y1R-deficient mice. In addition, Gutman et al.
reported a blockade of between-session extinction after
BIBO 3304 injections into the basolateral (but not into the
medial) amygdala. This was clearly not the case in our
experiments (experiment 4): We even observed a weak
facilitation of between-session extinction in Y 1R-deficient
mice. In summary, the here-observed effects on extinction
are very weak, incongruous, and not completely in line with
literature data. Future studies have to clarify the exact role of
YR in the different brain areas in fear extinction.

In summary, the present experiments show strong and
robust effects of intra-amygdala injections on conditioned
fear in mice. However, our different experimental
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approaches did not support an involvement of Y1R in
these effects. Therefore, we conclude that the intra-
amygdala NPY effects on conditioned fear are mediated
by other NPY receptor subtypes. A good candidate
therefore is the NPY Y5 receptor (Y5R). Several studies
already demonstrated an important role of Y5SR (Sajdyk et
al. 2002; Sorensen et al. 2004). Furthermore, there are
indications that Y1R and YS5R co-expression results in
heterodimerization and affect agonist and antagonist
responses as well as receptor internalization which may
account for a very complex NPY pharmacology (Gehlert et
al. 2007). Clearly, more research is necessary to unravel the
mechanisms underlying NPY-mediated anxiolysis.
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