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Converging evidence implicates the regulatory neuropeptide Y (NPY) in anxiety- and depression-related behaviors. The present study

sought to assess whether there is an association between the magnitude of behavioral responses to stress and patterns of NPY

in selected brain areas, and subsequently, whether pharmacological manipulations of NPY levels affect behavior in an animal model of

PTSD. Animals were exposed to predator-scent stress for 15min. Behaviors were assessed with the elevated plus maze and acoustic

startle response tests 7 days later. Preset cutoff criteria classified exposed animals according to their individual behavioral responses. NPY

protein levels were assessed in specific brain regions 8 days after the exposure. The behavioral effects of NPY agonist, NPY-Y1-receptor

antagonist, or placebo administered centrally 1 h post-exposure were evaluated in the same manner. Immunohistochemical technique

was used to detect the expression of the NPY, NPY-Y1 receptor, brain-derived neurotrophic factor, and GR 1 day after the behavioral

tests. Animals whose behavior was extremely disrupted (EBR) selectively displayed significant downregulation of NPY in the

hippocampus, periaqueductal gray, and amygdala, compared with animals whose behavior was minimally (MBR) or partially (PBR)

disrupted, and with unexposed controls. One-hour post-exposure treatment with NPY significantly reduced prevalence rates of EBR and

reduced trauma-cue freezing responses, compared with vehicle controls. The distinctive pattern of NPY downregulation that correlated

with EBR as well as the resounding behavioral effects of pharmacological manipulation of NPY indicates an intimate association between

NPY and behavioral responses to stress, and potentially between molecular and psychopathological processes, which underlie the

observed changes in behavior. The protective qualities attributed to NPY are supported by the extreme reduction of its expression in

animals severely affected by the stressor and imply a role in promoting resilience and/or recovery.
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INTRODUCTON

Neuropeptide Y (NPY), a 36 amino-acid peptide, is highly
conserved among species and widely distributed in the
central nervous system (CNS), with high concentration in
several limbic and cortical regions (de Quidt and Emson,

1986; Kask et al, 2002). NPY has a role in the regulation of
various basic physiological functions, such as food intake
(Beck, 2000; Clark et al, 1985; Gehlert, 1999; Kalra et al,
1999), metabolic functions (Krysiak et al, 1999; Small
et al, 1997), circadian rhythm (White, 1993), cognition
(Flood et al, 1987; Redrobe et al, 1999), neuronal excitability
(Colmers and Bleakman, 1994), and addictions and
modulation of emotional responses to various stressors
(Heilig and Widerlöv, 1995; Mathé et al, 2007). The
biological actions of NPY are mediated by the activation
of at least five molecularly defined G-coupled receptors
family known as the Y1, Y2, Y4, Y5, and Y6 receptor
subtypes (Kopp et al, 2002; Michel et al, 1998).
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response suggests that the system is involved in stress
regulation and coping. The release of NPY is thought to
facilitate the containment of negative consequences follow-
ing exposure to stress and has anxiolytic-like effects
(Heilig, 2004). Intracerebroventricular administration of
NPY or NPY-Y1-receptor agonists decrease anxiety-related
behaviors in the Geller–Seifter conflict test, fear potentiated
startle test, and the elevated plus maze (EPM) test, without
altering locomotor activity (Britton et al, 1997, 2000; Broqua
et al, 1995; Heilig et al, 1989; Primeaux et al, 2005).
Intracerebroventricular administration of antisense oligo-
nucleotides for the NPY-Y1 receptor or the non-peptide
NPY-Y1-receptor antagonist (Y1RA), BIBP3226, increases
anxiety-related behaviors in the EPM test (Kask et al, 1996;
Wahlestedt et al, 1993). Moreover, mice deficient in NPY
are more anxious than wild type in the EPM (Palmiter et al,
1998), in the open field and the acoustic startle tests
(Bannon et al, 2000). Conversely, rats overexpressing NPY
in the hippocampus are less anxious (Thorsell et al, 2000).
The specific Y1 antagonist BIBO3304 blocks the anxiolytic-
like effect of NPY administrated into amygdala in the social
interaction test (Sajdyk et al, 1999). In addition, a recent
study demonstrated that overexpression of NPY in the
amygdala of rats reduced anxiety-like behaviors through
Y1 receptor (Primeaux et al, 2005). Taken together,
these studies suggest that anxiolytic-like effects of NPY
are mediated via Y1 receptors. It seems that NPY, acting via
NPY-Y1 receptors, may modulate the noradrenergic and
serotonergic systems and influence cortical and limbic
functions (Goyal et al, 2009).
In combat veterans with PTSD compared with healthy

controls, low baseline and blunted yohimbine-stimulated
increases in plasma NPY and negative correlations between
baseline NPY, degree of combat exposure, PTSD, and panic
attacks, have been reported (Rasmusson et al, 2000).
Yehuda et al (2006) reported an association between NPY
and resistance to, or recovery from adverse effects of stress;
plasma NPY concentrations were higher in trauma-exposed
veterans without PTSD compared with veterans with PTSD
and in those showing a greater diminution of symptoms.
Recently, Sah et al (2009) reported that PTSD patients had
significantly lower concentrations of CSF NPY as compared
with the normal comparison subjects. Taken together, these
studies demonstrate the possible involvement of NPY in the
pathophysiology of PTSD, and provide a rationale for
studying its role in animal model for PTSD.
The present study sought to assess the relationship

between local NPY levels in selected brain areas and
magnitude of behavioral change, using an approach to
analyze the behavioral response to predator-scent stress
(PSS) in an animal model which distinguishes between
individuals according to the degree to which their behavior
is affected by the stressor (Cohen and Zohar, 2004; Cohen
et al, 2003, 2004, 2005).
The first aim of the study was to establish whether single

exposure to the PSS results in a long-term effect on the
expression of NPY in the AC, PC, amygdala, hippocampus,
periaqueductal gray (PAG) regions, employing a bank
of recently harvested frozen rat brains from exposed vs
unexposed rats stored according to Cutoff Behavioral
Criteria (CBC) classification. The second aim was to
perform a controlled, prospective trial to examine the effect

of an NPY agonist and NPY-Y1-receptor antagonist
(BIBO3304), administered 1 h after stress exposure on a
number of behavioral, biomolecular, and physiological
parameters. Behavioral responses were assessed on the
EPM and ASR tests on day 7 and trauma cue triggered
freezing responses on day 8. Prevalence rates for extreme
behavioral response (EBR), minimal behavioral response
(MBR), and partial behavioral response (PBR) individuals
in response to PSS were calculated from these data, in
comparison with placebo-treated controls and unexposed
(treated and untreated) controls. To complement this, local
levels of NPY, NPY-Y1, and brain-derived neurotrophic factor
(BDNF) expression in the hippocampus were then evaluated.
Circulating corticosterone levels served to assess the overall
physiological response. Each of these was then analyzed in
terms of each class of behavioral response pattern.
The working hypothesis was that early intervention with

NPY would reduce the prevalence rate of EBR and increase
the prevalence of PBR and/or MBR as compared with
placebo-treated, PSS-exposed controls.

MATERIALS AND METHODS

Animals

In all, 231 male Sprague-Dawley rats weighing 200–250 g
were habituated to housing conditions for at least 7 days,
housed four/cage in a vivarium with stable temperature
and a reversed 12-h light/dark cycle, with unlimited access
to food and water. Animals were handled once daily.
All testing was performed during the dark phase in dim red
light conditions.

Experimental Design

Three experiments were conducted. In the first, levels of NPY
were evaluated in selected areas of harvested brains from
animals classified according to CBC’s at day 7 post-PSS
exposure. In the second, the behavioral effects of NPY agonist
and NPY-Y1-receptor antagonist (BIBO3304) microinjected
into hippocampus 1h after PSS exposure were evaluated with
the EPM and the ASR tests on day 7. One day later, animals
were exposed to a trauma cue (unsoiled cat litter) for 10min
and freezing response was assessed. Local levels of NPY, NPY-
Y1, and BDNF in the hippocampus were then evaluated.
The last experiment assessed the short-term effect of vehicle
(artificial cerebrospinal fluid (ACSF)), NPY, or BIBO3304
microinjection on circulating corticosterone levels.

Predator-Scent Stress

PSS consisted of placing the test animals on well-soiled cat
litter (in use by the cat for 2 days, sifted for stools) for
10min in a closed environment. Control animals were
exposed to fresh, unused litter for the same amount of time.
The situational reminder consisted of placing animals on
fresh, unused cat litter for 10min.

Behavioral Measurements

Behavioral tests were recorded and analyzed using an
EthoVision automated tracking system (Noldus Informa-
tion Technology, The Netherlands).
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The EPM. The maze is a plus-shaped platform with two
opposing open and two opposing closed arms (open only
toward the central platform and surrounded by 14-cm high
opaque walls on three sides; File et al, 1993). Rats were
placed on the central platform facing an open arm and
allowed to explore the maze for 5min. Each test was
videotaped and subsequently scored by an independent
observer. Arm entry was defined as entering an arm with all
four paws. Behaviors assessed were time spent (duration) in
open and closed arms and on the central platform; number
of open and closed arm entries; and total exploration
(entries into all arms). Total exploration was calculated as
the number of entries into any arm of the maze in order to
distinguish between impaired exploratory behavior, ex-
ploration limited to closed arms (avoidance), and free
exploration.
‘Anxiety index’, an index that integrates the EPM

behavioral measures, was calculated as follows:

Anxiety index ¼ 1

�
Time spent in the open arms

Total time on themaze

� �
þ Number of entries to the open arms

Total exploration on themaze

� �
2

2
4

3
5

Anxiety index values range from 0 to 1 where an increase in
the index expresses increased anxiety-like behavior (Cohen
et al, 2007, 2008b; Mazor et al, 2007).

Acoustic startle response. Startle response was measured
using two ventilated startle chambers (SR-LAB system, San
Diego Instruments, San Diego, CA). The SR-LAB calibration
unit was used routinely to ensure consistent stabilimeter
sensitivity between test chambers and over time. Each
Plexiglas cylinder rests on a platform inside a sound-
proofed, ventilated chamber. Movement inside the tube is
detected by a piezoelectric accelerometer below the frame.
Sound levels within each test chamber are measured
routinely using a sound level meter (Radio Shack) to
ensure consistent presentation. Each test session started
with a 5-min acclimatization period to background white
noise of 68 dB, following by 30 acoustic startle trial stimuli
in 6 blocks (110 dB white noise of 40ms duration with 30 or
45 s inter-trial interval). Behavioral assessment consisted of
mean startle amplitude (averaged over all 30 trials) and
percent of startle habituation to repeated presentation of the
acoustic pulse. Percent habituationFthe percent change
between the response to the first block of sound stimuli and
the lastFwas calculated as follows:

Percent habituation ¼ 100

� ðAverage startle amplitude in Block 1Þ � ðAverage startle amplitude in Block 6Þ
ðAverage startle amplitude in Block 1Þ

� �

Contextual Freezing Measurement

Freezing behavior was scored during the situational
reminder/cue exposure and was defined as an absence of
all movement (except for respiration; Kim et al, 1992). Total
cumulative freezing time (total seconds spent freezing
during each assessment period) was measured and calcu-
lated as a percentage of total time. Freezing behavior was

recorded using an overhead video camera and scored for
immobility using the recorded images. Both the videotape
and the recorded images were scored by a trained observer
unaware of the treatment conditions.

RIA Assay of NPY

Tissue preparation. Animals were decapitated with a
guillotine in a separate room from the one used for
behavioral tests, 24 h after the last behavioral tests (between
1400 and 1430 h). Brains were removed and the anterior
cortex (AC), posterior cortex (PC), amygdala (AMY),
hippocampus (HIP), and PAG were dissected on ice and
frozen at �801C until used. Each sample was coded and
analyses were performed blind to groups.

RIA assay. The radioimmunoassay procedure has been
described in previous publications (Stenfors et al, 1989).
Briefly, the brain tissues were homogenized, ultrasonicated,
and twice extracted in 1M acetic acid and water. After
centrifugation, the supernatants were lyophilized and stored
at �281C until further analysis. The lyophilized samples
were reconstituted and diluted in phosphate buffer before
analysis by RIA. All samples were run in duplicates. The
NPY-LI was assessed using an NPY antibody, a generous
gift from M Heilig and R Ekman, that crossreacts 100% with
NPY, NPY 2–36, 5% with NPY 5–36, and 0.5% or less with
shorter C-terminal NPY fragments. The antibody does
not crossreact with pancreatic polypeptide or peptide YY.
Samples or standards were pre-incubated with antibody
for 48 h at 41C. After addition of Bolton-Hunter labeled
125I-NPY (Amersham, Bucks, UK) all samples were
incubated for additional 24 h. Free and antibody-bound
radioligands were separated by addition of sheep anti-rabbit
antibody-coated Sepharose suspension (Pharmacia-Upjohn,
Uppsala, Sweden). After 30min incubation at room
temperature and centrifugation for 30min at 1600 g at
41C, the supernatants were aspirated and discarded. The
radioactivity in the pellets was measured in a gamma
counter. The lower detection limit was 0.45 pmol/l and the
intra-assay coefficient of variation was 5%.

Surgery. Rats were anesthetized with ketamine (60–80mg/kg,
intraperitoneally) and xylazine (5–10mg/kg, intraperitone-
ally) and restrained in a stereotactic apparatus (David Kopf,
Tujunga, CA). A 26-gauge stainless steel guide cannula
(Plastics One, Roanoke, VA) was implanted bilaterally to the
dorsal hippocampus (anteroposterior¼�3.5mm, lateral¼
±2.6mm, ventral¼ 2.6mm) (relative to bregma) (Paxinos
and Watson, 2005). The cannula was fixed in place with
acrylic dental cement and secured by two skull screws. A
needle was placed in the guide cannula to prevent clogging.
Rats were allowed 7 days to recover before experimental
procedures were initiated.
The hippocampus was chosen as a target in this study for

several reasons: (1) NPY has been shown to be involved in
behavioral functions that depend upon the integrity of the
hippocampus (Redrobe et al, 1999). (2) Several reports
indicate that mechanisms of action of antidepressants could
involve hippocampal NPY (Caberlotto et al, 1998; Mathé
et al, 1997). (3) In the hippocampus, in vitro studies have
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shown that NPY exerts a neuroproliferative effect on
neuronal precursors proliferation (Decressac et al, 2010;
Howell et al, 2007).

Microinfusions. The stylus was removed, and a 28-gauge
injection cannula, extending 1.0mm from the tip of
the guide cannula, was inserted. The injection cannula
was connected via PE20 tubing to a Hamilton microsyringe
driven by a microinfusion pump (CMA/100; Carnegie
Medicine). Microinjections were performed bilaterally with
1 ml per region delivered over 2min. The injection cannula
was left in position for an additional 1min before with-
drawal to minimize dragging of the injected liquid along the
injection tract.

Drugs. Both NPY (5 and 10 mg) (Bachem AGFSwitzerland)
and BIBO3304 (20 mg) ((R)-N-[[4-(aminocarbonylamino-
methyl)-phenyl]methyl]-N2-(diphenylacetyl)-argininamide
trifluoroacetate) were dissolved in ACSF. Doses were chosen
based on previous studies (Pickens et al, 2009).

Histology. At the end of the behavioral tests, 1ml of India
ink was microinjected to identify the cannula placement.
After decapitations, the brains were quickly removed,
frozen on dry ice, and kept at �201C. Coronal slices
(30 mm) were cut in a cryostat, stained with Nissl stain, and
analyzed to verify the microinfusion sites, using diagrams
from the atlas by Paxinos and Watson (2005).

Immunofluorescence

Tissue preparation. Twenty-four hours after the behavioral
tests, animals were deeply anesthetized (ketamine and
xylazine mixture) and perfused transcardially with cold
0.9% physiological saline followed by 4% paraformaldehyde
(Sigma-Aldrich) in 0.1M phosphate buffer (pH 7.4). Brains
were quickly removed, post-fixed in the same fixative for
12 h at 41C, and were cryoprotected overnight in 30%
sucrose in 0.1M phosphate buffer at 41C. Brains were frozen
on dry ice and stored at 801C. Serial coronal sections
(10 mm) at the level of dorsal hippocampus were collected
for each animal, using a cryostat (Leica CM 1850) and
mounted on coated slides.
Sliced sections were air dried and incubated in frozen

methanol (2min) and in 4% paraformalaldehyde (4min).
After three washes in phosphate buffer saline (PBS)
containing Tween-20 (PBS/T) (Sigma-Aldrich), the sections
were incubated for 60min in a blocking solution in PBS
(containing normal goat or horse serum) and then over-
night at 41C with the primary antibodies against NPY,
BDNF, and GR (1 : 250 each; Abcam). After three washes in
PBS/T, sections were incubated in DyLight-488 labeled goat
anti-rabbit IgG or Dylight-594 goat anti-mouse IgG (1 : 250;
KPL, MD) in PBS containing 2% normal goat or house
serum for 2 h. Sections were washed, mounted with
mounting medium (Vectrastain Vector Laboratories). Con-
trol staining was performed in the absence of the primary
antibodies. Additionally, secondary fluorescent labels were
swapped to check crossreactivity and sections were
incubated without any primary antibodies to check for
any non-specific binding of the secondary antibodies.

Quantification. A computer-assisted image analysis system
(Leica Application Suite V3.6, Leica, Germany) was used
for quantitative analysis of the immunostaining and � 50
objective lens were employed to assess the number of NPY,
BDNF, and GR-IR-positive cells in the hippocampus,
divided into three (counted separately) areas: CA1 subfield,
CA3 subfield, and dentate gyrus (DG). The regions of
interest were outlined and computer-aided estimation was
used to calculate the number of NPY-IR, BDNF-IR, and GR-
IR cells in the pyramidal layer of CA1 and CA3, and in the
granular layer of DG. Seven representative sections of the
hippocampus were chosen (between Bregma �2.30 and
Bregma �3.60) from each animal, from each group (Paxinos
and Watson, 2005). The sections were analyzed by two
observers blinded to the treatment protocol. Standard
technique was used to estimate the number of NPY, BDNF,
and GR-IR cells profiles per unit area for each investigated
hippocampal structure.

Blood sampling. Animals were decapitated with a guillo-
tine. Care was taken to minimize situational stress: the area
was thoroughly cleaned between each kill and bodies
removed. Trunk blood was collected, left at room tempera-
ture for 1 h and then centrifuged (1000 g for 10min at 41C).
Serum (B1ml from each rat) was collected and stored at
�701C.

Measurement of serum corticosterone. CORT was mea-
sured with a DSL-10-81000 ELISA kit according to the
instructions of the manufacturer (Diagnostic Systems
Laboratories, Webster, TX) by a person blind to experi-
mental procedures. The sensitivity of the corticosterone
assay is 12.5 mg/l. Within-assay variation is o10% and
between-assay variation is o15% at 100 mg/l. All samples
were measured in duplicate.

Statistical Analyses

For brain NPY levels and for serum corticosterone levels,
the statistical analyses were performed using one-way
ANOVA. For the behavioral and immunofluorescence
results, the statistical analyses were performed using two-
way ANOVA, in which PSS exposure (unexposed vs PSS
exposure) and treatment (ACSF vs NPY (5 and 10 mg) vs
Y1RA) were factors. Post hoc Bonferroni test examined
differences between individual groups. The prevalence of
affected rats as a function of rat group was tested using
cross-tabulation and non-parametric w2 tests.

The CBC model. The classification of individuals according to
the degree to which their individual behavior is affected by a
stressor is based on the premise that in the natural environ-
ment, such extremely compromised behavior in response to
the priming trigger may compromise behaviors essential for
survival, and is thus inadequate and maladaptive, representing
a pathological degree of response (Cohen et al, 2011).

RESULTS

Since NPY is involved in the control of food intake, we
measured body weight in all rats during all days of
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treatment. No differences in body weight were observed
between the groups.

NPY Levels at Day 7 Post-PSS Exposure

In the PC (Figure 1b), amygdala (Figure 1c), hippocampus
(Figure 1d), and PAG (Figure 1e) areas, there were
significant differences among groups (one-way ANOVA:
F(3, 45)¼ 4.65, po0.007; F(3, 45)¼ 2.9, po0.05;
F(3, 45)¼ 11.1, po0.0001; and F(3, 45)¼ 9.5, po0.000,
respectively). Post hoc Bonferroni test confirmed that EBR
group exhibited significantly lower NPY protein levels in
the PC, amygdala, hippocampus, and PAG as compared
with controls (po0.005, po0.015, po0.0001, and
po0.0001, respectively). In the amygdala and PAG areas,
the EBR group exhibited significantly lower NPY levels as
compared with the MBR animals (po0.02 and po0.025,
respectively). In the PC, hippocampus, and PAG areas, the
PBR also exhibited significantly lower NPY protein levels as
compared with unexposed control group (po0.05,
po0.0002, and po0.0085, respectively). In the hippocam-
pus, the MBR group exhibited significantly lower NPY
protein levels as compared with unexposed control group
(po0.006). In the AC region (Figure 1a), no significant
differences were found between groups.

The Behavioral Effects of Administration of NPY and
BIBO3304 1 h After PSS Exposure

Elevated plus maze. Two-way ANOVA revealed a signifi-
cant PSS exposure and treatment effects in terms of time
spent in open arms (F(1, 79)¼ 39.5, po0.0001 and
F(3, 79)¼ 4.8, po0.004, respectively; Figure 2a). No effects
were observed for PSS–treatment interaction. In terms of

open arms entries, there was a significant effect of PSS
exposure (F(1, 79)¼ 34.6, po0.0001; Figure 2b). No effects
were observed for treatment (F(3, 79)¼ 2.62, p¼ 0.056) or
exposure–treatment interaction (F(3, 79)¼ 7.2, p¼ 0.082).
In total activity on the maze, there were a significant PSS
exposure, treatment, and PSS–treatment interaction effects
in terms of time spent in open arms (F(1, 79)¼ 18.7,
po0.0001, (3,79)¼ 9.8, po0.0001 and F(3, 79)¼ 5.4,
po0.0002, respectively; Figure 2c). For the anxiety index,
two-way ANOVA revealed a significant effects of PSS
exposure (F(1, 79)¼ 42.7, po0.0001) and for treatment
(F(3, 79)¼ 3.9, po0.012; Figure 2d). No effect was observed
for exposure–treatment interaction. Bonferroni test con-
firmed that exposed group treated with ACSF, NPY 5 mg, or
BIBO3304 elicited a significant decrease in overall time
spent in open arms (po0.03, po0.0001, and po0.0001,
respectively) and a significantly increased anxiety index
(po0.03, po0.0003, and po0.0001) as compared with
unexposed controls. No differences were observed in overall
time spent in the open arms of the maze or in the anxiety
index between PSS-exposed animals treated with NPY 10 mg
and the unexposed NPY controls. Exposed group treated
with NPY 10 mg spent significantly more time in the open
arms of the maze (po0.0004, po0.04, and po0.05,
respectively) and exhibited lower anxiety index (po0.02,
po0.04, and po0.05, respectively) than exposed animals
treated with BIBO3304, NPY 5 mg, or ACSF.

ASR. Two-way ANOVA revealed a significant effect for
PSS exposure (F(1, 79)¼ 49.7, po0.0001), a treatment effect
(F(3, 79)¼ 5.3, po0.035), and an exposure–treatment inter-
action effect (F(3, 79)¼ 6.8, po0.0007) (Figure 3a). Bonfer-
roni test confirmed that exposed groups treated with ACSF
or BIBO3304 significantly increased mean startle amplitude,
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Figure 1 NPY levels at day 7 post-PSS exposure. RIA analysis of NPY protein levels in the hippocampal anterior cortex (a), posterior cortex (b), amygdala
(c), hippocampus (d), and periaqueductal gray (PAG) (e) between unexposed group (N¼ 10), EBR (11), PBR (15), and MBR (13) groups. EBR animals
exhibited significantly lower NPY levels in posterior cortex, amygdala, hippocampus, and PAG areas as compared with unexposed animals. EBR, extreme
behavioral response; MBR, minimal behavioral response; PBR, partial behavioral response; PSS, predator-scent stress; NPY, neuropeptide Y; Y1RA,
neuropeptide Y-receptor 1 antagonist. All data represent group mean±SEM.
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Figure 2 Long-term behavioral effects of administration of NPY and BIBO3304 1 h after PSS exposure. Top line: The behavioral procedure used for the
unexposed and PSS-exposed rats. Vertical arrow represents hippocampus microinjection (NPY agonist (5 and 10mg/kg), NPY-Y1-receptor antagonist
(20 mg), or ACSF). (a) Time spent in the open arms (min), (b) the number of entries to the open arms of the maze, (c) total activity on the maze, and
(d) anxiety index were evaluated between unexposed animals treated with ACSF (N¼ 10), NPY agonist 5mg (N¼ 10), NPY agonist 10mg (N¼ 10),
and Y1RA (N¼ 14) and between PSS-exposed animals treated with ACSF (N¼ 10), NPY agonist 5 mg (N¼ 10), NPY agonist 10mg (N¼ 10), and Y1RA
(N¼ 12). A single 10-min exposure to PSS followed by administration of NPY (10mg/kg) significantly increased the time spent in the open arms and
increased anxiety index as compared with ACSF treatment. On the other hand, administration of NPY-Y1-receptor antagonist 1 h after PSS exposure
significantly decreased the time spent in the open arms, the number of entries to the open arms of the maze, and total exploration on the maze
and decreased anxiety index as compared vehicle treatment or treatment with NPY (10mg/kg). PSS, predator-scent stress; NPY, neuropeptide Y; Y1RA,
neuropeptide Y-receptor 1 antagonist; ACSF, artificial cerebrospinal fluid. All data represent group mean±SEM.

Figure 3 Long-term effects of administration of NPY agonist and BIBO3304 1 h after PSS exposure. Top line: The behavioral procedure used for the
unexposed and PSS-exposed rats. Vertical arrow represents hippocampus microinjection (NPY agonist (5 and 10mg/kg), NPY-Y1-receptor antagonist
(20 mg), or ACSF). (a) Startle amplitude and (b) startle habituation were evaluated between unexposed animals treated with ACSF (N¼ 10), NPY agonist
5 mg (N¼ 10), NPY agonist 10 mg (N¼ 10), and Y1RA (N¼ 14) and between PSS-exposed animals treated with ACSF (N¼ 10), NPY agonist 5mg (N¼ 10),
NPY agonist 10mg (N¼ 10), and Y1RA (N¼ 12). Exposed groups treated with ACSF or BIBO3304 exhibited significantly higher mean startle amplitude and
a significant deficit in startle habituation, as compared with their unexposed controls. No differences were observed in mean startle amplitude or startle
habituation between PSS-exposed animals treated with NPY (both doses) and the unexposed controls. PSS, predator-scent stress; NPY, neuropeptide Y;
Y1RA, neuropeptide Y-receptor 1 antagonist; ACSF, artificial cerebrospinal fluid. All data represent group mean±SEM.
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as compared with these unexposed controls (po0.0001 for
both). No differences were observed in mean startle
amplitude between PSS-exposed animals treated with NPY
(both doses) and the unexposed controls. Animals treated
with NPY (both doses) exhibited significantly lower startle
amplitude as compared with exposed animals treated with
ACSF (po0.0001) or BIBO3304 (po0.00001).

Startle habituation. Two-way ANOVA revealed a signifi-
cant effect for PSS exposure (F(1, 79)¼ 19.0, po0.0008) and
for treatment effect (F(3, 79)¼ 3.7, po0.02) (Figure 3b). No
effect was observed for exposure–treatment interaction.
Bonferroni test confirmed that PSS exposure caused a
significant deficit in habituation in exposed animals treated
with ACSF or BIBO3304 compared with unexposed control
groups (po0.02 and po0.0005, respectively) and to
exposed animals treated with NPY 5 mg (po0.008 and
po0.02, respectively) or NPY 10 mg (po0.02 and po0.05,
respectively). No differences were observed in startle
habituation between PSS-exposed animals treated with
NPY (at both doses) and unexposed ACSF or NPY controls.

Relative prevalence rates according to CBC’s. There were
significant differences in the prevalence rates of individuals
displaying EBR among groups (Pearson w2¼ 37.1, df¼ 7,
po0.00001). As shown in Figure 4a, the prevalence of EBR

individuals among PSS-exposed rats injected with ACSF was
40.0% of the total population and differed significantly from
the unexposed group (w2¼ 5.0, po0.03) and from the
exposed group treated with NPY 10 mg (w2¼ 5.0, po0.03), in
which there were no EBR individuals. The prevalence of
EBR individuals among PSS-exposed rats injected with
BIBO3304 was 66.7% of the total population and differed
significantly from the unexposed group (w2¼ 10.2,
po0.009) and from the exposed group treated with NPY
(both doses). There were significant differences in the
prevalence rates of individuals displaying MBR among
groups (Pearson w2¼ 28.0, df¼ 7, po0.00025; Figure 4b).
The prevalence of MBR among the PSS-exposed rats
injected with NPY at 10 mg was 40.0%, and differed
significantly from exposed animals treated with ACSF
(w2¼ 2.5, po0.03) or from exposed animals treated with
BIBO3304 (w2¼ 5.9, po0.02). There were no significant
differences in the prevalence of PBR among groups
(Figure 4c).

Effect of Cue Exposure on Freezing Behavior at Day 8

Two-way ANOVA revealed a significant effect for PSS
exposure (F(1, 79)¼ 16.3, po0.00015) and a treatment
effect (F(3, 79)¼ 7.0, po0.0003) (Figure 5). No effect was
observed for exposure–treatment interaction (F(3, 79)¼ 2.3,

Figure 4 Long-term effects of administration of NPY agonist and BIBO3304 1 h after PSS exposure on the prevalence of EBR, PBR, and MBR individuals.
Top line: The behavioral procedure used for the unexposed and PSS-exposed rats. Vertical arrow represents hippocampus microinjection (NPY agonist
(5 and 10mg/kg), NPY-Y1-receptor antagonist (20 mg), or ACSF). (a) Prevalence of EBR rats, (b) prevalence of MBR rats, and (c) prevalence of PBR rats
were estimated between unexposed animals treated with ACSF (N¼ 10), NPY agonist 5 mg (N¼ 10), NPY agonist 10mg (N¼ 10), and Y1RA (N¼ 14) and
between PSS-exposed animals treated with ACSF (N¼ 10), NPY agonist 5 mg (N¼ 10), NPY agonist 10mg (N¼ 10), and Y1RA (N¼ 12). Early treatment
with NPY (10mg/kg) reduced the prevalence of PTSD-like behavioral responses (EBR) relative to ACSF or NPY-Y1-receptor antagonist treatments.
PSS, predator-scent stress; NPY, neuropeptide Y; Y1RA, neuropeptide Y-receptor 1 antagonist; ACSF, artificial cerebrospinal fluid.
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p¼ 0.08). Bonferroni test confirmed that exposed rats
treated with saline displayed significantly more immobility
than unexposed controls (po0.00015) and exposed rats
treated with NPY (5 and 10 mg; po0.02 and po0.0002,
respectively). No differences were observed between
PSS-exposed animals treated with NPY (at 2 doses) and
their unexposed controls.

NPY and NPY-Y1 IR Expression at Day 8 Post-PSS
Exposure

We employed the double immunofluorescence protocol to
examine colocalization of NPY and NPY-Y1 IR expression
in the hippocampus subregions. The majority of NPY-
immunoreactive cells in the hippocampus co-expressed
NPY-Y1. However, some NPY-positive cells were devoid
of NPY-Y1 immunoreactivity (Figure 6). These results
suggest that NPY is co-expressed in the majority of
NPY-Y1-positive cells in the hippocampus.

NPY-IR Expression

In the CA1 subregion, two-way ANOVA revealed a signi-
ficant effect for PSS exposure (F(1, 34)¼ 25.0, po0.0001)
and a treatment effect (F(2, 34)¼ 10.2, po0.0004)

(Figure 6a). No effect was observed for exposure–treatment
interaction. In the DG, two-way ANOVA revealed a
significant effect for PSS (F(1, 34)¼ 93.0, po0.0001), a
treatment effect (F(2, 34)¼ 24.6, po0.0001), and an
exposure–treatment interaction (F(2, 34)¼ 15.2, po0.0001)
(Figure 6c). Bonferroni test confirmed that in the CA1 and
DG areas, PSS exposure decreased expression of NPY in
animals treated with ACSF (po0.0015 and po0.0001,
respectively) or animals treated with BIBO3304 (po0.0007
and po0.0001, respectively) as compared with their
unexposed controls. Administration of NPY 1 h post-
exposure significantly increased DG NPY-IR expression
as compared with exposed animals treated with ACSF
(po0.0001) or animals treated with BIBO3304 (po0.0001).
In the CA1 area, administration of NPY 1 h post-exposure
significantly increased NPY-IR expression as compared
with BIBO3304 (po0.0001). In the CA3 subregion,
no significant differences were found between groups. In
the CA3 subregion, no significant differences were found
between groups (Figure 6b).

NPY-Y1 IR Expression

In the hippocampal CA1, two-way ANOVA revealed a
significant effect for PSS (F(1, 34)¼ 31.9, po0.0001), a
treatment effect (F(2, 34)¼ 8.8, po0.0004), and an expo-
sure–treatment interaction (F(2, 34)¼ 3.65, po0.04)
(Figure 6d). In the DG, two-way ANOVA revealed a
significant effect for PSS (F(1, 34)¼ 90.4, po0.0001), a
treatment effect (F(2, 34)¼ 28.9, po0.0001), and an ex-
posure–treatment interaction (F(2, 34)¼ 17.7, po0.0001)
(Figure 6f). Bonferroni test confirmed that in the CA1 and
DG areas, PSS exposure decreased expression of NPY-Y1 in
animals treated with ACSF (po0.0003) or animals treated
with BIBO3304 (po0.0001) as compared with their
unexposed controls. Administration of NPY post-exposure
significantly increased DG NPY-Y1 IR expression as
compared with exposed animals treated with ACSF
(po0.0001) or animals treated with BIBO3304
(po0.0001). In the CA1 area, administration of NPY post-
exposure significantly increased NPY-IR expression as
compared with BIBO3304 (po0.0001). In the CA3 sub-
region, no significant differences were found between
groups (Figure 6e).

BDNF-IR Expression at Day 8 Post-PSS Exposure

In the hippocampal CA1, two-way ANOVA revealed a
significant effect for PSS (F(1, 34)¼ 22.9, po0.0001) and a
treatment effect (F(2, 34)¼ 12.4, po0.00015) (Figure 7a).
No effect was observed for exposure–treatment interaction.
In contrast, in the CA3, no effect was observed for PSS or
exposure–treatment interaction, but a significant effect for
treatment effect was found (F(2, 34)¼ 47.4, po0.0001;
Figure 7b). In the DG, in similarity to the CA1, there was
a significant effect for PSS (F(1, 34)¼ 6.4, po0.02), a
treatment effect (F(2, 34)¼ 15.4, po0.0001), and an ex-
posure–treatment interaction (F(2, 34)¼ 1.2, po0.003)
(Figure 7c). Bonferroni test confirmed that in the CA1
and DG areas, PSS exposure decreased expression of BDNF
in animals treated with ACSF (po0.006 and po0.035,
respectively) and animals treated with BIBO3304 (po0.007

Figure 5 Long-term effects of administration of NPY agonist and
BIBO3304 1 h after PSS exposure on freezing behavior. Top line: The
behavioral procedure used for the unexposed and PSS-exposed rats.
Vertical arrow represents hippocampus microinjection (NPY agonist (5 and
10mg/kg), NPY-Y1-receptor antagonist (20 mg), or ACSF). Freezing
response was assessed between unexposed animals treated with ACSF
(N¼ 10), NPY agonist 5mg (N¼ 10), NPY agonist 10mg (N¼ 10), and
Y1RA (N¼ 14) and between PSS-exposed animals treated with ACSF
(N¼ 10), NPY agonist 5mg (N¼ 10), NPY agonist 10mg (N¼ 10), and
Y1RA (N¼ 12). Exposed animals treated with NPY (10mg/kg) displayed
significantly less immobility than SCDF or NPY-Y1-receptor antagonist-
treated exposed rats. CA1, cornu ammonis 1; PSS, predator-scent stress;
NPY, neuropeptide Y; Y1RA, neuropeptide Y-receptor 1 antagonist; ACSF,
artificial cerebrospinal fluid. All data represent group mean±SEM.
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and po0.0002, respectively) as compared with their
unexposed controls. Administration of NPY 1 h post-PSS
significantly increased CA3 and DG BDNF-IR expression as
compared with exposed animals treated with ACSF
(po0.0001 and po0.004, respectively) or with BIBO3304
(po0.0001 for both). In the CA1 area, administration of
NPY 1 h post-PSS exposure significantly increased BDNF-IR
expression as compared with BIBO3304 (po0.005).

Effects of vehicle/NPY and BIBO3304 microinfusion on
circulating corticosterone levels. To examine the effect of
NPY on the circulating corticosterone levels, vehicle, NPY,
and BIBOP3304 were microinjected into the dorsal hippo-
campus and killed 15, 30, and 60min after, for evaluation of
corticosterone (Figure 8). Rats treated with NPY displayed
significantly higher serum corticosterone levels 15, 30, and
60min after microinjection as compared with vehicle or
BIBO3304 microinjections or with baseline levels (15min:
F(2, 9)¼ 7.1, po0.001; 30min: F(2, 9)¼ 5.5, po0.03; and
60min: F(2, 9)¼ 27.6, po0.0002, respectivelyFBonferroni
post hoc: po0.001 for all).

DISCUSSION

The most significant findings of this study are (1)
expression of NPY was markedly decreased in selected
brain regions in animals showing behavioral changes in this
model of PTSD, (2) following blockade of the NPY-Y1-
receptor PSS had extreme effects, indicating the crucial
protective role of endogenous NPY, and (3) centrally
administered NPY elevated endogenous NPY and rescued
the behavioral effects of PSS. There was a striking
association between the degree of behavioral disruption
and the pattern of NPY expression. Animals whose behavior
was extremely disrupted (EBR) selectively displayed sig-
nificant downregulation of NPY in the PAG, hippocampus,
and amygdala compared with unexposed controls. Manip-
ulation of NPY levels had a significant impact on patterns of
behavioral and neurobiological responses to the PSS
paradigm. Administration of NPY into hippocampus 1 h
post-exposure significantly reduced behavioral disruption
and was associated with upregulation of NPY, NPY-Y1
receptor, and BDNF expression. This finding is of interest as

Figure 6 Effect of early post-stressor intervention with NPY agonist and BIBO3304 on NPY and NPY-Y1 immunoreactivity. The quantitative analysis of
NPY (a–c) and NPY-Y1 (d–f) immunostaining in the CA1, CA3, and DG hippocampus subregion of unexposed rats treated with ACSF (N¼ 7), NPY agonist
(N¼ 7), and BIBO3304 (N¼ 6) and exposed rats treated with ACSF (N¼ 6) NPY agonist (N¼ 7), and BIBO3304 (N¼ 7). (g) Representative photographs
of NPY and NPY-Y1 immunoreactivity in the hippocampus subregions. Photographs were acquired at � 50 magnification. Scale bar, 50mm. The cells in red
were NPY positive and in green were NPY-Y1 and in yellow were merge. Administration of NPY 1 h post-exposure significantly increased expression of
NPY and NPY-Y1 receptor as compared with exposed animals treated with vehicle. CA1, cornu ammonis 1; PSS, predator-scent stress; NPY, neuropeptide
Y; Y1RA, neuropeptide Y-receptor 1 antagonist; ACSF, artificial cerebrospinal fluid. All data represent group mean±SEM.
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it raises the possibility that exogenous NPY can enhance the
expression of endogenous NPY. In view of the activity of
peptidases in the brain as well as no documentation for
existence of active uptake/diffusion of NPY into cells it is

unlikely that the observed increase of number of immuno-
histochemistry-positive NPY cells 8 days following admin-
istration represents the injected NPY. In contrast, it stands
to reason that the increased NPY immunoreactivity
represents increased NPY expression, considering that
NPY expression can be enhanced by epigenetic mechan-
isms, which is in line with the general knowledge of
epigenetic mechanisms modulating expression of a variety
of genes. Further, in opposition to but consistently with
the effects of injected NPY, NPY-Y1-receptor antagonist
injected 1 h after PSS exposure was associated with an
extreme degree of behavioral disruption in the EPM and
ASR tests, reflected by a pronounced increase in prevalence
rates of EBR and in trauma-cue freezing responses, relative
to ACSF or NPY treatment. This result demonstrates the
crucial stress protective effect of endogenous NPY that is
exerted via NPY-Y1 receptor. Taken together, these findings
indicate that NPY-ergic system has an active role in the
neurobiological response to PSS and that the response is
mediated via the NPY Y1 receptor.
The initial stage of the study examining local brain levels

of NPY in stress-exposed animals revealed that 8 days after
exposure NPY levels in the PC amygdala hippocampus
and PAG were downregulated in animals whose behavior
was severely affected by the stressor (EBR). In light of the
neuroprotective and neuronal growth-promoting effects
attributed to NPY, the observed decrease in NPY expression

Figure 7 Effect of early post-stressor intervention with NPY agonist and
BIBO3304 on BDNF immunoreactivity in the hippocampus subregions: The
quantitative analysis of BDNF immunostaining in the hippocampus
subregions CA1 (a), CA3 (b), and DG (c) of unexposed rats treated
with ACSF (N¼ 7), NPY agonist (N¼ 7), and BIBO3304 (N¼ 6) and
exposed rats treated with ACSF (N¼ 6) NPY agonist (N¼ 7), and
BIBO3304 (N¼ 7). Administration of NPY 1 h post-exposure significantly
increased expression of BDNF in the CA3 and DG areas as compared with
exposed animals treated with vehicle and animals treated with NPY-Y1-
recptor antagonist. DG, dentate gyrus; CA1, cornu ammonis 1; PSS,
predator-scent stress; NPY, neuropeptide Y; Y1RA, neuropeptide Y-
receptor 1 antagonist; BDNF, brain-derived neurotrophic factor; ACSF,
artificial cerebrospinal fluid. All data represent group mean±SEM.

Figure 8 Effects of NPY, BIBO3304, and vehicle microinfusion on
circulating corticosterone levels. Top line: The behavioral procedure used
for the unexposed and PSS-exposed rats. Vertical arrow represents
hippocampus microinjection (NPY agonist (5 and 10mg/kg), NPY-Y1-
receptor antagonist (20 mg), or ACSF). Circulating corticosterone levels
followed by hippocampus microinjection of NPY, BIBOP3304, or vehicle.
Microinjection of NPY (10 mg) significantly increased serum corticosterone
levels after 15min as compared with vehicle or BIBO3304 microinjections
or with baseline levels. NPY, neuropeptide Y; Y1RA, neuropeptide
Y-receptor 1 antagonist; *po0.05 vs baseline. #po0.05 vs Vehicle and
BIBO3304. All data represent group mean±SEM.
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characterizing the severely affected animals suggests that
NPY may actively contribute to recovery and/or resilience
to stress. These findings imply a possible association
between the molecular findings and psychopathological
processes which result in altered behavior. It is unclear
whether they equally have a causal role bringing about the
disordered stress response and/or represent markers there-
of. The results are in line with our hypothesis and previous
findings that vicissitudes of NPY have an important role in
regulation of anxiety and depression (Domschke et al, 2010;
Heilig, 2004; Mathé, 1999; Mathé et al, 1996; Neumann et al,
2011; Redrobe et al, 1999; Sajdyk et al, 2008).
In line with such a hypothesis, a single dose of NPY

microinfused into the dorsal hippocampus 1 h after
exposure resulted in a significant reduction of behaviors
representing anxiety and avoidance responses. Relative
to untreated and vehicle-treated controls, a single 10 mg of
NPY administration reduced prevalence rates of extreme
PTSD-like behavioral response patterns to nil, with
concomitant increases in prevalence rates of minimal
response pattern as compared with vehicle treatmentFie,
a significant overall shift toward less extreme behavioral
disruption ensuing from traumatic stress. The NPY-treated
group also demonstrated markedly less extreme freezing
responses to the trauma cue (17.0% of time freezing) than
the exposed vehicle-control group (37.0% of time freezing).
In contrast, brief treatment with NPY-Y1-receptor antago-
nist, initiated 1 h after stress exposure, was associated with
significantly poorer long-term outcome than exposed
vehicle control or even unexposed vehicle control. NPY-
Y1-receptor antagonist treatment was associated with a far
greater degree of behavioral disruption in the EPM and ASR
tests, reflected by a pronounced increase in prevalence rates
of EBR and in trauma-cue freezing responses, relative
to exposure vehicle group. This result reinforces the role of
deregulated NPY transmission in anxiety and depression,
points to the important protective role of endogenous NPY,
and raises the prospect of NPY-Y1-receptor agonists as
potential treatments for affective disorders and anxiety.
The anxiolytic-like effect of NPY 10 mg microinjected 1 h

after PSS exposure was accompanied by a significant
upregulation of NPY, NPY-Y1, and BDNF-IR cells compared
with exposed animals treated with vehicle. In contrast,
microinjection of NPY-receptor antagonist was accompa-
nied by a significant downregulation of NPY, NPY-Y1, and
BDNF in the hippocampus. Therefore, it is a reasonable
assumption that NPY-Y1 receptors in the hippocampus are
involved in the anxiolytic effects of NPY (Heilig, 2004;
Karlsson et al, 2008). Moreover, there was a strong overlap
between the widely distributed NPY and NPY-Y1 IR cells in
the hippocampus, suggesting that in most cases there are
NPY-Y1 receptors fairly close to the NPY-containing
(releasing) nerve endings.
Previously, it has been suggested that BDNF may serve as

a regulator of the functional and morphological expression
of the NPY neuron (Barnea and Roberts, 2001); for instance,
Jones et al (1994) reported that the number of NPY neurons
was significantly lower in the cortex and hippocampus of
mice homozygous for a BDNF null mutation than in control
mice. BDNF, administered in vitro (Nawa et al, 1993) or
in vivo (Nawa et al, 1994), induces an increase in NPY
mRNA and peptide content. Xapelli et al (2008) reported

that the expression of NPY in the hippocampus is under the
control of BDNF receptor activity. Neurotrophins, and
particularly BDNF, are known to modulate many aspects of
neuronal plasticity (Shieh and Ghosh, 1999; Thoenen, 2000)
and the selection of functional neuronal connections in the
CNS (Huang and Reichardt, 2001; Mamounas et al, 2000;
Poo, 2001). Thus, the increased expression of BDNF
following NPY microinjection may increase synaptic
plasticity and stabilization of synaptic connectivity, leading
to resilience to psychopathology. These responses could
modulate neuronal plasticity and excitability and may serve
as a cellular mechanism for neuroprotection and neuro-
plasticity. In line with our results, Croce et al (2011) have
reported that in SH-SY5Y neuroblastoma cells administra-
tion of NPY increases the survival and counteracts the toxic
effect of b-amyloid. In addition, NPY increased BDNF and
NGF protein levels in these cells. In contrast, Gelfo et al
(2011) reported that a 3-day NPY treatment decreased
BDNF and increased NGF expression in the hypothalamus.
Since the mechanism of action of NPY on neurotrophins
is not known, it is possible that NPY, that acts at both pre-
and post-synaptic receptors, may have different effects on
BDNF expression depending on the type of external stimuli
BDNF is capable of stimulating its own release, possibly
allowing sustained, regenerative signaling at synaptic sites
(Bramham and Messaoudi, 2005).
In order to assess the interaction between NPY and the

HPA axis, levels of circulating corticosterone were mea-
sured in response to vehicle, NPY, or NPY-Y1-receptor
antagonist microinjections. The NPY-treated rats displayed
significantly higher circulating corticosterone levels than
vehicle controls or NPY-Y1-receptor antagonist treatment.
We hypothesize that exogenous NPY effects on anxiety-like
behavior might be mediated through an NPY-induced
alteration in glucocorticoid release from the adrenal gland.
This pattern conforms to an adaptive HPA-axis stress–
response curve, suggesting that NPY-induced secretion of
corticosterone following stress exposure may be associated
with recovery processes and/or indicate resilience. This
hypothesis is supported by previous studies suggesting that
a blunted HPA-axis response to stress may have a role in the
susceptibility to experimentally induced PTSD-like beha-
vioral changes and that these effects may be reversed by
pre-exposure administration of corticosterone (Cohen et al,
2006). Additionally, treatment with high-dose corticoster-
one 1 h after stressful exposure reduces the prevalence rate
of extreme behavioral disruption 30 days later (Cohen et al,
2008a). These results confirm the bulk of evidence
indicating that NPY stimulates the activity of the central
branch of the HPA axis, thereby enhancing glucocorticoid
secretion from the adrenal cortex during prolonged
maternal absence (Schmidt et al, 2008). Furthermore, a
recent study in a rat model of depression has evidenced
increased BDNF levels in the hypothalamus together with
increased systemic levels of adrenocorticotropin hormone
and corticotropin-releasing hormone, suggesting a possible
role of BDNF in HPA-axis hyper-activation (Naert et al,
2011). Taken together, exogenous NPY effects on anxiety-
like behavior might be mediated through an NPY-induced
alteration in glucocorticoid release from the adrenal gland.
The glucocorticoids not only exert a negative feedback
effect on the HPA axis, but also activate production of

Association of NPY-ergic system with behavioral resilience
H Cohen et al

360

Neuropsychopharmacology



endogenous neurotrophic (BDNF) signaling, concomitant
with the induction of endogenous NPY. Endogenous BDNF
and NPY in the hippocampus may provide intrinsic cortical
neurons with more neurotrophic support and thus enable
the organism to adjust to the (altered) prevailing conditions
and re-establish homeostasis. In view of these and previous
data, we hypothesize that the NPY-ergic system, in
modulating stress-related responses via its redundancy
and overlapping functionality, provides regulatory mechan-
isms to modulate stress response.

Conclusions

This study shows that NPY has a role in the stress–response
cascade, interacting with other systems including the HPA
axis to mediate processes involved in stress-related
behavioral responses, memory consolidation, recovery,
and resilience. Significantly, it (1) contributes additional
evidence to the experimental results both that NPY has a
central role in conditions of ‘disturbed emotionality’, such
as depression (Heilig, 2004; Heilig et al, 2004; Husum et al,
2006; Jiménez-Vasquez et al, 2007; Mathé et al, 2007;
Nikisch et al, 2005), anxiety (Thorsell et al, 2000; Neumann
et al, 2011), ethanol preference (Ehlers et al, 1998), chronic
stress (Sergeyev et al, 2005), and early life adverse events
(Jiménez-Vasquez et al, 2001; Husum and Mathé, 2002)
and (2) reinforces the proposition that NPY and the NPY
Y1-receptor agonists are potential novel therapeutic targets
for the stress-related disorders, of importance in light of the
insufficient efficacy of current drugs targeting monoamines.
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