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Neuropeptide Y (NPY) administration into the basolateral amygdala (BLA) decreases anxiety-like behavior, mediated in part through the

Y1 receptor (Y1R) isoform. Activation of Y1Rs results in G-protein-mediated reduction of cAMP levels, which results in reduced

excitability of amygdala projection neurons. Understanding the mechanisms linking decreased cAMP levels to reduced excitability in

amygdala neurons is important for identifying novel anxiolytic targets. We studied the intracellular mechanisms of activation of Y1Rs on

synaptic transmission in the BLA. Activating Y1Rs by [Leu
31,Pro34]-NPY (L-P NPY) reduced the amplitude of evoked NMDA-mediated

excitatory postsynaptic currents (eEPSCs), without affecting AMPA-mediated eEPSCs, but conversely increased the amplitude of

GABAA-mediated evoked inhibitory postsynaptic currents (eIPSCs). Both effects were abolished by the Y1R antagonist, PD160170.

Intracellular GDP-b-S, or pre-treatment with either forskolin or 8Br-cAMP, eliminated the effects of L-P NPY on both NMDA- and

GABAA-mediated currents. Thus, both the NMDA and GABAA effects of Y1R activation in the BLA are G-protein-mediated and cAMP-

dependent. Pipette inclusion of protein kinase A (PKA) catalytic subunit blocked the effect of L-P NPY on GABAA-mediated eIPSCs, but

not on NMDA-mediated eEPSCs. Conversely, activating the exchange protein activated by cAMP (Epac) with 8CPT-2Me-cAMP blocked

the effect of L-P NPY on NMDA-mediated eEPSCs, but not on GABAA-mediated eIPSCs. Thus, NPY regulates amygdala excitability via

two signal-transduction events, with reduced PKA activity enhancing GABAA-mediated eIPSCs and Epac deactivation reducing NMDA-

mediated eEPSCs. This multipathway regulation of NMDA- and GABAA-mediated currents may be important for NPY plasticity and

stress resilience in the amygdala.
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INTRODUCTION

Neuropeptide Y (NPY) is widely distributed in the central
and peripheral nervous system (Herzog et al, 1992;
Tatemoto et al, 1982), where it binds to a family of
G-coupled receptors. To date, five NPY receptor subtypes
have been cloned (Y1, Y2, Y4, Y5, and Y6) from different
species (Michel et al, 1998). NPY has been reported to
influence and regulate brain circuits involved in a number
of behaviors, such as food intake, water consumption,
emotion, learning, memory, and locomotion (Bertocchi
et al, 2011; Edelsbrunner et al, 2009; Gehlert, 1999; Heilig,
2004; Heilig and Murison, 1987; Kask et al, 2002). NPY is

also suggested to play a key role in many neuropsychiatric
disorders, including post-traumatic stress disorder, anxiety,
depression, eating disorders, and epilepsy (Heilig, 2004;
Heilig and Widerlov, 1995; Lin et al, 2006; Sah and
Geracioti, 2012; Thorsell, 2010; Wahlestedt et al, 1993a).
The amygdala is a crucial region in the brain circuitry

implicated in many of these psychiatric syndromes and is a
well-known component of fear, anxiety, and memory
circuits (Fendt and Fanselow, 1999; LeDoux, 2000; Maren
and Quirk, 2004; Pare et al, 2004; Shekhar et al, 2005). NPY
and its receptors are present in the amygdala (Holmes et al,
2003; Kask et al, 2002; Kishi et al, 2005; Wolak et al, 2003),
leading to the hypothesis that the anxiolytic-like effects of
NPY are mediated in part by the amygdala. Furthermore,
NPY injection into the basolateral amygdala (BLA) pro-
duces resilience to restraint stress, as measured in the social
interaction test (Sajdyk et al, 2008). Among the many NPY
receptors, the Y1 subtype has been implicated in mediating
anxiolytic behaviors (Karl et al, 2006; Kask et al, 2002;
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Sajdyk et al, 1999, 2002; Sorensen et al, 2004). In situ
hybridization reveals the distribution of Y1 receptor (Y1R)
mRNA in the brain of several mammalian species, with the
highest levels of expression consistently seen in forebrain
regions, including the cerebral cortex, the hippocampal
formation, and several amygdaloid, thalamic, and hypotha-
lamic nuclei (Kopp et al, 2002; Mikkelsen and Larsen, 1992;
Parker and Herzog, 1999; Wolak et al, 2003). Central
administration of Y1R agonists elicits a potent anxiolytic
effect in rodents, whereas mice lacking the Y1 gene display
anxiety-like behavior in certain animal models (Karl et al,
2006). In addition, the inhibition of Y1R expression with
injection of antisense oligonucleotides into the amygdala
prevented the anxyiolytic action of NPY in rats (Heilig,
1995). Furthermore, preadministration of the Y1R antago-
nist BIBO 3304 blocks the anxiolytic effect of NPY injection
into the BLA (Sajdyk et al, 1999).
Major cell types in the BLA include pyramidal (glutama-

tergic) and non-pyramidal (GABAergic) neurons (Hall, 1972;
McDonald, 1982; McDonald and Pearson, 1989). Y1Rs are
expressed on both BLA pyramidal and non-pyramidal
neurons, where they are postsynaptically localized
(Rostkowski et al, 2009; Stanic et al, 2011). A functional
interaction between GABAergic and Y1Rs mediating trans-
mission was first demonstrated in the cortical region (Kask
et al, 1996) and, subsequently, in other brain regions, such
as posterior hypothalamus (Naveilhan et al, 2001) and
central and medial amygdala (Oberto et al, 2000, 2001) of
mice. Treatment with positive (diazepam and abecarnil) or
negative (FG7142) modulators of GABAA receptor function
induces, respectively, significant increases or decreases of
Y1R gene expression in the medial amygdala (Oberto et al,
2000). However, the mechanisms by which Y1Rs modulate
GABAergic function, however, remain to be unknown.
Recently, Giesbrecht et al (2010) suggested that NPY,

acting through the Y1R subtype, also inhibits pyramidal
neurons in the BLA by suppressing a hyperpolarization-
activated, depolarizing current (Ih). The intracellular
mechanisms by which NPY receptor activation in the BLA
produces this additional postsynaptic membrane effect are
also not well understood.
All NPY receptors have been shown to mediate their

responses through Gi/o proteins, which inhibit the accumu-
lation of cAMP (Bard et al, 1995; Gerald et al, 1995, 1996;
Herzog et al, 1992; Larhammar et al, 1992; Lundell et al,
1995; Mullins et al, 2000). Several additional intracellular
signaling pathways of NPY have been reported in peripheral
tissues or cell lines. For example, a mitogen-activated
protein kinase pathway is involved in Y1R signaling in
gut epithelial cells (Mannon and Mele, 2000), whereas a
protein kinase C-dependent pathway is involved in Y1,
Y2, Y4, and Y5 receptor signaling in Chinese hamster
ovary cells (Mullins et al, 2002; Zhang et al, 2011a).
To investigate the intracellular mechanisms by which
activation of Y1Rs and subsequent reduction of cAMP
levels modulate the inhibitory and excitatory ionotropic
systems in the BLA, we combined whole-cell patch-clamp
techniques with selective pharmacological interventions
and biochemistry. Our results reveal distinct and
novel Y1R-mediated mechanisms utilizing divergent signal-
ing cascades to regulate selectively distinct postsynaptic
receptor populations.

MATERIALS AND METHODS

Animals

All animals used for this study were male Wistar rats
(100–150 g) obtained from Harlan Laboratories (Indiana-
polis, IN). Animals were housed in a temperature-controlled
room (21–22 1C) with a 12-h light/dark cycle schedule and
given food and water ad libitum. All the procedures used
were approved by the Institutional Animal Care and
Use Committee (IACUC) of Indiana University–Purdue
University Indianapolis and were in compliance with
National Institutes of Health (NIH) Guidelines for the Care
and Use of Laboratory Animals.

Slice Preparation and Patch-Clamp Recording

Rats were quickly decapitated and coronal slices (350 mm)
containing the BLA were obtained using standard proce-
dures (Brittain et al, 2011; Rainnie, 1999). Slices were
incubated in oxygenated ACSF with the following composi-
tion (in mM): 130 NaCl, 3.5 KCl, 1.1 KH2PO4, 1.3 MgCl2,
2.5 CaCl2, 10 glucose, and 30 NaHCO3 at room temperature
for at least 1 h before recording. Slices were then transferred
to a submersion-type chamber mounted on the stage of a
Nikon E600FN Eclipse microscope (Nikon Instruments,
Melville, NY) and perfused at a rate of 2–3ml/min with
ACSF heated to 30 1C. Whole-cell patch-clamp recordings
were obtained using standard techniques with borosilicate
glass electrodes (resistance 3–6MO; WPI, Sarasota, FL)
filled with an intracellular solution with the following
composition (in mM: 140 K-gluconate, 2 KCl, 3 MgCl2,
10 HEPES, 5 phosphocreatine, 2 K-ATP, and 0.2 Na-GTP)
adjusted to pH 7.3 with KOH, and having an osmolarity of
280–290mOsm. The internal pipette solution for the
recording of miniature inhibitory postsynaptic current
(mIPSC) had the following ionic composition (in mM):
140 KCl, 3 MgCl2, 10 HEPES, 5 phosphocreatine, 2 K-ATP,
and 0.2 Na-GTP. Whole-cell access resistance measured in
voltage clamp ranged from 5 to 20MO and was monitored
throughout each experiment; a change of p15% was
deemed acceptable.
The basolateral complex of the amygdala, including the

lateral and basolateral nuclei, was visualized in the coronal
slice as it was outlined laterally by the white matter tract of
the external capsule (corpus callosum) and medially by the
white matter tract of the longitudinal association bundle
(Rainnie, 1999). Neuronal responses reported in this study
were obtained only from pyramidal neurons located in the
basolateral subdivision of this basolateral complex. Pyrami-
dal neurons were identified according to their characteristic
size and pyramidal shape. Whole-cell recordings were made
with a Multiclamp 700B amplifier (Molecular Devices,
Sunnyvale, CA) using the pClamp 10.2 software and a
Digidata 1322A interface (Molecular Devices, Sunnyvale, CA).

Experimental Protocol

Evoked postsynaptic currents or potentials were generated
using a concentric stimulating electrode (FHC, Bowdoin-
ham, ME) placed on the fiber tract of the external capsule,
and B500 mm from the recorded neuron. A paired-pulse
paradigm with two stimuli of half-maximal intensity
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separated by B75ms was used to evaluate the locus of
action of Y1R activation. Paired stimuli were repeated five
times at a frequency of 0.2Hz, and then averaged for
subsequent data analysis. The paired pulses were delivered
once every 2min. Once a stable baseline of responses was
obtained for at least 4min, we applied a drug and continued
recording throughout the course of drug application and
washout. Paired-pulse ratio (PPR) was determined as the
peak amplitude of the second paired stimulus current
divided by the peak amplitude of first paired stimulus
current (PSC1). For comparison between control, drug, and
washout states, peak current amplitudes within the group
were normalized to the mean PSC1 of two control peak
amplitude values acquired immediately before the onset of
drug application (approximately 4min of control data).
In these experiments, N-(2,6-dimethylphenylcarbamoyl
methyl) triethylammonium bromide (QX-314, 2mM) was
included in the internal solution to block regenerative
sodium spikes. NMDA-mediated excitatory postsynaptic
currents (eEPSCs) were elicited from a holding potential of
� 40mV, whereas AMPA-mediated eEPSCs were elicited
from a holding potential of � 60mV. To isolate NMDA-
mediated eEPSCs, the GABA receptor antagonists SR95531
(5 mM) and 3-(3,4-dichlorophenylmethylaminopropyl)
diethoxymethyl phosphinic acid (CGP 52432, 1 mM) were
applied to block GABAA and GABAB receptors, respectively.
AMPA/kainate receptors were blocked using 6,7-dinitro-
quinoxaline-2,3-(1H,4H)-dione (DNQX, 20 mM). The
NMDA-mediated eEPSCs were further confirmed by the
application of the NMDA receptor-specific blocker CPP
(1 mM) at the end of the experiment. The holding potential
for measuring evoked inhibitory postsynaptic current
(eIPSCs) was � 50mV. To isolate GABAA receptor-
mediated eIPSCs, the AMPA/kainate and NMDA receptors
were blocked using DNQX (20 mM) and CPP (1 mM),
respectively. In addition, CGP 52432 (1 mM) was added to
block GABAB receptors. At the end of the experiments, the
GABAA antagonist SR95531 (1 mM) was applied to confirm
that recorded currents were GABAA-mediated eIPSCs.
Access resistance was continuously monitored by injection
of a voltage step (� 3mV, 50ms) immediately before the
beginning of stimulation pulse.
mIPSCs in BLA pyramidal cells were recorded at � 60mV

in the whole-cell configuration in the presence of 500 nM
tetrodotoxin (TTX), DNQX (20 mM), CPP (1 mM), and CGP
52432 (1 mM).

Drug Applications

Various drugs, diluted to the final concentration in ACSF,
were delivered by gravity to the recording chamber
containing the brain slice using a VC-6 control perfusion
system (Harvard Apparatus, Holliston, MA), unless stated
otherwise. During experiments with GDP-b-S, forskolin,
8Br-cAMP, cPKA, or 8CPT-2Me-cAMP, we preincubated
cells for at least 30min before adding [Leu31,Pro34]-NPY
(L-P NPY) to the recording chamber. The following drugs
were obtained from (1) Sigma-Aldrich (St Louis, MO):
K-gluconate, KCl, MgCl2, HEPES, NaCl, KH2PO4, CaCl2,
glucose, NaHCO3, KOH, phosphocreatine, K-ATP, Na-GTP,
DNQX, 8Br-cAMP, GDP-b-S; (2) Tocris Cookson (Ellisville,
MO): [Leu31-Pro34]-NPY, PD160170, (RS)-CPP, CGP 52432,

SR95531, 8CPT-2Me-cAMP, forskolin, QX-314; and (3)
EMD Chemicals (Gibbstown, NJ): protein kinase A (PKA)
catalytic subunit.

Western Blot

BLA, hippocampus, and PFC tissue punches from rats, or
CHOK1 and HEK293 cells, were lysed with buffer (30mM
Tris, pH 7.4, 150mM NaCl, 1% Triton X-100, 0.1% SDS,
1mM PMSF, 10mM EDTA, 1mM Na2VO3, and 160mM
NaF) freshly supplemented with proteinase inhibitors, and
protein concentrations were determined using a BCA
Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL).
Proteins (100–150mg) were separated in 10% SDS-PAGE,
and transferred to PVDF membranes. After a 30min block
with milk, the membranes were incubated with primary
antibody (1 : 500 mouse anti-exchange protein activated by
cAMP (Epac)1 or Epac2 (Cell Signaling Technology,
Danvers, MA), 1 : 250 rabbit anti-Epac and Epac2 (Santa
Cruz Biotechnology, Santa Cruz, CA); and 1 : 3 000 mouse
GAPDH antibody (Millipore, Billerica, MA)) for overnight at
4 1C. After three TBS-T washes, the membranes were
incubated with 1 : 10 000 goat anti-rabbit antibody conju-
gated with Alexa Fluor 680 or 1 : 10 000 goat anti-mouse
antibody conjugated with IR dye 800 (Invitrogen, Carslbad,
CA) for 1 h at room temperature. After three TBS-T washes,
membranes were scanned on an Odyssey plate reader
(Li-Cor Biosciences, Lincoln, NE) at channel 700 or 800.

Data Analysis and Statistics

eIPSC data were analyzed using pClamp 10.2 (Molecular
Devices, Sunnyvale, CA). Spontaneous mIPSCs were
analyzed using the MiniAnalysis program (Synaptosoft,
Decatur, GA). All events were identified visually to avoid
errors in detection by automation. The threshold for
detection of currents was set at three times the root mean
square baseline noise.
Statistics and graphs were produced using GraphPad

Prism 6.0 (GraphPad Software, La Jolla, CA). All data are
presented as the mean±SEM. Differences among multiple
groups were evaluated either by repeated measures (RM)
two-way ANOVA or one-way ANOVA when warranted. In
the presence of significant main effects, post hoc pairwise
comparisons were conducted using Dunnett’s to compare
back to baseline values and Tukey’s or Fisher’s LSD tests
between groups. The confidence level for significance in all
tests was set at Po0.05.

RESULTS

All recordings were performed on pyramidal neurons,
which were identified based upon their location, the
pyramidal-shaped soma. Only those neurons (n¼ 240) that
were visually identified as BLA pyramidal neurons were
included in this study (Rainnie et al, 1993). A typical
response to a step current injection is shown in Figure 1a. In
response to depolarizing current injection of increasing
amplitude, neurons initially fired either a single action
potential or a doublet/triplet burst, after which a slower,
more rhythmic firing pattern was observed (Figure1a, top).
These neurons also showed a depolarizing sag in the voltage
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excursion in response to hyperpolarizing current pulses
(Figure1a, bottom) (Womble and Moises, 1993). Initially,
using current-clamp mode, we showed that bath pre-
treatment with L-P NPY (200 or 400 nM) induced a
significant increase of evoked inhibitory postsynaptic
potentials (eIPSPs) (RM-ANOVA 200 nM L-P NPY:
F(2,18)¼ 5.13, P¼ 0.017; 400 nM L-P NPY: F(2,18)¼ 5.8,
P¼ 0.011; Figure 1b), which differed significantly from
baseline during both 200 and 400 nM drug application
(P¼ 0.01 and 0.01, respectively, Dunnett’s) and remained
significantly increased from baseline during wash for
400 nM dose (P¼ 0.02, Dunnett’s; Figure 1b). Furthermore,
no significant change in input resistance (MO) was
observed after the application of L-P NPY (400 nM)
(baseline: 70.6±7.7; L-P NPY (400 nM): 66.6±5.3; wash:
66.1±4.7; F(2,18)¼ 0.69, P¼ 0.513; data not shown). Finally,
we observed no consistent responses of the resting
membrane potential to L-P NPY application (baseline
(mean±SEM, mV): � 60.4±0.16; L-P NPY: � 60.1±0.56;
wash: � 61.2±0.6; F(2,18)¼ 1.5, P¼ 0.242) that would
suggest modulation of HCN channels underlying Ih as
reported previously (Giesbrecht et al, 2010).

Activating Y1Rs Increases GABAA, but Decreases
NMDA-Mediated Postsynaptic Currents

All further experiments were performed in voltage-clamp
mode to record postsynaptic currents. The chloride
equilibrium potential for our recording conditions was
� 75mV; therefore, to further study GABA-mediated
eIPSCs, we used a holding potential of � 50mV to enhance
the currents. We also included QX-314 (2mM) in the
internal solution to block regenerative sodium spikes.
Because addition of QX-314 blocks voltage-activated

sodium channels obscuring assessment of firing properties,
for these experiments pyramidal BLA cells were selected
based on their large pyramidal-shaped soma, the presence
of a large dendrite, and low input resistance. To enable a
direct comparison between the drug-treated and time-
control groups, data were normalized to the peak eIPSC
amplitude evoked immediately before L-P NPY application
(see Materials and methods). Data from this experiment
resulted in significant effects of time and a significant
drug� time interaction when comparing L-P NPY (total)
and control group (two-way RM-ANOVA, effect of time:
F(10,270)¼ 2.48, P¼ 0.007; treatment� time interaction:
F(10,270)¼ 2.49, P¼ 0.007; Figure 2a). The application of
L-P NPY (400 nM, 6min) induced a slowly developing and
persistent increase of eIPSC amplitude (baseline:
1.03±0.01; L-P NPY: 1.14±0.04; wash: 1.20±0.07), which,
compared with baseline (4min), reached significance at
12min (Po0.05, 12–22min, Dunnett’s; Figure 2a). In some
experiments, even after a 1 h wash period eIPSC amplitudes
did not return to baseline levels (data not shown). Of the
20 BLA neurons examined, addition of L-P NPY to ACSF
induced an increase of eIPSC amplitude in 12 neurons
(60% of neurons; baseline: 0.97±0.01; L-P NPY: 1.21±0.04;
wash: 1.35±0.09; Po0.05, 10–22min, Dunnett’s; Figure 2a),
whereas the remaining eight neurons (40%) showed no
increase of eIPSC amplitude (baseline: 0.99±0.02; L-P NPY:
1.07±0.05; wash: 0.99±0.06; P40.05, Dunnett’s; Figure 2a).
The L-P NPY-induced increase is likely a postsynaptic effect
as the PPR remained unchanged following L-P NPY
(baseline: 0.8±0.02; L-P NPY: 0.8±0.02; wash: 0.9±0.02;
F(10,219)¼ 0.86, P¼ 0.57). Addition of the GABAA antagonist
SR95531 (1 mM) to the bath at the end of the experiment
eliminated the eIPSCs (Figure 2a, inset trace 4). Moreover,
an overall two-way RM-ANOVA revealed a significant
treatment effect (F(1,31)¼ 4.45, P¼ 0.043) and treatment vs
time interaction (F(10,310)¼ 3.56, P¼ 0.0002) when compar-
ing eIPSC amplitudes of L-P NPY and PD160170þ L-P NPY
groups (Figure 2c). Pre-treatment with the Y1R antagonist
PD160170 (1 mM) blocked the effect of L-P NPY on eIPSC
amplitude (baseline: 1.004±0.01; PD160170þ L-P NPY:
1.05±0.04; wash: 1.03±0.03; P40.05, Dunnett’s) without
changing the PPR (baseline: 0.8±0.07; PD160170þ L-P
NPY: 0.8±0.06; wash: 0.8±0.06; P40.05, Dunnett’s;
Figure 2c). Significant differences in amplitude of eIPSCs
between PD160170þ L-P NPY and L-P NPY groups were
also observed (Po0.05, 14–22min, Fisher’s LSD; Figure 2c).
The L-P NPY-induced facilitation of GABAA eIPSCs might

be a result of a presynaptic increase of GABA release or a
postsynaptic increase in response to GABA. To assess the
functional locus of the Y1R agonist, we analyzed the effect of
L-P NPY on frequency and amplitude of mIPSCs. Under our
experimental conditions in the presence of TTX (500 nM),
we only observed increases in amplitude (RM-ANOVA
baseline: 27.4±2.6 pA; L-P NPY: 31.8±3.04 pA; wash:
32.2±2.6; treatment effect: F(2,22)¼ 9.13, n¼ 12,
P¼ 0.001), but not frequency (RM-ANOVA baseline:
5.3±0.6 Hz; L-P NPY: 5.8±0.6Hz; wash: 5.7±0.4Hz;
treatment effect: F(2.22)¼ 1.66, n¼ 12, P¼ 0.21) of mIPSCs
(Figure 2e). This effect of L-P NPY on the amplitude of
mIPSCs again persisted during application of L-P NPY
(P¼ 0.004, Dunnett’s) and through the 30min wash period
(P¼ 0.002, Dunnett’s). Taken together, these data support

Figure 1 Application of Y1 receptor (Y1R) agonist [Leu31,Pro34]-
neuropeptide Y (L-P NPY) increases the amplitude of evoked inhibitory
postsynaptic currents (eIPSPs). (a) Current-clamp recordings showing the
response of a typical basolateral amygdala (BLA) pyramidal neuron to
transient depolarizing (upper trace) and hyperpolarizing (lower traces)
current injection. (b) At a holding potential of � 60mV, L-P NPY induced
an increase of amplitude of eIPSPs during application (6min) and wash
periods (15min) (upper traces). Summary graph showing the effect of L-P
NPY in concentrations of 200 nm (gray) and 400 nM (black) on eIPSPs
amplitude (bottom). *Significantly different compared with control
(Po0.05).
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the view that L-P NPY modulates postsynaptic GABA
responses in pyramidal BLA neurons.
Next, we tested the effect of L-P NPY on glutamatergic

eEPSCs. In this experiment, overall two-way RM-ANOVA
revealed significant time (F(10,290)¼ 2.27, Po0.015) and
treatment effects (F(1,29)¼ 11.44, P¼ 0.002), as well as
treatment vs time interaction (F(10,290)¼ 3.6, P¼ 0.0002)
between control and L-P NPY(total) groups (Figure 2b). At
a holding potential of � 60mV, incubation with L-P NPY
(400 nM) in the presence of GABAA and GABAB antagonists
compared with baseline (4min) caused a reduction of
eEPSC amplitude (baseline: 1±0.03; L-P NPY: 0.75±0.07;
wash: 0.85±0.07), reaching significance at 8min (Po0.05,
8–20min, Dunnett’s) in BLA projection neurons
(Figure 2b). There was a trend toward a gradual recovery
in the eEPSC amplitude with time and at 22min the

amplitude of eEPSCs were not significantly different
(P¼ 0.082, Dunnett’s) from baseline values (Figure 2b).
Interestingly, of 16 neurons included in the study,
11 neurons (68.8%) demonstrated a significant reduction
of eEPSC amplitude (baseline: 1.01±0.04, L-P NPY:
0.65±0.08, wash: 0.77±0.08; Po0.05, 8–22min, Dunnett’s),
whereas the other five neurons (31.2%) showed no
significant changes in eEPSC amplitude (baseline:
1.03±0.05; L-P NPY: 0.99±0.05; wash: 1.03±0.04;
P40.05, Dunnett’s; Figure 2b). Moreover, there were no
changes in PPR (baseline: 1.03±0.07; L-P NPY: 1.1±0.07;
wash: 1.1±0.04; F(10,150)¼ 0.66, P¼ 0.76), suggesting that
this effect on excitatory neurotransmission was also
postsynaptic.
To determine whether L-P NPY inhibits AMPA- or

NMDA-mediated eEPSCs, or both, we repeated the experi-
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ments in the presence of specific antagonists of AMPA
(DNQX, 20 mM) or NMDA ((RS)-CPP, 5 mM) receptors,
respectively. Since at � 60mV, the majority of the evoked
synaptic current is carried by AMPA receptors, we shifted
the holding potential to � 40mV to study the effect of L-P
NPY on NMDA-mediated eEPSCs. Our results demon-
strated a significant effect of treatment and time, as well as
treatment vs time interaction (two-way RM-ANOVA, time
effect: F(10,240)¼ 2.96, P¼ 0.002; effect of treatment:
F(1,24)¼ 9.66, P¼ 0.005; treatment� time interaction:
F(10,240)¼ 5.35, Po0.0001) between L-P NPYþAMPA- and
L-P NPYþNMDA-mediated eEPSCs groups (Figure 2d).
Interestingly, application of L-P NPY induced a significant
reduction of NMDA-mediated eEPSCs compared with
baseline (baseline: 0.97±0.007; L-P NPY: 0.88±0.04; wash:
0.78±0.05; Po0.05, 12–22min, Dunnett’s; Figure 2d and f),
but had no effect on AMPA-mediated eEPSCs (baseline:
0.98±0.02; L-P NPY: 1.08±0.09; wash: 1.06±0.11; P40.05,
Dunnett’s; Figure 2d). As was the case for eIPSCs before, the
reduction in eEPSC amplitude persisted beyond 30min
of agonist washout (Figure 2f). In addition, compared with
the AMPA-mediated eEPSC L-P NPY group, the amplitude
of the NMDA-mediated eEPSC L-P NPY group was signi-
ficantly lower (Po0.05, 10–22min, Fisher’s LSD; Figure 2d).
Finally, no significant changes in PPR were detected,
suggesting that this effect is again postsynaptic (NMDA,
baseline: 1.2±0.06; L-P NPY: 1.2±0.06; wash: 1.2±
0.06; F(10,150)¼ 1.32, P¼ 0.22; AMPA, baseline: 0.96±
0.09; L-P NPY: 0.9±0.05; wash: 1.1±0.11; F(8,72)¼ 1.75,
P¼ 0.1).
The inhibitory effect of L-P NPY on NMDA-mediated

eEPSCs was blocked by 10min pretreatment with the Y1R
antagonist PD160170 (1 mM) (two-way RM-ANOVA, effect
of treatment: F(2,33)¼ 11.13, P¼ 0.0002; treatment� time
interaction: F(20,330)¼ 4.77, Po0.0001; Figure 2f). Where

L-P NPY, but not PD160170þ L-P NPY, significantly
reduced NMDA-mediated eEPSCs compared with baseline
(4min) (baseline: 1.02±0.01; PD160170þ L-P NPY:
0.93±0.03; wash: 0.98±0.08; P40.05, Dunnett’s;
Figure 2f) without affecting PPR (baseline: 1.4±0.03; L-P
NPY: 1.5±0.03; wash: 1.5±0.06; F(10,99)¼ 0.71, P¼ 0.71). In
addition, a significant difference in amplitudes of NMDA-
mediated eEPSCs between L-P NPY, PD160170þ L-P NPY
(Po0.05, 12–22min, Tukey’s; Figure 2f) and control groups
was observed (Po0.05, 10–22min, Tukey’s; Figure 2f).
Taken together, these data suggest that in the majority of
BLA neurons, activation of postsynaptic Y1Rs caused a
preferential attenuation of the NMDA receptor-mediated
component of evoked EPSCs.

The Effects of Y1R Activation on GABAA- and
NMDA-Mediated Currents are Both G-Protein-Coupled
and cAMP-Dependent

NPY receptors, including Y1Rs, are coupled through Gi/o

proteins to the inhibition of adenylyl cyclase (Michel et al,
1998), and subsequently reduce the intracellular concentra-
tion of cAMP (Gerald et al, 1995, 1996; Larhammar et al,
1992; Wahlestedt et al, 1990). To confirm a role of
G-proteins in L-P NPY actions in the BLA, we examined
the effect of including GDP-b-S, a stable analog of GDP,
which competitively inhibits GTP binding to G-proteins, in
the recording pipette. Consistent with a requirement for
G-protein activation, inclusion of GDP-b-S (500 nM)
abrogated the effect of L-P NPY on both GABAA- and
NMDA-mediated currents (two-way RM-ANOVA, GABAA,
treatment effect: F(1,27)¼ 6.92, P¼ 0.01, treatment� time
interaction: F(10,270)¼ 3.58, P¼ 0.0002; NMDA, treatment
effect: F(1,25)¼ 11.86, P¼ 0.002, treatment� time interac-
tion: F(10,250)¼ 6.2, Po0.0001; Figure 3a and b).

Figure 2 Stimulation of Y1 receptors (Y1Rs) induces significant elevation of g-aminobutyric acid A (GABAA)-mediated inhibitory postsynaptic currents
(eIPSCs) and reduction of N-methyl-D-aspartate (NMDA)-mediated excitatory postsynaptic currents (eEPSCs) in basolateral amygdala (BLA) projection
neurons. (a) Summarized grouped data show the effect of [Leu31,Pro34]-neuropeptide Y (L-P NPY) (400 nm) on normalized GABAA-mediated eIPSCs as a
function of time. Of 20 neurons (black–white circle), in 12 neurons (black circle) application of L-P NPY induced a significant increase of amplitude of eIPSCs,
whereas 8 cells (white circle) showed no response. (Inset) Voltage-clamp recordings traces of eIPSCs from BLA projection neuron at holding potential
� 50mV in control (trace 1), during the application of L-P NPY (400 nM) (6min) (trace 2) and wash (trace 3) periods. At the end of the experiment,
addition of the g-aminobutyric acid A (GABAA) antagonist 2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl) pyridazinium (SR95531) (1 mM) fully blocked
eIPSCs (trace 4). Arrows indicate stimulation artifact. (b) Summarized grouped data show the effect of L-P NPY (400 nm) on normalized eEPSCs as a
function of time. Of 16 neurons (black–white circle), in 11 neurons (black circle) the application of L-P NPY induced a significant decrease of amplitude of
eEPSCs, whereas 5 cells (white circle) did not respond. (Inset) Voltage-clamp recordings of eEPSCs from BLA projection neuron (� 60mV) during baseline
(1), application of L-P NPY (400 nM, 6min) (2) and wash (3) conditions. (c) Summarized grouped data show the effects of L-P NPY (400 nM) (black circle)
and pre-treatment with 6-(2-(1-methylethyl)phenyl))sulfonyl-5-nitro-8-quinolinamine (PD160170) (1 mM) (white triangle) on normalized eIPSCs as a
function of time. *Significantly different compared with baseline within group (Po0.05); #significantly different between groups (Po0.05). (Inset) Typical
voltage-clamp current traces show that pre-treatment with the Y1R antagonist PD160170 (1 mM) blocks the effect of L-P NPY (400 nM) on eIPSCs. Trace
1min—baseline (with PD160170 present in artificial cerebrospinal fluid (ACSF)), trace 2–6min of perfusion with PD160170 (1 mM)þ L-P NPY (400 nm),
and trace 3–12min of wash. (d) Exogenous L-P NPY (400 nM) has no effect on the amplitude of pharmacologically isolated AMPA EPSCs evoked from a
holding potential of � 60mV. Summary graph shows the effect of L-P NPY (400 nM) on AMPA- (black triangle) and NMDA-mediated (black circle) eEPSCs
as a function of time. (Inset) Typical eEPSCs recordings are illustrated before (1), during (2), and after L-P NPY application (3). (e) Application of L-P NPY
induced significant increase of amplitude, but not frequency of miniature inhibitory postsynaptic current (mIPSC). Summary plot of amplitude (left) and
frequency (right) of mIPSCs before, during L-P NPY application, and after 25min of wash periods (Po0.05). (Inset) Sample traces of mIPSC from slices,
containing BLA neurons, before (Control), during L-P NPY application (L-P NPY), and after 25min wash period were recorded in the presence of
6,7-dinitroquinoxaline-2,3-(1H,4H)-dione (DNQX) (20 mM), 3-((R)-2-carboxypiperazin-4yl)-propyl-1-phosphonic acid (CPP) (1mM), 3-(3,4-dichlorophe-
nylmethylaminopropyl) diethoxymethyl phosphinic acid (CGP 52432) (1mM) and tetrodotoxin (TTX) (500 nM). (f) Perfusion with L-P NPY (400 nM)
decreases the amplitude of isolated NMDA-mediated eEPSCs (� 40mV). Grouped data show the effect of L-P NPY (400 nM) (black circle) and the effect
of L-P NPY in the presence of Y1 antagonist PD160170 (1mM) (white triangle) on eEPSCs over time. *Significantly different compared with baseline within
group (Po0.05); #significantly different between groups (Po0.05). (Insets, top) eEPSC recordings that are represent before (1), 6min during (2), after L-P
NPY application (3), and after incubation with the NMDA receptor blocker CPP (1mM) (4). (bottom) Preincubation with the Y1 agonist PD160170 (1mM)
abolished the inhibitory effect of L-P NPY on NMDA-mediated eEPSCs. eEPSC recordings are shown before (1), during PD160170 (1 mM)þ L-P NPY
(400 nM) application (2), and during wash period (3).
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The addition of GDP-b-S to L-P NPY treatment blocked
both the increases of GABA-mediated eIPSCs and reduc-
tions in NMDA-mediated eEPSCs compared with baseline
(GABAA, baseline: 1.03±0.02; GDP-b-Sþ L-P NPY:
0.97±0.09; wash: 0.92±0.09; P40.05, Dunnett’s; NMDA,
baseline: 0.97±0.03; GDP-b-Sþ L-P NPY: 1.21±0.17;
wash: 1.06±0.11; P40.05, Dunnett’s; Figure 3a and b),
observed following L-P NPY treatment alone. In addition,
compared with the GDP-b-Sþ L-P NPY group, the L-P NPY
group exhibited significantly greater GABA-mediated
eIPSCs (Po0.05, 10 and 14–22min, Fisher’s LSD;
Figure 3a), and significantly lower NMDA-mediated eEPSCs
(Po0.05, 12–22min, Fisher’s LSD; Figure 3b).
Next, we used the adenylyl cyclase activator forskolin and

8Br-cAMP, to test the role of cAMP in mediating the effect
of L-P NPY. The rationale is that direct elevation of
cAMP would overwhelm Gi/o-mediated inhibition of ade-
nylyl cyclase and occlude the actions of Y1R activation.
Consistent with this expectation, 30min preincubation with
either forskolin (10 mM) or 8Br-cAMP (500 mM) occluded
the effect of L-P NPY on GABAA-mediated eIPSCs or

NMDA-mediated eEPSCs (two-way RM-ANOVA, GABAA,
treatment effect: F(2,39)¼ 6.47, P¼ 0.004; treatment� time
interaction: F(20,390)¼ 4.75, Po0.0001; NMDA, treatment
effect: F(2,36)¼ 8.75, P¼ 0.0008; treatment� time interac-
tion: F(20,360)¼ 1.71, P¼ 0.031; Figure 3c and d). Moreover,
in the presence of forskolin, the amplitudes of GABAA-
mediated eIPSCs and NMDA-mediated eEPSCs did not
change in response to Y1Rs activation by L-P NPY
compared with baseline (GABAA, baseline: 1.04±0.02;
forskolinþ L-P NPY: 0.99±0.04; wash: 0.95±0.04;
P40.05, Dunnett’s; NMDA, baseline: 1.02±0.01;
forskolinþ L-P NPY: 1.11±0.1; wash: 0.93±0.05; P40.05,
Dunnett’s; Figure 3c and d). The inclusion of 8Br-cAMP also
diminished the effect of L-P NPY on isolated GABAA-
mediated eIPSCs and NMDA-mediated eEPSCs (GABAA,
baseline: 1.02±0.01; 8Br-cAMPþ L-P NPY: 1.08±0.06;
wash: 0.95±0.05; P40.05, Dunnett’s; NMDA, baseline:
1.01±0.02; 8Br-cAMPþ L-P NPY: 1.09±0.06; wash:
0.95±0.05; P40.05, Dunnett’s; Figure 3c and d). Moreover,
compared with L-P NPY group, the amplitude of GABAA-
mediated eIPSCs was significantly lower in forskolinþ L-P

Figure 3 The effects of [Leu31,Pro34]-neuropeptide Y (L-P NPY) on g-aminobutyric acid A (GABAA)-mediated evoked inhibitory postsynaptic currents
(eIPSCs) and N-methyl-D-aspartate (NMDA)-mediated excitatory postsynaptic currents (eEPSCs) are G-protein-related and cAMP-dependent. (a, b)
Inclusion of guanosine 50-o-(2-thiodiphosphate) (GDP-bS) (500 nM) in the recording pipette blocked the effects of L-P NPY on GABAA-mediated eIPSCs
and NMDA-mediated eEPSCs. Summarized grouped data show the effects of L-P NPY (400 nM) (black circle), GDP-bS (500 nM)þ L-P NPY (white
triangle) on normalized eIPSCs (a) and eEPSCs (b) as a function of time. (c, d) Inclusion of forskolin (10 mM) and 8 Br-cAMP (500 mM) 30min before L-P
NPY application blocked the effects of L-P NPY on GABAA-mediated eIPSCs and NMDA-mediated eEPSCs. Summary graphs comparing the effects of L-P
NPY (400 nM) (black circle), forskolinþ L-P NPY (white box), and 8 Br-cAMP (white triangle) on normalized eIPSCs (c) and eEPSCs (d) as a function of
time. (e, f) The effect of L-P NPY on GABAA-mediated eIPSCs, but not NMDA-mediated eEPSCs, involves activation of PKA. Graphs show the effects of L-P
NPY (black circle) and with added intracellular PKA catalytic subunit (100U/ml) (white triangle) on normalized eIPSCs (e) and eEPSCs (f) as a function of
time. *Significantly different compared with baseline (4min) within group (Po0.05); #significantly different between groups (Po0.05).
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NPY group (Po0.05, 16–22min, Tukey’s; Figure 3c) and
8Br-cAMPþ L-P NPY group (Po0.05, 14–22min, Tukey’s;
Figure 3c). Furthermore, the amplitude of NMDA-mediated
eEPSC in forskolinþ L-P NPY group (Po0.05, 8–20min,
Tukey’s; Figure 3d) and 8Br-cAMPþ L-P NPY group
(Po0.05, 10–14min, Tukey’s; Figure 3d) was significantly
higher compared with L-P NPY group.

Y1Rs in the BLA Modulate GABAA-Mediated Currents
via a PKA Pathway

To further dissect the second messenger pathways involved
in Y1R-based synaptic modulation, we examined whether
PKA was involved downstream of cAMP reduction in
mediating the effects of L-P NPY. We hypothesized that
addition of the active catalytic subunit of PKA in the
intracellular solution would bypass any receptor-mediated
reduction in PKA activation through lowered cAMP levels.
Accordingly, inclusion of the PKA catalytic subunit (100U/
ml) in the recording electrode occluded the Y1R effect on
GABAA-mediated current (two-way RM-ANOVA, treatment
effect: F(1,30)¼ 13.13, P¼ 0.001; treatment� time interac-
tion: F(10,300)¼ 5.88, Po0.0001; Figure 3e). Instead of the
increase of eIPSC amplitude we observed previously in the
L-P NPY group (eg Figure 2a), in the presence of PKA we
witnessed a small reduction of amplitude of GABAA-
mediated eIPSCs compared with baseline (baseline:
1.01±0.01; PKAþ L-P NPY: 0.89±0.04; wash: 0.92±0.03;
P40.05, Dunnett’s; Figure 3e). There was also a significant
difference in amplitudes of GABAA-mediated eIPSCs
between PKAþ L-P NPY and L-P NPY groups (Po0.05,
8–22min, Fisher’s LSD; Figure 3e).
In contrast, inclusion of PKA in the electrode did not alter

the inhibition of NMDA-mediated eEPSCs by L-P NPY
(two-way RM-ANOVA, treatment effect F(1,26)¼ 0.99,
P¼ 0.33; Figure 3f). In the presence of PKA there was a
trend toward a gradual recovery in the eEPSC amplitude
(baseline: 1.01±0.01; PKAþ L-P NPY: 0.82±0.07; wash:
0.89±0.03; Po0.05, 8–18min, Dunnet’s; Figure 3f). More-
over, the amplitudes of NMDA-mediated eEPSCs were not
significantly different between the L-P NPY and PKAþ L-P
NPY groups (P40.05; Figure 3f).

Y1Rs in the BLA Modulate NMDA-Mediated Currents
via an Epac Pathway

Another possible target of cAMP is the ‘Epac’, also known as
cAMP-GEF (de Rooij et al, 1998; Gloerich and Bos, 2010).
Using in situ and northern hybridization, it has been shown
that mRNAs of Epac1 and Epac2 are expressed in the
amygdala, as well as in the hippocampus and cortex
(Kawasaki et al, 1998). To determine whether Epac1 and/
or Epac2 protein is expressed in the BLA, we used western
blot analysis of BLA tissue punches. We found that Epac1
and Epac2 are both expressed in the basal amygdala,
although Epac2 protein is more abundant than that of Epac1
(Figure 4a). We also detected Epac1 and Epac2 protein in
the hippocampus and prefrontal cortical regions. Interest-
ingly, CHOK1 and HEK293 cells used as controls show
expression of only Epac1, but not Epac2 (Figure 4a).
We next explored whether Epac might also have a

functional role in L-P NPY modulation of BLA synaptic

transmission. To accomplish this, we needed a mechanism
to manipulate PKA and Epac independently. While PKA
and Epac can both be activated by cAMP, Epac is selectively
activated by 8CPT-2Me-cAMP (Enserink et al, 2002; Kwon
et al, 2004; Novara et al, 2004); thus, we used this reagent to
activate preferentially Epac in BLA neurons. These experi-
ments demonstrated a significant treatment effect, as well as
treatment� time interaction comparing 8CPT-2Me-
cAMP(5)þ L-P NPY and L-P NPY groups (two-way RM-
ANOVA, treatment effect: F(1,27)¼ 11.42, P¼ 0.002;
treatment� time interaction: F(10,270)¼ 3.73, P¼ 0.0001
Figure 4b). Furthermore, addition of 8CPT-2Me-cAMP
(5 mM) to the recording pipette completely occluded the
effect of L-P NPY on NMDA-mediated eEPSCs (baseline:
1.01±0.07; 8CPT-2Me-cAMP(5)þ L-P NPY: 0.96±0.05;
wash: 0.94±0.03; P40.05, Dunnett’s; Figure 4b). Moreover,
the amplitudes of NMDA-mediated eEPSCs were signifi-
cantly different between 8CPT-2Me-cAMP(5)þ L-P NPY
and L-P NPY groups (Po0.05, 6 and 12–22min, Fisher’s
LSD Figure 4b).
Inclusion of a lower concentration (1 mM) of 8CPT-2Me-

cAMP in the intracellular recording solution reduced, but
did not entirely eliminate the effect of L-P NPY on NMDA-
mediated eEPSCs (two-way RM-ANOVA, treatment effect:
F(1,22)¼ 3.27, P¼ 0.08; treatment� time interaction:
F(10,220)¼ 1.82, P¼ 0.06; Figure 4c). However, in the
presence of 1mM of 8CPT-2Me-cAMP, L-P NPY did not
significantly reduce the amplitude of NMDA-mediated
eEPSCs (baseline: 1.01±0.02; 8CPT-2Me-cAMP(1 mM)þ L-
P NPY: 0.87±0.06; wash: 0.9±0.05; P40.05, Dunnett’s;
Figure 4c). Moreover, starting from 18min, there was
significant difference in the amplitude of NMDA-mediated
eEPSCs between 8CPT-2Me-cAMP(1)þ L-P NPY and L-P
NPY groups (P40.05, 18–22min, Fisher’s LSD; Figure 4c).
In contrast to eEPSCs, eIPSCs were unaffected by the

addition of 8CPT-2Me-cAMP to neurons. In Figure 4d, a
30min pre-treatment with 8CPT-2Me-cAMP (5 mM) does
not change the amplitude of eIPSCs compared with control
before the application of L-P NPY. Furthermore, the
enhancement of eIPSCs by L-P NPY was likewise unaffected
by 8CPT-2Me-cAMP pre-treatment as there was no
significant treatment effect or significant time vs treatment
interaction between 8CPT-2Me-cAMP(5)þ L-P NPY and
L-P NPY groups (two-way RM-ANOVA, treatment effect:
F(1,27)¼ 0.76, P¼ 0.39; time� treatment interaction:
F(10,270)¼ 1.61, P¼ 0.104; Figure 4d). Pre-treatment failed
to inhibit the L-P NPY-induced increase of GABAA-
mediated eIPSC (baseline: 0.99±0.01; 8CPT-2Me-
cAMP(5)þ L-P NPY: 1.12±0.06; wash: 1.33±0.13;
Po0.05, 14–22min, Dunnett’s; Figure 4d). Moreover, there
were no significant differences in the amplitude of GABAA-
mediated eIPSC between 8CPT-2Me-cAMP(5)þ L-P NPY
and L-P NPY groups (P40.05, Fisher’s LSD; Figure 4d).

DISCUSSION

Implications of Y1R-Mediated Increases of
GABAA-Mediated Currents and Reduction of
NMDA-Mediated Currents

We report here for the first time that application of the
Y1R agonist L-P NPY in the BLA not only enhances
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GABAA-mediated eIPSCs consistent with previous literature
(Eva et al, 2006a, b) but also selectively reduces NMDA-
mediated but not AMPA-mediated eEPSCs (Figure 5).
Regulation of excitability in BLA neurons by Y1Rs has been
suggested to involve a variety of mechanisms, including
enhancing GABA inhibition (Kask et al, 1996), activating
Kir3 channels (Sosulina et al, 2008), and increasing Ih
current (Giesbrecht et al, 2010). However, to our knowl-
edge, the modulation of postsynaptic GABAA receptors by
NPY receptor activation has never been directly and
systematically studied. Here we report that L-P NPY
produces long-lasting enhancement of GABAA-mediated
eIPSCs that is mediated through G-protein coupling, and
subsequently through cAMP and preferentially through
PKA. Conversely, we demonstrated that while L-P NPY
inhibition of NMDA-mediated eEPSCs is also G-protein-
and cAMP-dependent, it is not mediated by PKA. These
dual effects of a Y1R agonist in combination would increase
overall inhibition of BLA glutamatergic pyramidal neurons
and would be consistent with anxiolytic behavior. Previous
findings in our lab and others support the hypothesis that
NPY in the BLA exerts an anxiolytic effect (Karlsson et al,
2008; Sajdyk et al, 2004, 2006; Wahlestedt and Reis, 1993b).
Furthermore, for the first time we demonstrate that the
activation of Y1Rs decreases NMDA-mediated currents, an
important new finding with implications for the role of NPY

in modulating not only excitability but also synaptic
plasticity within the BLA. We have previously shown that
CRF- and stress-induced synaptic plasticity within the BLA

Figure 5 The proposed mechanisms that contribute to anxiolytic action
of neuropeptide Y (NPY) in the basolateral amygdala (BLA) during stress
or anxiety. After NPY is released, it activates postsynaptic, Gi/o-coupled Y1
receptors (Y1Rs) in the BLA, which leads to a reduction of cAMP levels and
decrease of PKA and exchange protein activated by cAMP (Epac) activities.
The reduction of PKA activity causes an increase of GABAA-mediated
currents, while reduction of Epac activity decreases N-methyl-D-aspartate
(NMDA)-mediated currents. Both of these mechanisms increase the
inhibition and reduce the excitation in the BLA.

Figure 4 [Leu31,Pro34]-neuropeptide Y (L-P NPY) reduction of N-methyl-D-aspartate (NMDA)-mediated excitatory postsynaptic currents (eEPSCs) but
not g-aminobutyric acid A (GABAA)-mediated evoked inhibitory postsynaptic currents (eIPSCs) requires activation of exchange protein activated by cAMP
(Epac). (a) Western blot analysis shows Epac expression in basolateral amygdala (BLA), hippocampus and prefrontal cortex (PFC) tissue. Moderate Epac1
expression (B100 kDa) was detected in BLA and hippocampal tissue, Epac1 expression is higher in CHOK1 and HEK293 cells with bands shifted to higher
molecular weight, indicating a difference in glycosylation between brain tissue and cell lines. Epac2 expression (B120 kDa) was detected strongly in BLA,
weakly in hippocampus and PFC tissue, but barely in CHOK1 and HEK293 cells. (b–d) Electrophysiological experiments revealed that the addition of the
Epac activator 8CPT-2Me-cAMP to the recording pippette dose-dependently attenuated the effect of L-P NPY on NMDA-mediated eEPSCs and increase
GABAA-mediated eIPSCs. (b, c) Summary graphs comparing the group with L-P NPY (400 nM) (black circle) and the group where slices were preincubated
with 8CPT-2Me-cAMP in concentrations of 5 mM (b) and 1 mM (c). (d) Summarized grouped data show the effects of L-P NPY (400 nM) (black circle) and
8CPT-2Me-cAMP (5mM)þ L-P NPY (white triangle) on normalized eIPSCs as a function of time. *Significantly different compared with control within group
(Po0.05); #significantly different between groups (Po0.05).
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may be a key component of the pathophysiology of several
chronic anxiety disorders, including panic and post-
traumatic stress disorder (Rainnie et al, 2004; Shekhar
et al, 2005). Stress-induced plasticity within the BLA is
mediated by the activation of NMDA receptors and
pre-treatment with an NMDA receptor antagonist blocks
such plasticity (Rainnie et al, 2004). As reported here, since
Y1R agonists reduce NMDA currents, NPY would be ideally
positioned to block or reduce such stress-related plasticity.
This is consistent with our previous finding that repeated
activation of NPY receptors in the BLA induces persistent
reductions in anxiety and induces stress resilience that lasts
several weeks (Sajdyk et al, 2008). Thus, this newly
described action of NPY on NMDA currents provides a
plausible cellular mechanism for these long-term protective
effects of NPY on stress-induced conditions, such as post-
traumatic stress disorder and depression (Cohen et al, 2012;
McGuire et al, 2011; Sah et al, 2009; Sajdyk et al, 2008).

Implications of Epac as a Novel Intracellular Signal-
Transduction Pathway of Y1 Effects

In addition to demonstrating the opposing but complimen-
tary modulation of postsynaptic receptor currents
(enhanced GABAA- and reduced NMDA-mediated currents)
by L-P NPY, we have also found that the effects of Y1R
activation on the GABAA and NMDA receptors occur
through predominantly different signal-transduction path-
ways. The effect of NPY to reduce cAMP levels is well
known (Hsieh et al, 2007; Misra et al, 2004; Sheriff et al,
2003; Zhang and Pandey, 2003). A reduction of cAMP has
previously been implicated in enhancing GABAA currents
(Kapur and Macdonald, 1996) and in reducing NMDA
currents (Fourcaudot et al, 2008; Huang et al, 1993; Huang
and Kandel, 1998; Zhang et al, 2011b) in various brain
regions. The new finding here is that the reduction in
NMDA currents elicited by NPY is preferentially mediated
through a reduction in Epac activation, a signal-transduc-
tion pathway not previously implicated in mediating any
NPY effects. Recent studies of Epac-related signaling have
revealed that these novel cAMP sensors regulate many
neuronal processes, including calcium dynamics, learning
and memory, cell proliferation and differentiation, apopto-
sis, and axonal growth (Gloerich et al, 2010; Grandoch et al,
2010). Our finding of distinct signaling pathways provides a
novel molecular and pharmacological target to dissociate
the GABAergic and NMDA effects of NPY action within the
amygdala (Figure 5).
There is increasing evidence that Epac is a mediator of

cAMP-dependent changes in hippocampal synaptic plasti-
city (Gelinas et al, 2008; Whitaker and Wei, 2009; Woolfrey
et al, 2009) and memory retrieval (Ostroveanu et al, 2010;
Ouyang et al, 2008). Epac also appears to be implicated in
the regulation of neurotransmitter release (Gekel and Neher,
2008; Kaneko and Takahashi, 2004) as well as synaptic and
spine modulation that are critical for neuronal plasticity
(Woolfrey et al, 2009). Epac is also emerging as a potential
candidate molecule associated with a number of neuropsy-
chiatric disorders. For example, changes in Epac levels have
been reported in post-mortem brains of depressed, suicide
victims (Dwivedi et al, 2006) and Epac 1 gene variants are
associated with anxiety and depression in twin studies

(Middeldorp et al, 2010). An Epac-null mutation impairs
long-term potentiation (LTP) that is paralleled with the
severe deficits in spatial learning and social interactions
(Yang et al, 2012). Epac is thought to be a key mediator in
the effects of PACAP (Ster et al, 2009), a peptide that has
been recently implicated in the pathophysiology of post-
traumatic stress disorder (PTSD) and fear memory forma-
tion (Ressler et al, 2011). Thus, NPY may modulate a variety
of behaviors, including conditioned fear (Gutman et al,
2008) and human stress reactivity (Mickey et al, 2011; Witt
et al, 2011) via Epac pathways and serve as a critical element
in the pathophysiology of depression, PTSD, and other
neuropsychiatric disorders. Indeed, several studies implicate
changes in NPY levels in depression (Domschke et al, 2010;
Nikisch and Mathe, 2008), anxiety disorders (Amstadter
et al, 2010; Wu et al, 2011), and PTSD (Rasmusson et al,
2010; Sah et al, 2009).

Technical Comments

In previous studies in a variety of neuronal types, including
the amygdala (Fourcaudot et al, 2008; Huang et al, 1993,
1998) and hippocampus (Zhang et al, 2011b), enhancing
PKA activity was associated with increased NMDA-
mediated LTP. In these cases, however, it appears that
presynaptic modulation of glutamate release, rather than
postsynaptic NMDA receptor properties as seen here is the
target of this form of cAMP signaling. An increase rather
than a decrease of cAMP levels was previously shown to be
involved in enhancing GABAA currents in cerebellar granule
cells (Kapur et al, 1996), most likely through PKA-mediated
phosphorylation. However, direct effects of GABA rather
than evoked GABAergic synaptic responses were measured;
thus, a distinction between extrasynaptic and synaptic
receptor populations could explain this dichotomy as
scaffolding and anchoring proteins (eg AKAPs) would be
expected to regulate the nature of signaling between
receptors and effectors in synaptic compartments.
Giesbrecht et al (2010) previously reported a significant
hyperpolarization of membrane potential caused by NPY or
the Y1R agonist F7P34NPY. Our data are not necessarily
inconsistent with these findings, as their study selected cells
based on their membrane potential response, while we
included all neurons irrespective of the effect of NPY on
membrane potential. Nonetheless, we failed to observe
consistent and robust changes in membrane potential with
L-P NPY application throughout the neuron population we
examined.

CONCLUSIONS

In conclusion, we report here for the first time a reduction
of NMDA receptor-mediated and an enhancement of
GABAA receptor-mediated postsynaptic currents by activat-
ing Y1Rs in the BLA. Also, we report here for the first time-
that Y1R activation preferentially utilizes an Epac signaling
pathway to modulate the NMDA effects but a PKA signaling
pathway to modulate the GABAA effects, thus dissociating
the NPY effector pathways to postsynaptic NMDA and
GABAA receptors (Figure 5). The novel finding of modula-
tion of NMDA receptors has implications for the role of
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NPY in regulating a variety of behaviors related to synaptic
plasticity in the amygdala. The finding of a critical role for
Epac signaling suggests a novel avenue for selectively
targeting the NMDA-modulating effects of NPY in the
amygdala without impacting other effects, and in develop-
ing novel therapeutics for a variety of chronic neuropsy-
chiatric disorders that result in part from amygdala
plasticity.

ACKNOWLEDGEMENTS

We thank Dr A Hudmon for his expert technical advice and
N Ashpole for technical assistance in preparing and purifying
PKA catalytic subunit. We also thank Dr D Vuppalanchi for
critical reading of the manuscript.

DISCLOSURE

The authors declare no conflict of interest.

REFERENCES

Amstadter AB, Koenen KC, Ruggiero KJ, Acierno R, Galea S,
Kilpatrick DG et al (2010). Npy moderates the relation between
hurricane exposure and generalized anxiety disorder in an
epidemiologic sample of hurricane-exposed adults. Depression
Anxiety 27: 270–275.

Bard JA, Walker MW, Branchek TA, Weinshank RL (1995).
Cloning and functional expression of a human Y4 subtype
receptor for pancreatic polypeptide, neuropeptide Y, and peptide
YY. J Biol Chem 270: 26762–26765.

Bertocchi I, Oberto A, Longo A, Mele P, Sabetta M, Bartolomucci A
et al (2011). Regulatory functions of limbic Y1 receptors in body
weight and anxiety uncovered by conditional knockout and
maternal care. Proc Natl Acad Sci USA 108: 19395–19400.

Brittain JM, Chen L, Wilson SM, Brustovetsky T, Gao X,
Ashpole NM et al (2011). Neuroprotection against traumatic
brain injury by a peptide derived from the collapsin response
mediator protein 2 (CRMP2). J Biol Chem 286: 37778–37792.

Cohen H, Liu T, Kozlovsky N, Kaplan Z, Zohar J, Mathe AA (2012).
The neuropeptide Y (NPY)-ergic system is associated with
behavioral resilience to stress exposure in an animal model of
post-traumatic stress disorder. Neuropsychopharmacology 37:
350–363.

de Rooij J, Zwartkruis FJ, Verheijen MH, Cool RH, Nijman SM,
Wittinghofer A et al (1998). Epac is a Rap1 guanine-nucleotide-
exchange factor directly activated by cyclic AMP. Nature 396:
474–477.

Domschke K, Dannlowski U, Hohoff C, Ohrmann P, Bauer J,
Kugel H et al (2010). Neuropeptide Y (NPY) gene: impact on
emotional processing and treatment response in anxious
depression. Eur Neuropsychopharmacol 20: 301–309.

Dwivedi Y, Mondal AC, Rizavi HS, Faludi G, Palkovits M, Sarosi A
et al (2006). Differential and brain region-specific regulation of
Rap-1 and Epac in depressed suicide victims. Arch Gen
Psychiatry 63: 639–648.

Edelsbrunner ME, Painsipp E, Herzog H, Holzer P (2009).
Evidence from knockout mice for distinct implications of
neuropeptide-Y Y2 and Y4 receptors in the circadian control
of locomotion, exploration, water and food intake. Neuropep-
tides 43: 491–497.

Enserink JM, Christensen AE, de Rooij J, van Triest M, Schwede F,
Genieser HG et al (2002). A novel Epac-specific cAMP analogue
demonstrates independent regulation of Rap1 and ERK. Nat Cell
Biol 4: 901–906.

Eva C, Oberto A, Mele P, Serra M, Biggio G (2006a). Role of brain
neuroactive steroids in the functional interplay between the
GABA(A) and the NPY-Y1 receptor mediated signals in the
amygdala. Pharmacol Biochem Behav 84: 568–580.

Eva C, Serra M, Mele P, Panzica G, Oberto A (2006b). Physiology
and gene regulation of the brain NPY Y1 receptor. Front
Neuroendocrinol 27: 308–339.

Fendt M, Fanselow MS (1999). The neuroanatomical and
neurochemical basis of conditioned fear. Neurosci Biobehav
Rev 23: 743–760.

Fourcaudot E, Gambino F, Humeau Y, Casassus G, Shaban H,
Poulain B et al (2008). cAMP/PKA signaling and RIM1alpha
mediate presynaptic LTP in the lateral amygdala. Proc Natl Acad
Sci USA 105: 15130–15135.

Gehlert DR (1999). Role of hypothalamic neuropeptide Y in
feeding and obesity. Neuropeptides 33: 329–338.

Gekel I, Neher E (2008). Application of an Epac activator enhances
neurotransmitter release at excitatory central synapses.
J Neurosci 28: 7991–8002.

Gelinas JN, Banko JL, Peters MM, Klann E, Weeber EJ, Nguyen PV
(2008). Activation of exchange protein activated by cyclic-AMP
enhances long-lasting synaptic potentiation in the hippocampus.
Learn Mem 15: 403–411.

Gerald C, Walker MW, Criscione L, Gustafson EL, Batzl-Hartmann C,
Smith KE et al (1996). A receptor subtype involved in neuropep-
tide-Y-induced food intake. Nature 382: 168–171.

Gerald C, Walker MW, Vaysse PJ, He C, Branchek TA, Weinshank
RL (1995). Expression cloning and pharmacological character-
ization of a human hippocampal neuropeptide Y/peptide YY Y2
receptor subtype. J Biol Chem 270: 26758–26761.

Giesbrecht CJ, Mackay JP, Silveira HB, Urban JH, Colmers WF
(2010). Countervailing modulation of Ih by neuropeptide Y and
corticotrophin-releasing factor in basolateral amygdala as a
possible mechanism for their effects on stress-related behaviors.
J Neurosci 30: 16970–16982.

Gloerich M, Bos JL (2010). Epac: defining a new mechanism for
cAMP action. Annu Rev Pharmacol Toxicol 50: 355–375.

Grandoch M, Roscioni SS, Schmidt M (2010). The role of
Epac proteins, novel cAMP mediators, in the regulation of
immune, lung and neuronal function. Br J Pharmacol 159:
265–284.

Gutman AR, Yang Y, Ressler KJ, Davis M (2008). The role of
neuropeptide Y in the expression and extinction of fear-
potentiated startle. J Neurosci 28: 12682–12690.

Hall E (1972). The amygdala of the cat: a Golgi study. Z Zellforsch
Mikrosk Anat 134: 439–458.

Heilig M (1995). Antisense inhibition of neuropeptide Y (NPY)-Y1
receptor expression blocks the anxiolytic-like action of NPY in
amygdala and paradoxically increases feeding. Regul Pept 59:
201–205.

Heilig M (2004). The NPY system in stress, anxiety and depression.
Neuropeptides 38: 213–224.

Heilig M, Murison R (1987). Intracerebroventricular neuropeptide
Y suppresses open field and home cage activity in the rat. Regul
Pept 19: 221–231.

Heilig M, Widerlov E (1995). Neurobiology and clinical aspects of
neuropeptide Y. Crit Rev Neurobiol 9: 115–136.

Herzog H, Hort YJ, Ball HJ, Hayes G, Shine J, Selbie LA (1992).
Cloned human neuropeptide Y receptor couples to two different
second messenger systems. Proc Natl Acad Sci USA 89:
5794–5798.

Holmes A, Heilig M, Rupniak NM, Steckler T, Griebel G (2003).
Neuropeptide systems as novel therapeutic targets for depres-
sion and anxiety disorders. Trends Pharmacol Sci 24: 580–588.

Hsieh YS, Yang SF, Chu SC, Kuo DY (2007). Transcript of protein
kinase A knock-down modulates feeding behavior and neuro-
peptide Y gene expression in phenylpropanolamine-treated rats.
Physiol Genom 31: 306–314.

NPY regulation of amygdala activity
AI Molosh et al

1362

Neuropsychopharmacology



Huang CC, Tsai JJ, Gean PW (1993). Enhancement of NMDA
receptor-mediated synaptic potential by isoproterenol is blocked
by Rp-adenosine 30,50-cyclic monophosphothioate. Neurosci Lett
161: 207–210.

Huang YY, Kandel ER (1998). Postsynaptic induction and
PKA-dependent expression of LTP in the lateral amygdala.
Neuron 21: 169–178.

Kaneko M, Takahashi T (2004). Presynaptic mechanism under-
lying cAMP-dependent synaptic potentiation. J Neurosci 24:
5202–5208.

Kapur J, Macdonald RL (1996). Cyclic AMP-dependent protein
kinase enhances hippocampal dentate granule cell GABAA
receptor currents. J.Neurophysiol 76: 2626–2634.

Karl T, Burne TH, Herzog H (2006). Effect of Y1 receptor
deficiency on motor activity, exploration, and anxiety. Behav
Brain Res 167: 87–93.

Karlsson RM, Choe JS, Cameron HA, Thorsell A, Crawley JN,
Holmes A et al (2008). The neuropeptide Y Y1 receptor subtype
is necessary for the anxiolytic-like effects of neuropeptide Y, but
not the antidepressant-like effects of fluoxetine, in mice.
Psychopharmacology (Berl) 195: 547–557.

Kask A, Harro J, von HS, Redrobe JP, Dumont Y, Quirion R (2002).
The neurocircuitry and receptor subtypes mediating anxiolytic-
like effects of neuropeptide Y. Neurosci Biobehav Rev 26:
259–283.

Kask A, Rago L, Harro J (1996). Anxiogenic-like effect of the
neuropeptide Y Y1 receptor antagonist BIBP3226: antagonism
with diazepam. Eur J Pharmacol 317: R3–R4.

Kawasaki H, Springett GM, Mochizuki N, Toki S, Nakaya M,
Matsuda M et al (1998). A family of cAMP-binding proteins that
directly activate Rap1. Science 282: 2275–2279.

Kishi T, Aschkenasi CJ, Choi BJ, Lopez ME, Lee CE, Liu H et al
(2005). Neuropeptide Y Y1 receptor mRNA in rodent brain:
distribution and colocalization with melanocortin-4 receptor.
J Comp Neurol 482: 217–243.

Kopp J, Xu ZQ, Zhang X, Pedrazzini T, Herzog H, Kresse A et al
(2002). Expression of the neuropeptide Y Y1 receptor in the CNS
of rat and of wild-type and Y1 receptor knock-out mice.
Focus on immunohistochemical localization. Neuroscience 111:
443–532.

Kwon G, Pappan KL, Marshall CA, Schaffer JE, McDaniel ML
(2004). cAMP dose-dependently prevents palmitate-induced
apoptosis by both protein kinase A- and cAMP-guanine
nucleotide exchange factor-dependent pathways in beta-cells.
J Biol Chem 279: 8938–8945.

Larhammar D, Blomqvist AG, Yee F, Jazin E, Yoo H, Wahlested C
(1992). Cloning and functional expression of a human neuro-
peptide Y/peptide YY receptor of the Y1 type. J Biol Chem 267:
10935–10938.

LeDoux JE (2000). Emotion circuits in the brain. Annu Rev
Neurosci 23: 155–184.

Lin EJ, Young D, Baer K, Herzog H, During MJ (2006). Differential
actions of NPY on seizure modulation via Y1 and Y2 receptors:
evidence from receptor knockout mice. Epilepsia 47: 773–780.

Lundell I, Blomqvist AG, Berglund MM, Schober DA, Johnson D,
Statnick MA et al (1995). Cloning of a human receptor of the
NPY receptor family with high affinity for pancreatic polypep-
tide and peptide YY. J Biol Chem 270: 29123–29128.

Mannon PJ, Mele JM (2000). Peptide YY Y1 receptor activates
mitogen-activated protein kinase and proliferation in gut
epithelial cells via the epidermal growth factor receptor. Biochem
J 350(Part 3): 655–661.

Maren S, Quirk GJ (2004). Neuronal signalling of fear memory.
Nat Rev Neurosci 5: 844–852.

McDonald AJ (1982). Neurons of the lateral and basolateral
amygdaloid nuclei: a Golgi study in the rat. J Comp Neurol 212:
293–312.

McDonald AJ, Pearson JC (1989). Coexistence of GABA and
peptide immunoreactivity in non-pyramidal neurons of the
basolateral amygdala. Neurosci Lett 100: 53–58.

McGuire JL, Larke LE, Sallee FR, Herman JP, Sah R (2011).
Differential regulation of neuropeptide Y in the amygdala and
prefrontal cortex during recovery from chronic variable stress.
Front Behav Neurosci 5: 54.

Michel MC, Beck-Sickinger A, Cox H, Doods HN, Herzog H,
Larhammar D et al (1998). XVI. International Union of
Pharmacology recommendations for the nomenclature of
neuropeptide Y, peptide YY, and pancreatic polypeptide
receptors. Pharmacol Rev 50: 143–150.

Mickey BJ, Zhou Z, Heitzeg MM, Heinz E, Hodgkinson CA,
Hsu DT et al (2011). Emotion processing, major depression, and
functional genetic variation of neuropeptide Y. Arch Gen
Psychiatry 68: 158–166.

Middeldorp CM, Vink JM, Hettema JM, de Geus EJ, Kendler KS,
Willemsen G et al (2010). An association between Epac-1 gene
variants and anxiety and depression in two independent
samples. Am J Med Genet B 153B: 214–219.

Mikkelsen JD, Larsen PJ (1992). A high concentration of NPY (Y1)-
receptor mRNA-expressing cells in the rat arcuate nucleus.
Neurosci Lett 148: 195–198.

Misra S, Murthy KS, Zhou H, Grider JR (2004). Coexpression
of Y1, Y2, and Y4 receptors in smooth muscle coupled to
distinct signaling pathways. J Pharmacol Exp Ther 311:
1154–1162.

Mullins DE, Guzzi M, Xia L, Parker EM (2000). Pharmacological
characterization of the cloned neuropeptide Y y(6) receptor.
Eur J Pharmacol 395: 87–93.

Mullins DE, Zhang X, Hawes BE (2002). Activation of extracellular
signal regulated protein kinase by neuropeptide Y and
pancreatic polypeptide in CHO cells expressing the NPY Y(1),
Y(2), Y(4) and Y(5) receptor subtypes. Regul Pept 105: 65–73.

Naveilhan P, Canals JM, Valjakka A, Vartiainen J, Arenas E,
Ernfors P (2001). Neuropeptide Y alters sedation through a
hypothalamic Y1-mediated mechanism. Eur J Neurosci 13:
2241–2246.

Nikisch G, Mathe AA (2008). CSF monoamine metabolites and
neuropeptides in depressed patients before and after electro-
convulsive therapy. Eur Psychiatry 23: 356–359.

Novara M, Baldelli P, Cavallari D, Carabelli V, Giancippoli A,
Carbone E (2004). Exposure to cAMP and beta-adrenergic
stimulation recruits Ca(V)3 T-type channels in rat chromaffin
cells through Epac cAMP-receptor proteins. J Physiol 558(Part 2):
433–449.

Oberto A, Panzica G, Altruda F, Eva C (2000). Chronic modulation
of the GABA(A) receptor complex regulates Y1 receptor gene
expression in the medial amygdala of transgenic mice.
Neuropharmacology 39: 227–234.

Oberto A, Panzica GC, Altruda F, Eva C (2001). GABAergic and
NPY-Y(1) network in the medial amygdala: a neuroanatomical
basis for their functional interaction. Neuropharmacology 41:
639–642.

Ostroveanu A, van der Zee EA, Eisel UL, Schmidt M, Nijholt IM
(2010). Exchange protein activated by cyclic AMP 2 (Epac2)
plays a specific and time-limited role in memory retrieval.
Hippocampus 20: 1018–1026.

Ouyang M, Zhang L, Zhu JJ, Schwede F, Thomas SA (2008). Epac
signaling is required for hippocampus-dependent memory
retrieval. Proc Natl Acad Sci USA 105: 11993–11997.

Pare D, Quirk GJ, LeDoux JE (2004). New vistas on amygdala
networks in conditioned fear. J Neurophysiol 92: 1–9.

Parker RM, Herzog H (1999). Regional distribution of Y-receptor
subtype mRNAs in rat brain. Eur J Neurosci 11: 1431–1448.

Rainnie DG (1999). Serotonergic modulation of neurotransmission
in the rat basolateral amygdala. J Neurophysiol 82: 69–85.

NPY regulation of amygdala activity
AI Molosh et al

1363

Neuropsychopharmacology



Rainnie DG, Asprodini EK, Shinnick-Gallagher P (1993). Intracel-
lular recordings from morphologically identified neurons of the
basolateral amygdala. J Neurophysiol 69: 1350–1362.

Rainnie DG, Bergeron R, Sajdyk TJ, Patil M, Gehlert DR, Shekhar A
(2004). Corticotrophin releasing factor-induced synaptic plasti-
city in the amygdala translates stress into emotional disorders.
J Neurosci 24: 3471–3479.

Rasmusson AM, Schnurr PP, Zukowska Z, Scioli E, Forman DE
(2010). Adaptation to extreme stress: post-traumatic stress
disorder, neuropeptide Y and metabolic syndrome. Exp Biol
Med (Maywood) 235: 1150–1162.

Ressler KJ, Mercer KB, Bradley B, Jovanovic T, Mahan A, Kerley K
et al (2011). Post-traumatic stress disorder is associated with
PACAP and the PAC1 receptor. Nature 470: 492–497.

Rostkowski AB, Teppen TL, Peterson DA, Urban JH (2009).
Cell-specific expression of neuropeptide Y Y1 receptor immu-
noreactivity in the rat basolateral amygdala. J Comp Neurol 517:
166–176.

Sah R, Ekhator NN, Strawn JR, Sallee FR, Baker DG, Horn PS et al
(2009). Low cerebrospinal fluid neuropeptide Y concentrations
in posttraumatic stress disorder. Biol Psychiatry 66: 705–707.

Sah R, Geracioti TD (2012). Neuropeptide Y and posttraumatic
stress disorder. Mol Psychiatry; doi:10.1038/mp.2012.101 (e-pub
ahead of print).

Sajdyk TJ, Fitz SD, Shekhar A (2006). The role of neuropeptide Y
in the amygdala on corticotropin-releasing factor receptor-
mediated behavioral stress responses in the rat. Stress 9:
21–28.

Sajdyk TJ, Johnson PL, Leitermann RJ, Fitz SD, Dietrich A,
Morin M et al (2008). Neuropeptide Y in the amygdala induces
long-term resilience to stress-induced reductions in social
responses but not hypothalamic-adrenal-pituitary axis activity
or hyperthermia. J Neurosci 28: 893–903.

Sajdyk TJ, Schober DA, Gehlert DR (2002). Neuropeptide Y
receptor subtypes in the basolateral nucleus of the amygdala
modulate anxiogenic responses in rats. Neuropharmacology 43:
1165–1172.

Sajdyk TJ, Shekhar A, Gehlert DR (2004). Interactions between
NPY and CRF in the amygdala to regulate emotionality.
Neuropeptides 38: 225–234.

Sajdyk TJ, Vandergriff MG, Gehlert DR (1999). Amygdalar
neuropeptide Y Y1 receptors mediate the anxiolytic-like actions
of neuropeptide Y in the social interaction test. Eur J Pharmacol
368: 143–147.

Shekhar A, Truitt W, Rainnie D, Sajdyk T (2005). Role of stress,
corticotrophin releasing factor (CRF) and amygdala plasticity in
chronic anxiety. Stress 8: 209–219.

Sheriff S, Chance WT, Iqbal S, Rizvi TA, Xiao C, Kasckow JW et al
(2003). Hypothalamic administration of cAMP agonist/PKA
activator inhibits both schedule feeding and NPY-induced
feeding in rats. Peptides 24: 245–254.

Sorensen G, Lindberg C, Wortwein G, Bolwig TG, Woldbye DP
(2004). Differential roles for neuropeptide Y Y1 and Y5 receptors
in anxiety and sedation. J Neurosci Res 77: 723–729.

Sosulina L, Schwesig G, Seifert G, Pape HC (2008). Neuropeptide Y
activates a G-protein-coupled inwardly rectifying potassium
current and dampens excitability in the lateral amygdala.
Mol Cell Neurosci 39: 491–498.

Stanic D, Mulder J, Watanabe M, Hokfelt T (2011). Characteriza-
tion of NPY Y2 receptor protein expression in the mouse brain.
II. Coexistence with NPY, the Y1 receptor, and other neuro-
transmitter-related molecules. J Comp Neurol 519: 1219–1257.

Ster J, de BF, Bertaso F, Abitbol K, Daniel H, Bockaert J et al
(2009). Epac mediates PACAP-dependent long-term depression
in the hippocampus. J Physiol 587(Part 1): 101–113.

Tatemoto K, Carlquist M, Mutt V (1982). Neuropeptide Y—a novel
brain peptide with structural similarities to peptide YY and
pancreatic polypeptide. Nature 296: 659–660.

Thorsell A (2010). Brain neuropeptide Y and corticotropin-
releasing hormone in mediating stress and anxiety. Exp Biol
Med (Maywood) 235: 1163–1167.

Wahlestedt C, Grundemar L, Hakanson R, Heilig M, Shen GH,
Zukowska-Grojec Z et al (1990). Neuropeptide Y receptor
subtypes, Y1 and Y2. Ann NY Acad Sci 611: 7–26.

Wahlestedt C, Pich EM, Koob GF, Yee F, Heilig M (1993a).
Modulation of anxiety and neuropeptide Y-Y1 receptors by
antisense oligodeoxynucleotides. Science 259: 528–531.

Wahlestedt C, Reis DJ (1993b). Neuropeptide Y-related peptides
and their receptors—are the receptors potential therapeutic drug
targets? Annu Rev Pharmacol Toxicol 33: 309–352.

Whitaker CM, Wei H (2009). An alternate cAMP pathway Epac
promotes hippocampal long-term depression. J Physiol 587(Part
13): 3067–3068.

Witt SH, Buchmann AF, Blomeyer D, Nieratschker V, Treutlein J,
Esser G et al (2011). An interaction between a neuropeptide Y
gene polymorphism and early adversity modulates endocrine
stress responses. Psychoneuroendocrinology 36: 1010–1020.

Wolak ML, DeJoseph MR, Cator AD, Mokashi AS, Brownfield MS,
Urban JH (2003). Comparative distribution of neuropeptide Y
Y1 and Y5 receptors in the rat brain by using immunohis-
tochemistry. J Comp Neurol 464: 285–311.

Womble MD, Moises HC (1993). Hyperpolarization-activated
currents in neurons of the rat basolateral amygdala.
J Neurophysiol 70: 2056–2065.

Woolfrey KM, Srivastava DP, Photowala H, Yamashita M,
Barbolina MV, Cahill ME et al (2009). Epac2 induces synapse
remodeling and depression and its disease-associated forms alter
spines. Nat Neurosci 12: 1275–1284.

Wu G, Feder A, Wegener G, Bailey C, Saxena S, Charney D et al
(2011). Central functions of neuropeptide Y in mood and anxiety
disorders. Expert Opin Ther Targets 15: 1317–1331.

Yang Y, Shu X, Liu D, Shang Y, Wu Y, Pei L et al (2012). EPAC
null mutation impairs learning and social interactions via
aberrant regulation of miR-124 and Zif268 translation. Neuron
73: 774–788.

Zhang H, Pandey SC (2003). Effects of PKA modulation on the
expression of neuropeptide Y in rat amygdaloid structures
during ethanol withdrawal. Peptides 24: 1397–1402.

Zhang L, Bijker MS, Herzog H (2011a). The neuropeptide Y
system: pathophysiological and therapeutic implications in
obesity and cancer. Pharmacol Ther 131: 91–113.

Zhang Y, Sheng H, Qi J, Ma B, Sun J, Li S et al (2011b).
Glucocorticoid acts on a putative G-protein coupled receptor to
rapidly regulate the activity of NMDA receptors in hippocampal
neurons. Am J Physiol Endocrinol Metab 302: E747–E758.

NPY regulation of amygdala activity
AI Molosh et al

1364

Neuropsychopharmacology

http://dx.doi.org/10.1038/mp.2012.101

	NPY Y1 Receptors Differentially Modulate GABAA and NMDA Receptors via Divergent Signal-Transduction Pathways to Reduce Excitability of Amygdala Neurons
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Slice Preparation and Patch-Clamp Recording
	Experimental Protocol
	Drug Applications
	Western Blot
	Data Analysis and Statistics

	RESULTS
	Activating Y1Rs Increases GABAA, but Decreases NMDA-Mediated Postsynaptic Currents
	The Effects of Y1R Activation on GABAA- and NMDA-Mediated Currents are Both G-Protein-Coupled and cAMP-Dependent
	Y1Rs in the BLA Modulate GABAA-Mediated Currents via a PKA Pathway
	Y1Rs in the BLA Modulate NMDA-Mediated Currents via an Epac Pathway

	DISCUSSION
	Implications of Y1R-Mediated Increases of GABAA-Mediated Currents and Reduction of NMDA-Mediated Currents
	Implications of Epac as a Novel Intracellular Signal-Transduction Pathway of Y1 Effects
	Technical Comments

	CONCLUSIONS
	Acknowledgements
	References




