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Anxiety disorder is related to the pathophysiology of psychiatric diseases, including major depression, substance abuse, and schizophrenia.

The amygdala is important for manifestation and modulation of anxiety. However, relatively little is known regarding the mechanisms that

control the amygdala inhibitory activity that is involved in anxiety. We found that almost all ErbB4, which is the only autonomous

receptor of neuregulin 1 (NRG1) in the basolateral amygdala (BLA), was expressed in GABAergic neurons. Endogenous NRG1–ErbB4

signaling pathway in the BLA could modulate anxiety-like behaviors and GABA release, whereas it had no effect on glutamatergic

transmission. The administration of NRG1 into the BLA of high-anxiety mice alleviated their anxiety and enhanced GABAergic

neurotransmission. Moreover, exogenous NRG1 also produced an anxiolytic effect in the stressed mice. Together, these observations

indicated that NRG1–ErbB4 signaling is critical to maintaining GABAergic activity in the amygdala and thus to modulating anxiety-like

behaviors. Because NRG1 and ErbB4 are susceptibility genes of schizophrenia, our findings might also help to explain the potential

mechanism of emotional abnormality in schizophrenia.
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INTRODUCTION

Anxiety disorder is one of the most common psychiatric
diseases (28% lifetime prevalence; Kessler et al, 2005) and
contributes to the etiology of major depression, substance
abuse, and schizophrenia (Buckley et al, 2009; Koob, 2009;
Ressler and Mayberg, 2007). Despite its high prevalence, the
underlying molecular mechanisms of anxiety remain unclear.
Classical 1,4-benzodiazepines as standard treatment for
anxiety disorders are not consistently effective (Johnson and
Rodgers, 1996). Better therapeutic strategies require a deeper
understanding of anxiety pathophysiological mechanisms.
The amygdala is critical for processing fearful emotions

and anxiety (Hajizadeh Moghaddam et al, 2008; LeDoux,
2000; Muller et al, 1997; Scheel-Kruger and Petersen, 1982;
Zarrindast et al, 2008). Its basolateral nuclei (basolateral

amygdala (BLA)) receive sensory inputs from the cortex
and thalamus and relay to the central nuclei (CEA), where
projection neurons innervate neurons in the brainstem and
the hypothalamus (Johansen et al, 2011; Krettek and Price,
1978; McDonald, 1998; Turner and Herkenham, 1991; Tye
et al, 2011). Patients with anxiety disorder might have
abnormal neuronal activity from the BLA (Etkin et al, 2009;
Tye et al, 2011), in particular, GABAergic activity of the BLA
(Hajizadeh Moghaddam et al, 2008; Muller et al, 1997;
Scheel-Kruger and Petersen, 1982). However, the regulatory
mechanisms of GABAergic activity in the amygdala for
anxiety have not been studied extensively.
Neuregulin-1 (NRG1) is a trophic factor that belongs to a

family of growth factors (Mei and Xiong, 2008). NRG1
contains an epidermal growth factor (EGF)-like domain that
can act through ErbB receptor tyrosine kinases (Mei and
Xiong, 2008). Among ErbB receptors, ErbB4 is the only
autonomous tyrosine kinase that can be activated by NRG1.
In contrast, ErbB2 must act by forming heterodimers with
other ligand-bound ErbBs, whereas the kinase function of
ErbB3 is impaired, although it can bind to NRG1. NRG1 and
ErbB4 are expressed in developing nervous systems and in
adult brains (Garcia et al, 2000; Huang et al, 2000). Notably,
ErbB4 is expressed specifically in interneurons (Lai and
Lemke, 1991; Shamir et al, 2012; Woo et al, 2007) and NRG1
promotes GABA release in cortical and hippocampal slices
through ErbB4 (Chen et al, 2010a, b; Wen et al, 2010; Woo
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et al, 2007). Although NRG1 and ErbB4 are present in the
amygdala (Lai and Lemke, 1991; Shamir et al, 2012; Woo et al,
2007), their roles in regulating anxiety remains unclear.
Here, we investigated whether amygdala NRG1–ErbB4

signaling modulates anxiety-like behaviors. Furthermore,
we determined whether NRG1–ErbB4 regulates the GA-
BAergic and/or glutamatergic transmission in the amygdala.
We found that blocking NRG1–ErbB4 signaling in the BLA
enhanced anxiety-like behaviors and, concomitantly, inhi-
bited GABA release. The high-anxiety mice expressed a low
level of both NRG1 and ErbB4, specifically in the amygdala,
and the administration of exogenous NRG1 reversed their
anxiety behaviors and enhanced GABAergic neurotransmis-
sion. In addition, an anxiolytic effect of NRG1 was also
observed in the stressed mice. Our findings suggest that
the NRG1–ErbB4 signaling pathway is critical for anxiety
control, identifying a novel pathophysiological mechanism.

MATERIALS AND METHODS

Mice

Adult male C57 mice and transgenic mice (10–12 weeks,
average weight, 20–25 g) were housed in standard labora-
tory cages (4 to 5 per cage) and on a 12 h light/dark cycle
(lights on at 0800 h) with a constant room temperature of
21–25 1C. Food and water were available ad libitum.
Behavioral testing was performed during the light cycle
between 1000 h and 1700 h. Procedures were conducted in
accordance with the Chinese Council on Animal Care
Guidelines. Efforts were made to minimize animal suffering
and to reduce the number of animals used.
Heart-rescued ErbB4 knockout mice have been described

previously (Tidcombe et al, 2003). GAD-GFP mice have been
used to provide morphological and electrophysiological
evidence of GABAergic interneurons for which the synapse
project onto glutamatergic pyramidal neurons (Chieng et al,
2011; Marowsky et al, 2005; Silberman et al, 2008; Tamamaki
et al, 2003). For more details on the generation and expres-
sion properties of ErbB4-Cre-ERT2 mice, please go to http://
transgenicmouse.alleninstitute.org. Adult ErbB4-2A-CreERT2
Ai14 mice were injected intraperitoneally for 5 consecutive
days with 1mg of tamoxifen (Sigma).

Reagents

NRG1 contains the entire EGF domain of b-type NRG1
(rHRG b177–244; Holmes et al, 1992). As previously
reported, Ecto-ErbB4 was extracted from stable HEK23
cells (Woo et al, 2007). BMI was purchased from Tocris
Bioscience. AG1478 was purchased from Calbiochem.
PD158780 was purchased from Calbiochem. Other chemi-
cals were purchased from Sigma–Aldrich. The reagents
were dissolved in artificial cerebrospinal fluid (ACSF),
which was freshly prepared before application. The
concentration of DMSO (Sigma) that was used for the
solution was o0.1%.

Slice Preparation

Mice were anesthetized with ketamine/xylazine and decapi-
tated, and the brains were quickly removed to ice-cold

oxygenated modified ACSF that contained (in mM): 250
glycerol, 2 KCl, 10 MgSO4, 0.2 CaCl2, 1.3 NaH2PO4, 26
NaHCO3, and 10 glucose. Coronal slices (300 mm) that
contained amygdala were prepared using a VT-1000S
vibratome (Leica, Germany) and were subsequently trans-
ferred to a storage chamber that contained normal ACSF (in
mM) (126 NaCl, 3 KCl, 1 MgSO4, 2 CaCl2, 1.25 NaH2PO4, 26
NaHCO3, and 10 glucose) for 30min at 32 1C and then were
held at room temperature (25±1 1C) for an additional 1–6 h
before the experimental recordings. All of the solutions
were saturated with 95% O2/5% CO2 (vol/vol).

Electrophysiological Recordings

The slices were placed in the recording chamber that was
superfused (2ml/min) with ACSF at 32–34 1C. Whole-cell
patch-clamp recording of lateral amygdala neurons were
obtained under IR-DIC visualization (Zeiss, Axioskop 2).
We chose pyramidal neurons as experimental targets
that were identified by the typical phenotype of large,
pyramidal-like somata and firing adaption. AMPA receptor-
mediated excitatory postsynaptic currents (AMPAR-
eEPSCs) were evoked at � 70mV by electrical stimulation
of thalamic input pathway with a two-concentric bipolar
stimulating electrode (FHC) at a frequency of 0.05Hz in the
presence of the GABAA receptor antagonist BMI (20 mM)
and AP5 (100 mM). NMDAR-EPSCs were evoked at þ 30mV
in the presence of CNQX (20 mM) and BMI (20 mM). The
pipette solution (input resistance: 2–5MO) contained:
105mM K-gluconate, 30mM KCl, 10mM Hepes, 10mM
phosphocreatine, 4mM ATP-Mg, 0.3mM EGTA, and 5mM
QX314 (pH 7.35, 285mOsm). To record the mEPSCs,
pyramidal neurons were held at � 70mV with BMI
(20 mM) and TTX (1 mM) in the bath solution.
Inhibitory postsynaptic currents (IPSCs) were evoked at

� 70mV by putting stimulating electrode positioned on the
thalamic fiber path inside the BLA (B100 mm from record-
ing electrode) at a frequency of 0.05Hz in the presence of
CNQX (20 mM) and AP5 (100 mM), and verified by adding
GABAA receptor antagonist BMI (20 mM). The pipette (input
resistance: 2–5MO) solution contained 140mM CsCl,
10mM Hepes, 0.2mM EGTA, 1mM MgCl2, 4mM Mg-
ATP, 0.3mM Na-GTP, 10mM Na2-phosphocreatine and
5mM QX314 (pH 7.40, 285mOsm,). To record miniature
IPSCs (mIPSCs), 1 mM TTX was added in the bath solution.
For outward IPSC recordings, because our preliminary
experiments showed that the reversal potential for the IPSCs
was close to 0mV (data not shown), we set the holding
potential to 0mV, conveniently. The pipette solution (input
resistance: 3–6MO) contained 125mM Cs-methanesulfo-
nate, 5mM CsCl, 10mM Hepes, 0.2mM EGTA, 1mM MgCl2,
4mM Mg-ATP, 0.3mM Na-GTP, 10mM Na2phosphocrea-
tine and 5mM QX314 (pH 7.40, 285mOsm). The stimulus
intensity was varied systematically (5, 10, 15, 20, 25, 30, 35,
40, and 45 mA), and was verified by adding BMI (20 mM). In
each cell, at least three responses of each intensity were
averaged. Data were collected when the series resistance
fluctuated within 20% of the initial values (10–20MO),
filtered at 3 kHz, and sampled at 10 kHz.
The perfusion concentrations for electrophysiological

recordings were as follows: 5 nM NRG1, 1 mg ecto-ErbB4,
5 mM AG1478, and 10 mM PD.
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Intracerebral Infusions

As previously reported (Rodriguez Manzanares et al, 2005),
mice were anesthetized with an intraperitoneal injection of
chloral hydrate (400mg/kg) and placed into a stereotaxic
instrument (Stoelting, USA). The mouse scalp was incised
and retracted, and small burr holes (1mm diameter) were
drilled into the skull with a dental drill. Stainless-steel guide
cannulas (Plastics One; C315G/SPC; length, 6mm) were
lowered into the random and unilateral BLA using the
following coordinates, anterior,� 1.5mm; lateral, ±3.2mm;
and ventral, � 4.7mm, according to The Mouse Brain in
Stereotaxic Coordinates. The guide cannulas were secured
in place using glass ionomer cements. Dummy cannulas
(Plastics One; C315DC/SPC, with lengths matching the
guide cannulas) were placed inside the guide cannulas to
prevent occlusion. Incisions were fixed and covered with
glass ionomer cement. The animals were removed from the
stereotaxic instrument and recovered on an electric blanket,
and then they were placed back into their home cages. The
behavioral tests were performed 7days after surgery.
To execute local infusions into the BLA, the mice were

restrained, and the dummy cannulas were removed quickly
from the guide cannulas and replaced by infusion cannulas
(Plastics One; C315I/SPC, with lengths matching the guide
cannulas). Infusion cannulas were fitted into the guide
cannulas. The infusion cannulas were connected, via polye-
thylene tubing (Plastics One; C313C) to 10 ml microsyringes
(Hamilton, Reno, NV) mounted on a microinfusion pump
(RWD200, China). Each mouse was injected with 0.5 ml /side
at a flow rate of 0.25ml/min. This volume was selected
according to the size and structure of these nuclei. To allow
the diffusion of the drug, the infusion cannulas were kept in
for 2min before being replaced with the dummy cannulas. The
injection concentrations were as follows: 100nM NRG1, 200mg
ecto-ErbB4, 50mM AG1478, 10mM PD, and 0.2mM BMI.

Viral Injection

Viral vectors were produced as described in Davidson et al
(2000) by University of Florida Research Foundation. The
vectors were adeno-associated virus (AAV) that contained a
truncated chimeric CMV-chicken b-actin (smCBA) promo-
ter driving CRE and green fluorescent protein (GFP). The
AAV-CRE vector contained an internal ribosomal re-entry
site (IRES) after GFP and was followed by CRE.
As previously described (Coryell et al, 2008), the mice

were anesthetized and placed in a stereotaxic frame. Viral
vectors were AAV-CRE-GFP (titer 1� 1012 vg/ml ) and
AAV-GFP (titer 1� 1012 vg/ml). Virus (0.5 ml) was infused
using a 10 ml Hamilton syringe with infusion cannulas and a
microinjector pump at a rate of 0.2 ml/min; the needle was
kept in position for 3min after injection. The injection
coordinates were as described above. Mice were rested for
14 days before the next experiment.

Behavioral Tests

Elevated plus maze (EPM) test. The test consists of an
elevated, plus-sign-shaped runway that was B40 cm above
the floor, with two opposing wall-closed arms (10� 50 cm),
with the other two arms (10� 50 cm) being open and having

one intersection (10� 10 cm). Mice were allowed to
acclimate to the testing room 30min before the test. At
the time of the test, each mouse was placed in the center of
the EPM, where the four arms cross each other, facing the
closed arm, and was videotaped for 5min. The time spent in
the closed and open arms was quantified autonomously by
the computational software.

Open field. The open field test was performed in a
rectangular chamber (60� 60� 40 cm) that was made of
gray polyvinyl chloride and was monitored by an automated
video tracking system. The center area was illuminated by
25W halogen bulbs (200 cm above field). The mouse was
gently placed on the center square for a 5-min period of
recording. After each trial, the apparatus was swept out with
water that contained 0.1% acetic acid. The following param-
eters of the digitized images of the path were automatically
calculated using the DigBehv animal behavior analysis
program: the time spent in the field centre zone, the
distance moved, and the speed.

The social interaction test was performed as previously
described (Adachi et al, 2009). The experiment consisted of
two 5-min phases, and the movements of mice were
recorded with a video tracking system using Ethovision
software. In the pre-5min period, an experimental mouse
was placed in one corner of the test box that contained a
wire mesh cage located against the opposite walls. Imme-
diately thereafter, the experimental mouse was removed
from the box, and the target unfamiliar mouse was placed in
the wire mesh cage. For the second 5min, the experimental
mouse was then reintroduced into the test box. The wire
mesh cage allowed visual and olfactory interaction between
the mice but prevented direct body contact. The duration of
the time spent in the interaction zone in the absence and
presence of the unfamiliar target was measured, and the
ratio was used as the interaction index.

Novelty-suppressed feeding (NSF) test. Before each test, a
single pellet of food was placed on a white piece of paper
platform positioned at the center of the testing box (50�
50� 20 cm), in which the floor was covered with 2-cm-thick
padding. At 24 h after food deprivation, but not with water
deprivation, mice were placed in a corner of the plastic box;
after that, a stop-watch was immediately started to count to
5min. The scoring for the measure of the exploration
latency did not begin until the mice received food with their
forepaws and began biting (latency to bite the food).
Immediately after the test, the mouse was transferred to its
home cage, in which the amount of food consumed in the
next 5min was measured (home-cage food intake).

Restraint stress. In a room distinct from those used for
anxiety-like behavioral testing, mice were placed in plastic
tubes with numerous holes for a period of 1 h. A reversible
flapper was placed around the other end of the cylinder to
prevent the mouse from backing out of the restrainer. Mice
were then removed from the tubes and transported back to
the home cage. Control mice were transported to the room
distinct from those used for anxiety-like behavioral testing
for 1 h without the restraint stress, and afterwards they were
moved back to the home cage.
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Histology

Fluorescent immunohistochemistry was performed as pre-
viously described (Lerch-Haner et al, 2008). The following
primary antibodies were used: rabbit anti-PV (Swant; 235;
1 : 1000 for staining); mouse anti-Calretinin (Swant; 6B3;
1 : 1000 for staining); mouse atni-Calbindin (Swant; 300;
1 : 5000 for staining), and goat anti-Somatostatin (Santa Cruz;
SC-7819, 1 : 200 for staining). The secondary antibody was
rhodamine-conjugated rat-absorbed donkey anti-sheep IgG
(1 : 200; Jackson ImmunoResearch). For double labeling,
slices were analyzed under a confocal microscope (Zeiss LSM
510). Fluorescent and bright-field images were collected
using a SPOT RT color digital camera (Diagnostic Instru-
ments) attached to an Olympus Optical BX51 microscope.

Quantitative Real-Time PCR

As previously reported (Liu et al, 2010), mice brain sample
were dissected and prepared after selection. Different brain
tissue was placed immediately in Trizol (Invitrogen), and
RNA was extracted according to the manufacturer’s manual.
Genomic DNA was removed by gDNA eraser treatment
(Takara), and 1mg RNA was used for first-strand cDNA
synthesis (Takara). For real-time RT-qPCR, a SYBR detection
system (Takara), specific primers (NRG1-F: 50-ACCAGCCA
TCTCATAAAGTGCG-30 and NRG1-R: 50-TTGACGGGTTTG
ACAGGTCC-30; ErbB4-F: 50-AGTGGTCTGTCATTGCTTAT
CCTC-30 and ErbB4-R: 50-CTGTTGTCCGTGATGTAGAT
ATTGC-30), and 2ml of undiluted cDNA were used in 20ml
PCR reactions. Each reaction was performed in duplicate. All
real-time RT-PCR reactions were performed in 40 cycles on
the iCycler (Agilent Technologies Stratagene Mx3005P). The
relative gene expression and statistics analysis were deter-
mined using the Relative Expression Software Tool.

Western Blot Analysis

Mice were killed after selection. As described previously
(Yan et al, 2010; Zhu et al, 2010), PFC, HPC, and AM tissue
samples were prepared. Samples were subjected to electro-
phoresis in SDS-10% polyacrylamide gels, and then they
were transferred to polyvinylidene fluoride membranes. The
membranes were blocked with 5% nonfat milk and incubated
overnight at 4 1C with antibodies: rabbit polyclonal anti-
ErbB4 (SC283; 1 : 500; Santa Cruz Biotechnology), rabbit
polyclonal anti-NRG1 (SC28916; 1 : 500; Santa Cruz Biotech-
nology), or monoclonal mouse anti-b-actin (1 : 1000; Bostor,
China). On the second day, the membranes were incubated
with secondary horseradish peroxidase-conjugated antibo-
dies (GE Healthcare) and detected by the Quantitative
Imaging SystemFluorChemSP (Alpha Innotech). The protein
bands were analyzed with FluorChem SP software. Optical
densities (ODs) were normalized to OD values for the
corresponding b-actin on the same membrane.

Statistical Analysis

Data were presented as mean±SEM of three or more
independent experiments. For multiple group comparisons,
statistical differences were calculated by one-way ANOVA
followed by Dunnett’s test. For comparison of means from

the same group of cells, Student’s paired t-test was used.
mIPSCs were analyzed by the Kolmogorov–Smirnov (K–S)
test. Values of po0.05 were considered significant.

RESULTS

NRG1 and ErbB4 Expression Levels in the Amygdala
Differ Between High-Anxiety and Low-Anxiety Mice

Do anxiety-like behaviors depend on endogenous NRG1
and/or ErbB4 levels in the amygdala or other regions? We
addressed this question by capitalizing on the previous
studies that there can be considerable variability in the
anxiety level across mice (Hugues and Garcia, 2007; Peters
et al, 2010). Mice underwent tests of the EPM. ‘High-
anxiety’ and ‘low-anxiety’ mice had anxiety values in the top
or bottom 44%, respectively (ie, the middle 12% was
excluded). These two groups differed significantly on the
test day (Figures 1a and b). For each subgroup, brain tissue
from the cortex, amygdala, and hippocampus was dissected
24 h after the anxiety test to determine the NRG1 and ErbB4
levels.
The real-time quantitative fluorescence PCR analysis

revealed that both the NRG1 and the ErbB4 mRNAs were
significantly decreased in the amygdala of high-anxiety
mice compared with the low-anxiety mice (t(6)¼ 3.794 and
4.61, P¼ 0.032 and 0.019, respectively; Figures 1c and d). At
the same time, western blotting showed that the 65KD-
NRG1, 32KD-NRG1, and ErbB4 proteins were significantly
decreased in the amygdala of high-anxiety mice compared
with the low-anxiety mice (t(6)¼ 3.745, 3.961 and 8.143,
P¼ 0.033, 0.029 and 0.004, respectively; Figures 1e–h).
Although the NRG1 mRNA was increased in the hippo-
campus of high-anxiety mice (t(6)¼ � 2.71, P¼ 0.035;
Figure 1c), neither the NRG1 proteins nor the ErbB4
protein in the hippocampus changed significantly between
the two groups (t(6)¼ 0.302, 1.28 and 1.358, P¼ 0.782, 0.291
and 0.267, respectively; Figures 1f and h). Neither the
mRNA nor the proteins of NRG1 and ErbB4 in the cortex
were different between the two groups. These data indicate
that there are anxiety-related differences in NRG1–ErbB4
expression in the amygdala, and downregulation of NRG1–
ErbB4 signaling might underlie the mechanism of the
anxiogenic process.

Neutralizing Endogenous NRG1 in the Amygdala
Enhances Anxiety-Like Behaviors

To further determine whether NRG1 modulates anxiety, we
examined the effect of manipulating NRG1 activity in the
BLA on anxiety-like behaviors that are a well-established
function of the amygdala (Etkin et al, 2009; Hajizadeh
Moghaddam et al, 2008; Muller et al, 1997; Scheel-Kruger
and Petersen, 1982; Tye et al, 2011). Two strategies were
used to alter the NRG1 activity, neutralization of endogen-
ous NRG1 and administration of exogenous NRG1, and the
following experiments were performed: guide cannulas were
first implanted into normal healthy C57 mice BLA, and 1
week later, drug was infused through guide cannulas and
then, after a 1-h interval, mice underwent one of the types of
anxiety-like behavioral tests: the open field test, the EPM
test, the social interaction test, and the NSF test (which
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entailed food deprivation for the previous 24 h; Supple-
mentary Figure 1a). To minimize the suffering of the mice,
one batch of mice underwent all of the behavioral tests,
and after each of the tests, mice were allowed to rest for
3–4 days.
To determine whether endogenous NRG1 regulates

anxiety, we explored the consequences of sequestering
NRG1 by administering a soluble form of polypeptide, ecto-
ErbB4. This polypeptide contains the entire extracellular
domain of ErbB4 and is known to bind to and sequester
NRG1, thus preventing it from activating endogenous
receptors (Woo et al, 2007). Moreover, previous studies
report that the infusion of benzodiazepines or GABAA

agonists in the BLA reduce anxiety (Muller et al, 1997;
Scheel-Kruger and Petersen, 1982), whereas the GABAA

antagonists increase anxiety(Hajizadeh Moghaddam et al,
2008); as a result, we used the GABAA receptor antagonist
(Bicuculline (BMI)) as a positive control. In addition, we
used boiled ecto-ErbB4 to exclude the possible protein-
induced unspecific effects on the mice’s behaviors. As
shown in Supplementary Figure 1b, the spread of the drugs
was limited into the BLA.
At 1 h after drug infusion through the guide cannulas, we

performed the behavioral tests. No differences were
observed in the locomotor activity, including in the total
path and speed (F3, 35¼ 0.078, P¼ 0.972; Figures 2a and b),
among the different groups in the open field test. Both ecto-
ErbB4 and the GABAA receptor antagonist BMI reduced the
time spent in the central zone during 5min of open field
testing (F3, 35¼ 17.514, P¼ 0.004 and 0.003, respectively;
Figure 2c). The ecto-ErbB4 and BMI also decreased the
social interaction behavior (F3, 35¼ 18.695, P¼ 0.001 and
o0.0001, respectively; Figure 2d). In the EPM test, the ecto-
ErbB4 and BMI groups showed significantly decreased time

in the open arms (F3, 35¼ 18.542, P¼ 0.012 and 0.003,
respectively; Figure 2e) and increased time in the closed
arms (F3, 35¼ 4.605, P¼ 0.235 and 0.002, respectively;
Figure 2f), although the effect of ecto-ErbB4 on the closed
arm time did not reach a significant level that might be
because of more time spent in the central zone. In the NSF
latency test, both ecto-ErbB4 and the BMI increased the
latency time before biting the food (F3, 35¼ 8.463, P¼ 0.005
and o0.0001, respectively; Figure 2g) without affecting the
food intake amounts (F3, 35¼ 0.126, P¼ 0.855 and 0.728,
respectively; Figure 2h). In contrast to ecto-ErbB4, the
boiled ecto-ErbB4 showed no effects on all of the behaviors
that were tested (Figures 2a–h).
Next, we investigated the effect of exogenous NRG1

on anxiety-like behaviors. As shown in Supplementary
Figure 2, the infusion of exogenous NRG1 into the BLA does
not affect normal mice’s anxiety-like behaviors.
Together, we found that neutralizing endogenous NRG1

of the BLA enhanced anxiety-like behaviors, whereas
infusion of exogenous NRG1 showed no effects, suggesting
that NRG1 signaling in the amygdala is necessary for the
modulation of anxiety-like behaviors and the activity of
endogenous NRG1 might be at a saturated level in the
amygdala of the normal mouse.

ErbB4 in the Amygdala Is Critical for the Modulation of
Anxiety-Like Behaviors

To determine whether ErbB4 in the amygdala is critical for
the modulation of anxiety-like behaviors, we infused the
ErbB4 antagonists PD158780 (PD) and AG1478 into the
BLA. The DMSO (the solvent for AG1478 and PD, o0.1% in
ACSF) was used as a control to exclude the possible effect of
DMSO on mice behaviors. At 1 h after drug infusion

Figure 1 The NRG1 and ErbB4 mRNA and protein expression levels in amygdala are different between the high-anxiety and low-anxiety mice. (a, b)
After the elevated plus maze test, the mice were divided into high-anxiety-like behavioral and low-anxiety-like behavioral groups according to their anxiety
levels. (c, d) The real-time quantitative fluorescence PCR analysis shows NRG1 and ErbB4 mRNA expression. (e–h) Western blotting shows NRG1 and
ErbB4 protein expression. L, low-anxiety-like behavioral group; H, high-anxiety-like behavioral group; HPC, hippocampus; CT, cortex. N¼ 4/group. Two-
tailed t test: *Po0.05, **Po0.01,***Po0.001. Data are expressed as mean±SEM.
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through guide cannulas that were implanted into the BLA 1
week earlier, we found that inhibiting the ErbB4 receptor
with the AG1478 and PD reduced the time that was spent in
the central region of the open field (F3, 37¼ 14.73, P¼ 0.001
and o0.0001, respectively; Figure 3c) without impaired
locomotion (F3, 37¼ 0.153, P¼ 0.767 and 0.689, respectively;
Figures 3a and b). AG1478 and PD also decreased the
social interaction ratio that reflects the social anxiety
behavior (F3, 37¼ 15.087, P¼ 0.009 and o0.0001, respec-
tively; Figure 3d). In the EPM experiment, compared with
the control group, the AG1478 and PD groups showed less
time in the open arms (F3, 37¼ 4.567, P¼ 0.035 and 0.002,
respectively; Figure 3e) and more time in the closed arms
(F3, 37¼ 7.184, P¼ 0.37 and 0.002, respectively; Figure 3f),
although the effect of AG1478 in the closed arms was not
significant. The same anxiogenic effect was observed in the
NSF latency test. Both AG1478 and PD made the latency of
exploring food longer (F3, 37¼ 40.104, both P o0.0001;
Figure 3g) and, at the same time, did not affect the appetite
(F3, 37¼ 0.215, P¼ 0.482 and 0.578, respectively; Figure 3h).
These observations suggest that there is an involvement of
ErbB4 in the regulation of anxiety-like behaviors.
Because AG1478 and PD are pan-ErbB-specific antago-

nists that target the intracellular tyrosine phosphorylation
sites of these receptors, we next used adeno-associated virus
that expressed CRE recombinase (AAV-GFP-CRE) to
specifically delete loxP-flanked chromosomal ErbB4 DNA
sequences of the ErbB4-loxp mice and, at the same time,
used the AAV-GFP vehicles with no CRE expression as the
control treatment. At 2 weeks after bilateral injection of
AAV-GFP-CRE and AAV-GFP into the BLA of the ErbB4-
loxp mice, the western blot showed the successfully knocked
down ErbB4 protein in the BLA region (Figure 4a) with the
anti-ErbB4 antibody. The tissue from the ErbB4 knockout

mice (‘mutant’ band) was used to show the specificity of the
anti-ErbB4 antibody. After confirming the BLA deletion of
ErbB4, we examined the effects of this inducible deletion on
a number of anxiety-like behavioral tasks. ErbB4 knock-
down mice were similar to the control mice in the
locomotor function (t(23)¼ 0.098, P¼ 0.922; Figures 4b
and c), but they showed a significantly decreased time in the
central zone of the open field test (t(23)¼ 3.619, P¼ 0.001;
Figure 4d). The anxiogenic effect was also observed in the
social interaction test (t(23)¼ 2.512, P¼ 0.019; Figure 4e).
In the EPM test, knockdown of ErbB4 significantly reduced
the time that was spent in the open arms (t(23)¼ 2.086,
P¼ 0.048; Figure 4f) and increased the time in the closed
arms (t(23)¼ � 2.992, P¼ 0.007; Figure 4g). Moreover, the
NSF latency test showed that ErbB4 deletion increased the
latency to bite the food (t(23)¼ � 3.6, P¼ 0.003; Figure 4h)
without affecting the food intake appetite (t(23)¼ 0.506,
P¼ 0.617; Figure 4i). These observations thus confirmed the
conclusion that ErbB4 in the amygdala is necessary for the
regulation of anxiety-like behaviors.

NRG1–ErbB4 Signaling Does Not Modulate
Glutamatergic Receptor-Mediated Synaptic Responses
in the Amygdala

The above results demonstrate that downregulation of
NRG1–ErbB4 signaling in the amygdala enhances anxiety-
like behaviors that could be mediated by altered glutama-
tergic transmission or changed GABAergic transmission.
Thus, we first checked the effect of NRG1–ErbB4 on EPSCs
in pyramidal neurons of the amygdala in a whole-cell
configuration. Evoked EPSCs (eEPSCs) were evoked by
stimulation of the internal capsule fibers (thalamic input)
and were recorded in pyramidal neurons in the basolateral

Figure 2 Anxiety-like behaviors are enhanced by neutralizing endogenous NRG1 with ecto-ErbB4 (Ecto) in the amygdala. (a, b) Distance traveled or
speed was not different among the different groups in the open field test. (c) The Ecto and BMI groups showed increased anxiety-like behavior that was
measured by the time spent in the central arena in the open field test. (d) The Ecto and BMI groups showed less interaction with novel mice in the social
interaction test. (e, f) In the elevated plus maze test, mice treated with Ecto or BMI spent significantly less time in the open arms and more time in the closed
arms. (g, h) The novelty-suppressed feeding latency test showed increased anxiety in the Ecto and BMI groups, with no appetite difference. ACSF, n¼ 9;
boiled Ecto, n¼ 10; Ecto, n¼ 11; BMI, n¼ 9. One-way ANOVA/LSD post hoc test: *Po0.05, **Po0.01, ***Po0.001. Data are expressed as mean±SEM.
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amygdala. As shown in Supplementary Figures 3a and b,
AMPAR-mediated eEPSCs did not change after NRG1, ecto-
ErbB4, or AG1478 treatments (P¼ 0.133, 0.874, and 0.198,
respectively), and neither did NMDAR-mediated eEPSCs in

Supplementary Figures 3c and d (P¼ 0.864, 0.666, and
0.950, respectively). Moreover, no changes were observed
10min after washout. Finally, we measured miniature
excitatory postsynaptic currents (mEPSCs) from the BLA

Figure 3 Inhibiting ErbB4 receptor in the amygdala increases anxiety-like behaviors. (a, b) The distance traveled and speed were not different among the
drug treatment groups in the open field test. (c) The ErbB4 receptor antagonists the AG1478 and the PD groups showed increased anxiety-like behaviors in
the open field test. (d) ErbB4 receptor antagonist groups showed less interaction with unfamiliar mice in the social interaction test. (e, f) In the elevated plus
maze test, ErbB4 receptor antagonists increased the anxiety, as shown by the decreased time spent in the open arms and the increased time in the closed
arms. (g, h) The novelty-suppressed feeding latency test showed increased anxiety in the ErbB4 receptor antagonist groups, with no appetite differences.
ACSF, n¼ 10; DMSO (solvent for AG1478 and PD), n¼ 10; AG1478, n¼ 11; PD, n¼ 10. One-way ANOVA/LSD post hoc test. *Po0.05, **Po0.01,
***Po0.001. Data are expressed as mean±SEM.

Figure 4 Knocking down ErbB4 receptor in the amygdala increases anxiety-like behaviors. (a) Western blotting showed that amygdala ErbB4 was
downregulated by injecting AAV-GFP-CRE vectors into ErbB4-loxp mice. (b, c) The locomotor activity was not changed by knocking down ErbB4 in the
open field test. (d) The ErbB4 knockdown group showed increased anxiety-like behavior in the open field test. (e) Knocking down ErbB4 induced anxiety in
the social interaction test. (f, g) In the elevated plus maze, knocking down ErbB4 significantly decreased the time spent in the open arms and increased the
time spent in the closed arms. (h, i) The novelty-suppressed feeding test showed increased anxiety in the ErbB4 knockdown group, with no appetite changes,
compared with the control group. AAV-GFP, n¼ 12; AAV-GFP-CRE, n¼ 13. Two-tailed t-test: *Po0.05, **Po0.01, ***Po0.001. Data are expressed as
mean±SEM.
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pyramidal neurons to test whether NRG1–ErbB4 affects the
spontaneous synaptic transmission. Both the amplitudes
and frequencies of the mEPSCs were not changed by NRG1,
Ecto-ErbB4, or AG1478 (for amplitudes: P¼ 0.300, 0.095,
and 0.845, respectively; for the frequencies: P¼ 0.325, 0.970,
and 0.141, respectively; Supplementary Figures 3e–m).
Together, these observations demonstrate that the glutama-
tergic transmission at the amygdala synapses might not be
regulated by NRG1–ErbB4 pathway.

NRG1–ErbB4 Signaling Is Critical to Maintain
GABAergic Activity in the Amygdala

Having ruled out a possible effect on the glutamatergic
transmission, we next tested whether the NRG1–ErbB4
pathway can regulate GABAergic transmission in the
amygdala. IPSCs were recorded in pyramidal neurons of
the amygdala in a whole-cell configuration. Evoked IPSCs
(eIPSCs) were recorded in pyramidal neurons in the
basolateral amygdala. The eIPSC amplitudes were not
changed in NRG1-treated slices compared with the control,
but they were decreased by eco-ErbB4 and AG1478 that
could be reversed 10min after washout (P¼ 0.313, 0.003,
and 0.006, respectively; Figures 5a and b). These results
suggest that GABAergic activity in the amygdala is
controlled by endogenous NRG1/ErbB4 and further support
the conclusion that NRG1 activity could be at a saturated
level in this region of the normal mouse. Next, to investigate
the presynaptic or postsynaptic mechanism that is involved
in the regulation of GABAergic transmission by NRG1–
ErbB4, mIPSCs were measured at the amygdala pyramidal
neurons. Neither NRG1 nor ecto-ErbB4 nor AG1478
produced an effect on the mIPSC amplitudes (P¼ 0.110,
0.959, and 0.404, respectively; Figures 5c and d; Supple-
mentary Figure 4). Although NRG1 had no effect on
the frequencies, the inhibitors Ecto-ErbB4 and AG1478
decreased the frequencies significantly (P¼ 0.361, 0.001,
and o0.001, respectively; Figures 5c and e; Supplementary
Figure 4). In addition, these effects could be reversed 10min
after washout (Figure 5c). These results suggest that NRG1–
ErbB4 could promote GABAergic transmission by increas-
ing the GABA release from the presynaptic terminals.
To further confirm the involvement of NRG1–ErbB4 in

the modulation of GABAergic transmission, we measured
eIPSCs under different intensities of the stimulus that
ranged from 0 to 45 mA in the amygdala slices from
knocking down ErbB4 mice (Figure 5f). Knocking down
ErbB4 decreased the amplitude of the eIPSCs significantly
under stimulus intensities that ranged from 20 to 45 mA
(F1, 24¼ 35.31, Po0.0001; Figure 5g).
Thus far, there is no direct or affirmative morphological

evidence to explain why ErbB4 acts specifically through
GABAergic neurotransmission in the BLA. To clarify this
issue, we investigated whether ErbB4 is expressed specifi-
cally in the interneurons in the BLA by using transgenic
mice to analyze the colocalization of ErbB4-positive
neurons and GAD67-positive neurons. ErbB4–2A-CreERT2
mice express tamoxifen-inducible Cre-recombinase under
the control of the ErbB4 gene (Madisen et al, 2010; Shamir
et al, 2012), faithfully indicating the expression patterns of
endogenous ErbB4. They were crossed with Ai14 mice that
carry in the Rosa 26 locus, a CAG-driven red fluorescent

protein variant (tdTomato) whose transcription was inhi-
bited by a loxP-flanked stop cassette (Lakso et al, 1992).
The resulting ErbB4-2A-CreERT2;Ai14 mice were injected
with tamoxifen to release the stop signal and thus induce
tdTomato expression. Figure 5h shows the co(immuno)-
fluorescence micrograph image of tdTomato (red) that
reports ErbB4 expression and endogenous GAD67(green) in
the amygdala. The quantitative analysis showed that a large
number of the ErbB4-expressing cells in the BLA coexpress
GAD67 (98.99±0.68% Figure 5i), although 54.22±2.39%
GAD67-positive cells colocalized with ErbB4-expressing
cells. These results provide immunohistochemical evidence
that almost all of the ErbB4 in the BLA were expressed in
GABAergic neurons, consistent with the electrophysiologi-
cal results.
The subclasses of GABA interneurons are important for

differential control of emotional behaviors, and we next
investigated what subtypes of GABA interneurons expressed
ErbB4. We stained amygdala sections of tdTomato
(red)-expressing mice that report ErbB4 expression with
antibodies for parvalbumin (green), calretenin (green),
calbindin (green), or somatostatin (green) (Supplementary
Figure 5). Quantitatively, 74% of parvalbumin interneurons,
87% of calretenin interneurons, 38% of calbindin inter-
neurons, and 21% of somatostatin interneuron were ErbB4
positive. On the other hand, most of ErbB4-positive neurons
colocalized with parvalbumin interneurons, calretenin
interneurons, and calbindin interneurons, and only 2%
ErbB4-positive neurons colocalized with somatostatin inter-
neurons. Taken together, these observations suggest
that NRG1–ErbB4 could regulate the anxiety-like behavior
through GABAergic transmission.

Exogenous NRG1 Alleviates the Anxiety Susceptibility
and Stress-Induced Anxiety

To verify the above hypothesis, we tested whether
exogenous NRG1 would reverse the anxiety-like behaviors
of high-anxiety mice. Mice were implanted with guide
cannulas in the BLA, and 1 week later, they underwent one
of the behavioral tests: the open field test, the social
interaction test, the EPM test, and the NSF latency test.
Afterward, the ‘high-anxiety’ and ‘low-anxiety’ mice had an
anxiety evaluation in the top or bottom 44% respectively (ie,
the middle 12% was excluded) (Supplementary Figure 6).
On the next day, subsequent drug treatment was performed
on the high-anxiety mice: high-anxiety mice injected with
ACSF (Control); high-anxiety mice injected with NRG1
(NRG1); high-anxiety mice injected with NRG1þ PD
(NRG1þ PD); and high-anxiety mice injected with NRG1þ
BMI (NRG1þBMI). Anxiety-like behaviors were then
measured again after the drug infusion.
As shown in Figure 6, infusion of NRG1 into BLA could

significantly alleviate the high-anxiety-like behavior that was
indicated by the open field test compared with the control
group (NRG1 versus Control: F3, 42¼ 28.750, Po0.0001;
Figure 6c), without affecting the locomotor activity (F3, 42¼
0.004, P¼ 0.911; Figures 6a and b). In addition, this
anxiolytic effect was blocked by ErbB4 inhibitor PD and
GABAA receptor antagonist (BMI) (control versus NRG1þ
PD and NRG1þBMI: F3, 42¼ 28.750, P¼ 0.933, 0.235,
respectively; Figure 6c), suggesting that ErbB4 and GABAA
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receptors are involved in the NRG1-mediated reduction of
innate fear. A similar phenomenon was observed in the social
interaction test, the EPM test, and the NSF test. NRG1
treatment increased the social interaction of high-anxiety
mice that was blocked by PD and BMI (control versus each
group: F3, 42¼ 4.196, P¼ 0.003, 0.545, and 0.622, respectively;
Figure 6d). In the EPM test, NRG1 increased the time spent
by high-anxiety mice in the open arms (F3, 42¼ 6.796,
P¼ 0.006) and decreased their time in the closed arms
(F3, 42¼ 4.427, P¼ 0.003), both of which were counteracted
by PD and BBC (Figure 6e). Without affecting the appetite
(each group versus control: F3, 42¼ 0.169, P¼ 0.805, 0.85, and
0.647, respectively; Figure 6g), NRG1 could reduce the
latency to explore the food, and this effect was blocked by

ErbB4 receptor and GABAA receptor antagonists as well
(each group versus control: F3, 42¼ 5.541, P¼ 0.004, 0.833,
and 0.669, respectively; Figure 6f). Together, these results
demonstrate that the infusion of exogenous NRG1 into BLA
could significantly alleviate the high-level anxiety-like
behaviors, although it had no effect on the anxiety-like
behaviors of normal mice.
Next, we wondered whether the amygdala IPSCs could

also be modulated by NRG1 in high-anxiety mice, even
though this relationship did not occur in normal mice. To
address this issue, we measured IPSCs in the BLA of high-
anxiety mice. The eIPSC amplitudes were increased in
NRG1-treated slices compared with controls (t(10)¼
� 4.35, P¼ 0.003) that could be reversed 10min after

Figure 5 GABAA receptor-mediated synaptic currents are regulated by NRG1–ErbB4 signaling in the amygdala. (a) Shown are representative traces of
eIPSCs. (b) NRG1 had no effect on the peak amplitudes of the eIPSC currents, but ecto-ErbB4 and AG1478 decreased the eIPSCs; n¼ 5 for the AG1478
treatment group, n¼ 6 for the control, NRG1, and ecto-ErbB4 groups. (c) Shown are representative traces of mIPSCs. (d) Summarized data of mIPSCs
showed no effect of drugs on mIPSC amplitudes in the pyramidal neurons in amygdala slices. (e) NRG1 had no effect on the frequencies of the mIPSCs in
the amygdala pyramidal neurons, but ecto-ErbB4 and AG1478 could decrease the frequencies; n¼ 6 for the control and NRG1 groups and n¼ 8 for the
ecto-ErbB4 and AG1478 groups. (f, g) eIPSCs were significantly decreased under the stimulus intensity from 0 to 45 mA in ErbB4 knockdown amygdala slices.
(h) Co(immuno)fluorescence micrograph image of tdTomato (red), reporting ErbB4 expression in adult Ai14_ErbB4-2A-CreERT2 mice, and endogenous
GAD67(green) in the amygdala. The boxed area is magnified in the lower panel. (i) Quantitative analysis showed a large number of the ErbB4-expressing
cells in the BLA coexpress GAD67. GFP, n¼ 12; CRE, n¼ 14. One-way ANOVA/LSD post hoc tests are for the data (b–d); two-way ANOVA for the data
(g); independent t-test for the data (i). **Po0.01, ***Po0.001. Data are expressed as mean±SEM.
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washout (Figures 6h and i). These results indicate that
exogenous NRG1 could modulate eIPSCs only in high-
anxiety mice. Next, we investigated the presynaptic or
postsynaptic mechanism that is involved in the regulation
of GABAergic transmission by NRG1. The mIPSCs were
measured at BLA pyramidal neurons. NRG1 produced no
effect on the mIPSC amplitude (t(10)¼ � 0.977, P¼ 0.374;
Figures 6j and l) but increased the frequencies significantly
(t(10)¼ � 3.067, P¼ 0.028; Figures 6k and l). In addition,
these effects could be reversed 10min after washout
(Figure 6h). The above results suggest that exogenous
NRG1 could increase the GABA release from presynaptic
terminals in the BLA of high-anxiety mice, whose endo-
genous NRG1 and ErbB4 levels were downregulated.
To further investigate whether NRG1 is relevant for

stress-induced anxiety, we designed the experiment as
Supplementary Figure 7a. We found that 1 h of restraint
stress could induce increased anxiety-like behaviors, and

infusion of exogenous NRG1 into BLA could reverse this
anxiogenic effect (Supplementary Figure 7). In summary,
the results reveal that NRG1 is also important for the
modulation of acute stress-induced anxiety.

DISCUSSION

GABAergic mechanism in the amygdala, acting through the
GABAA receptor, involves in the modulation of fear and
anxiety (Flores-Gracia et al, 2010; Hajizadeh Moghaddam
et al, 2008; Sanders and Shekhar, 1995). It has been
proposed that the GABA activity in the amygdala has a
critical role in maintaining lower firing rate of pyramidal
neurons (Abe et al, 2011; Fox and Kornblum, 2005),
presumably to enable animals to respond to appropriate
sensory signals. Blockade of GABAA receptors in the BLA
leads to increased anxiety responses (Sanders and Shekhar,

Figure 6 NRG1 alleviates the anxiety by acting on ErbB4 receptors and promoting the GABA release in high-anxiety mice. We firstly selected relatively
high-anxiety mice from normal C57 mice (Supplementary Figure 6), and we performed experiments as follows: (a, b) Locomotor activity was not changed by
different drug treatments in the open field test. (c) Injecting NRG1 into the amygdala reduced high-anxiety-like behavior in the open field test that could be
blocked by the ErbB4 antagonist or the GABAA receptor antagonist. The same results were observed in the social interaction test (d), the elevated plus
maze test (e), and the novelty-suppressed feeding test (f). (g) No difference was shown in the appetite of the different groups. Control, high-anxiety mice
injected with ACSF, n¼ 11; NRG1, high-anxiety mice injected with NRG1, n¼ 11; NRG1þ PD, high-anxiety mice injected with NRG1þ PD, n¼ 12;
NRG1þ BMI, high-anxiety mice injected with NRG1þ BMI, n¼ 12. (h) Shown are representative traces of eIPSCs and mIPSCs. (i, l) NRG1 could increase
the peak amplitude of the eIPSCs and the frequency of the mIPSCs in the amygdala slices of high-anxiety mice, but had no effect on the amplitude of the
mIPSCs. (j) Cumulative plots of the mIPSC amplitudes. (k) Cumulative plots of the mIPSC frequencies; n¼ 8 for the eIPSC groups AND n¼ 6 for the mIPSC
groups. One-way ANOVA/LSD post hoc test for data (a–g), independent t-test for data (h–l). *Po0.05, **Po0.01, ***Po0.001. Data are mean±SEM.
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1995). However, in contrast to cortex and hippocampus,
regulatory mechanisms of GABAergic activity in the
amygdala are not well understood. Here we explore the
neural signaling pathway controlling the GABAergic neuro-
transmission and anxiety-related behaviors.
We found, for the first time to our knowledge, that the

NRG1–ErbB4 signaling in the amygdala was critical for
modulating anxiety-like behaviors through GABAergic
neurotransmission. Almost all ErbB4 in the BLA were
found to be expressed in GABAergic neurons. Blocking
NRG1–ErbB4 signaling enhanced anxiety-like behaviors
and, at the same time, inhibited GABA release. In contrast,
exogenous NRG1 produced no effects on these behaviors
and the synaptic transmission, suggesting that there was a
saturated level of endogenous NRG1 in the amygdala. The
expression level of both NRG1 and ErbB4 was down-
regulated specifically in the amygdala of high-anxiety mice,
and the administration of NRG1 alleviated their anxiety and
enhanced the GABAergic neurotransmission. In addition,
an anxiolytic effect of NRG1 was also observed in the
stressed mice. Together, our findings reveal that there is a
novel function of NRG1–ErbB4 signaling in the regulation
of anxiety-like behaviors that could provide a new
perspective for treating anxiety disorders.

The Amygdala NRG1–ErbB4 in the Regulation of
Anxiety-Like Behaviors

Both NRG1 and ErbB4 are expressed in the developing and
adult brain (Garcia et al, 2000; Huang et al, 2000; Woo et al,
2007). Although NRG1 plays an important role in neuron
migration, neurite outgrowth, cell differentiation, synapse
formation, and schizophrenia (Mei and Xiong, 2008), few
studies have focused on its role in innate fear-related behaviors.
In our paper, we attempt to explore this scientific issue.
It has been proposed that the amygdala is critical for

processing fearful emotions and anxiety (Hajizadeh
Moghaddam et al, 2008; LeDoux, 2000; Muller et al, 1997;
Scheel-Kruger and Petersen, 1982; Zarrindast et al, 2008).
Extensive evidence also reveals that the GABAergic activity
of BLA has been involved in the modulation of anxiety
(Hajizadeh Moghaddam et al, 2008; Muller et al, 1997;
Scheel-Kruger and Petersen, 1982). However, the regulatory
mechanisms of GABAergic activity in the amygdala in the
modulation of anxiety have not been studied extensively.
ErbB4 is expressed specifically in interneurons (Lai and
Lemke, 1991; Shamir et al, 2012; Woo et al, 2007), and
NRG1 promotes the GABA release in cortical and hippo-
campal slices through ErbB4 (Chen et al, 2010a, b;
Wen et al, 2010; Woo et al, 2007). Moreover, NRG1 and
ErbB4 are expressed in the amygdala (Lai and Lemke, 1991;
Shamir et al, 2012; Woo et al, 2007), suggesting that there is
a possible role for the NRG1–ErbB4 pathway in regulating
anxiety in this region.
We first used the real-time quantitative fluorescence PCR

analysis and the western blotting analysis to test whether
the NRG1–ErbB4 expression level was related to the anxiety
level. We found that relatively high-anxiety mice showed
decreased expression of NRG1 and ErbB4 in BLA. No
correlation was observed in the hippocampus and the
cortex. Although the mRNA of NRG1 was increased in
the hippocampus, the NRG1 protein was not changed in the

hippocampus that could be because of the posttranslational
modification, the secretion action, and other factors.
To further prove this hypothesis, we infused exogenous

NRG1 into the BLA and found that it had no effect on the
anxiety-like behaviors of normal mice. However, blocking
the NRG1–ErbB4 signaling pathway of the BLA either with
ecto-ErbB4, AG1478, or PD, or knocking down the ErbB4
gene increased the anxiety-related behaviors that were
shown in the open field test, the EPM test, the social
interaction test, and the NSF latency test . The behavioral
change was not attributed to the motor activity or the
appetite.
Thus, we presumed that amygdala NRG1–ErbB4 signaling

could be at a saturated state in normal mice, whereas in
high-anxiety mice, NRG1 was downregulated. We indeed
found that infusion of exogenous NRG1 into the BLA could
produce an anxiolytic effect in relatively high-anxiety mice,
strongly supporting the above conclusion. In addition, we
found that the anxiolytic effect of exogenous NRG1 was
blocked by the ErbB4 inhibitor, again proving that NRG1
could act through ErbB4 receptors in the BLA on the
regulation of anxiety-like behaviors. The involvement of
NRG1 signaling in anxiety was further supported by our
results showing an anxiolytic effect of exogenous NRG1 in
the stressed mice.

The Amygdala NRG1–ErbB4 in the Regulation of
Neurotransmission

High GABAergic activity in the amygdala is thought to
maintain lower firing rate of pyramidal neurons, and is
important for the modulation of anxiety. In the BLA,
feedforward GABAergic interneurons synapse heavily onto
BLA projection neurons (Li et al, 1996; Szinyei et al, 2000).
However, relatively little is known about the regulatory
mechanisms that control the inhibitory activity in the
amygdala. Our previous studies indicate that NRG1 can
increase the evoked GABA release in cortical and hippo-
campal slices through its receptor ErbB4 (Chen et al, 2010b;
Woo et al, 2007). However, the function of NRG1–ErbB4 in
the amygdala was not investigated, even though NRG1 and
ErbB4 were expressed in the amygdala. Different strengths
of NRG1–ErbB4 signaling between the amygdala and the
hippocampus may explain different levels of GABAergic
activity in these two regions.
We first found that inhibiting the NRG1–ErbB4 signaling

pathway in the BLA with NRG1 antagonist (ecto-ErbB4) or
ErbB4 antagonist (AG1478) or enhancing it with exogenous
NRG1 did not have an effect on the excitatory synaptic
transmission in pyramidal neurons in the BLA. To study the
effect of NRG1–ErbB4 signaling on local GABAergic
transmission in the BLA, monosynaptic eIPSCs were
recorded with high Cl-pipette solution. Stimulating elec-
trode was positioned on the thalamic fiber path (to be
consistent with eEPSC recording), but inside the BLA,
B100 mm from recording electrode. Because of close
proximity between stimulating and recording electrode,
inhibitory fibers from local GABAergic interneurons rather
than long-range GABAergic projections were likely stimu-
lated directly to elicit monosynaptic eIPSCs. In addition,
treatment of CNQX and AP5 could also exclude the
contamination of disynaptic eIPSCs, indicating they were
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independent of thalamic fiber stimulation. In contrast to
excitatory transmission, our further experiments showed
that downregulating NRG1–ErbB4 or knocking down the
ErbB4 expression within the BLA inhibited the IPSCs,
whereas the exogenous NRG1 had no effect on the IPSCs of
normal mice. This phenomenon was consistent with the
results of the behavioral tests. Thus, we proposed that
NRG1–ErbB4 signaling of the BLA mainly acts on
GABAergic neurotransmission that is in a saturated state
to maintain strong inhibitory control of the BLA neuronal
activity in normal mice. To further confirm this conclusion,
we measured the IPSCs in brain slices of high-anxiety mice
and found that NRG1 could enhance their IPSC through
presynaptic mechanisms. Altogether, our results suggest
that NRG1–ErbB4 pathway in the BLA might regulate
anxiety-like behaviors through GABAergic signaling. In
support of this hypothesis, injection of GABAA receptor
antagonist into the BLA produced the same anxiogenic
effect as blocking the NRG1–ErbB4 signaling. In addition,
the anxiolytic effect of exogenous NRG1 in high-anxiety
mice was blocked by the GABAA receptor antagonist.

Etiopathological and Treatment Implications of the
NRG1–ErbB4 Pathway

Compared with the general population, there is an increased
prevalence of anxiety disorders among patients who have
schizophrenia (Keller, 2006). Relevant epidemiological,
genetic/familial, neurobiological, and therapeutic literature
complicates the study of anxiety in schizophrenia (Keller,
2006). The relationship between anxiety and schizophrenia
has remained controversial (Buckley et al, 2009). Previous
studies have showed that NRG1 and its receptor ErbB4 are
susceptibility genes for schizophrenia (Mei and Xiong,
2008). Patients who have schizophrenia are more likely to
have anxiety disorders compared with the general popula-
tion (Buckley et al, 2009; Keller, 2006). In this study, we
demonstrated that NRG1–ErbB4 signaling is critical for the
modulation of anxiety-like behaviors that might help to
explain a potential mechanism for the emotional abnorm-
ality observed in schizophrenia.
Classical 1,4-benzodiazepines, the standard treatment for

anxiety disorders, are not consistently effective, and this is
because of their significant side effects, including sedative-
hypnotic cognitive impairment, muscle relaxant, and
memory-impairing effects. Reduced side effects, decreased
toxicity, and shortening of the treatment duration are
urgent demands for new anxiolytic drugs. Our findings that
the administration of exogenous NRG1 into amygdala
produces the anxiolytic effect only in high-anxiety mice
and also in stressed mice could aid in identifying improved
treatments for anxiety disorders. In this respect, it is notable
that some individuals who have a generalized anxiety
disorder, social anxiety disorder, or panic disorder have
abnormal changes in amygdala activities. Medications that
modulate the activity of amygdala NRG1–ErbB4 might help
in the treatment of such disorders.
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