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ErbB4 knockdown in serotonergic neurons in the dorsal raphe
induces anxiety-like behaviors
Sheng-Rong Zhang1, Jian-Lin Wu1, Hao Chen1, Rong Luo1, Wen-Jun Chen1, Li-Juan Tang1, Xiao-Wen Li1, Jian-Ming Yang 1 and
Tian-Ming Gao1

There is a close relationship between serotonergic (5-HT) activity and anxiety. ErbB4, a receptor tyrosine kinase, is expressed in 5-HT
neurons. However, whether ErbB4 regulates 5-HT neuronal function and anxiety-related behaviors is unclear. Here, using transgenic
and viral approaches, we show that mice with ErbB4 deficiency in 5-HT neurons exhibit heightened anxiety-like behavior and
impaired fear extinction, possibly due to an increased excitability of 5-HT neurons in the dorsal raphe nucleus (DRN). Notably, the
chemogenetic inhibition of 5-HT neurons in the DRN of ErbB4 mutant mice rescues anxiety-like behaviors. Altogether, our results
unravel a previously unknown role of ErbB4 signaling in the regulation of DRN 5-HT neuronal function and anxiety-like behaviors,
providing novel insights into the treatment of anxiety disorders.
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INTRODUCTION
Anxiety is a response to potentially threatening situations, and
anxiety disorders area group of mental disorders characterized by
excessive and persistent anxiety and fear [1–4]. An increasing
number of people are being diagnosed with anxiety disorders [5],
and current medical treatments for anxiety disorders are not
satisfying; it is thus of great importance to obtain a better
understanding of the pathogenesis of this disease to aid the
development of new and more effective treatments.
Serotonin (5-hydroxytryptamine, 5-HT) is a major neurotransmitter

that is widely distributed throughout the entire brain [6, 7]. 5-HT
neurons are predominately located in the dorsal raphe nucleus
(DRN) and project widely throughout the brain [6]. Studies have
shown that 5-HT neurons are involved in the regulation of anxiety
behaviors [7–10]. For example, acute but not chronic chemogenetic
activation of 5-HT neurons induces anxiogenic behavioral responses
[11]. Meanwhile, acute chemogenetic stimulation of 5-HT neuronal
activity in the wild-type mice is anxiogenic, whereas inhibition has
no effect [12]. Moreover, chemogenetic activation of central
amygdala (CeA)-projecting DRN serotonin neurons promotes
anxiety-like behavior [13]. Optogenetic-specific stimulation of DRN
5-HT neuronal terminals in the bed nucleus of the stria terminalis
(BNST) elicits anxiogenic behaviors and promotes fear [9], but
optogenetic activation of DRN 5-HTneuronal cell body has no effect
on anxiety [14–16]. This inconsistency may be caused by the
heterogeneity of 5-HT neurons in terms of their connectivity and
functions [13, 17]. Moreover, selective serotonin reuptake inhibitors
(SSRIs) are the first-line interventions for anxiety disorders [18].
However, the molecular mechanisms by which 5-HT neurons
regulate anxiety are largely unknown.

ErbB4 is a receptor tyrosine kinase, and the ErbB4-encoding
gene is a well-known susceptibility gene for schizophrenia [19].
Studies have shown that ErbB4 receptors are essential for
neural development and functions, and most studies have
focused on the roles of ErbB4 in GABAergic interneurons in
cortical areas [19–21]. ErbB4 receptors are also expressed on 5-HT
neurons in the DRN [22], however, little is known about their
functions.
In this study, we investigated the consequences of ErbB4

knockdown in DRN 5-HT neurons on anxiety-like behaviors in
mice. We found that the specific knockdown of ErbB4 in DRN 5-HT
neurons induced anxiety-like behaviors by increasing the activity
of 5-HT neurons. Our findings shed new light on the pathogenesis
of anxiety disorders and suggest that targeting ErbB4 signaling in
DRN 5-HT neurons might represent a novel treatment for anxiety
disorders.

MATERIALS AND METHODS
Animals
Mice were housed under standard housing conditions (a 12-h
light/12-h dark cycle) with food and water ad libitum. LoxP-
flanked ErbB4 [23], Sert-Cre [24], and ErbB4 reporter [22] mice
were described previously. To label all Sert-Cre cells, Sert-Cre and
Sert-Cre;ErbB4loxp/loxp mice were crossed with Ai14 reporter mice
to drive the expression of the red fluorescent protein tdTomato.
Three or four male mice were housed in a cage. Approximately
9- to 12-week-old male mice were used to perform all behavior
tests. Mice used in Fig. 1 in each assay were separate cohorts, and
mice were the same group in Figs. 2e–i, 3c–g, or 5c–f, respectively.
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Each behavioral paradigm was separated at least 1 week. All mice
were handled for 3 days before behavioral assays. All of the
experiments were conducted in accordance with the Regulations
for the Administration of Affairs Concerning Experimental Animals
(China) and were approved by the Southern Medical University
Animal Ethics Committee.

Tamoxifen injection
To induce Rosa::LSL-tdTomato fluorescent protein expression in
ErbB4-positive cells, adult male ErbB4 reporter mice aged about
8 weeks were administered 180 mg/kg tamoxifen (T5648, Sigma,
USA) for 5 consecutive days (i.p.). A week later, the mice were
sacrificed, and their brains were harvested.

Fig. 1 Sert-Cre;ErbB4loxp/loxp mice show anxiety-like behaviors and fear extinction impairment. a Representative confocal images of
tdTomato distribution (red) in the dorsal raphe nucleus (DRN) and the median raphe nucleus (MRN). Slices were obtained from ErbB4-reporter
mice and stained with an antibody against tryptophan hydroxylase 2 (TPH2) (green), a marker of 5-HT neurons. Scale bar, 200 µM. b The
colocalization of TPH2 and Cre/tdTomato in the DRN and MRN, and the distribution of TPH2+ /ErbB4+ cells within the different DRN
subnuclei. DRD dorsal DRN, DRV ventral DRN, DRVL ventrolateral DRN, DRC caudal DRN, DRI interfascicular DRN. Three mice were studied, and
five slices were chosen from each mouse. c A representative confocal image showing tdTomato distribution (red) in the DRN of Sert-Cre;Ai14
mouse. Slices were stained with a TPH2 antibody (green). Scale bar, 200 µM. d Four mice were studied, and five slices were chosen from each
mouse. e, f The protein levels of ErbB4 were decreased in the DRN of Sert-Cre;ErbB4loxp/loxp mice. Unpaired two-tailed Student’s t-test, t(4)=
11.53, p= 0.0003. g, h The time spent in the center in the OFT was decreased in Sert-Cre;ErbB4loxp/loxp mice compared to wild-type controls.
Unpaired two-tailed Student’s t-test, t(36)= 2.417, p= 0.021. i, j The time spent in the open arms in the EPM test was decreased in Sert-Cre;
ErbB4loxp/loxp mice. Unpaired two-tailed Student’s t-test, t(17)= 3.263, p= 0.005. k Fear extinction but not fear training was impaired in Sert-
Cre;ErbB4loxp/loxp mice. One-way repeated measures, Mauchly’s test of sphericity, W= 0.546, p= 0.140; tests of between-subjects effects,
group, F(1, 1)= 5.702, p= 0.025. Day 2, unpaired two-tailed Student’s t-test, t(24)= –2.275, p= 0.032. The data are presented as the mean ±
SEM, *p < 0.05, **p < 0.01, ***p < 0.001. The numbers of mice are shown in parentheses.
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Chemogenetic manipulations
The designer drug clozapine-N-oxide (CNO, 5 mg/kg, i.p.; Sigma)
was administered 30min before behavioral tests. In Fig. 5, mice
received an injection of CNO 30min before fear extinction for
consecutive 5 days.

Cell culture and virus infection
HEK293T cells were grown at 37 °C in a humidified atmosphere
containing 5% CO2 and 95% air. A lentivirus containing ErbB4-
Flag (LV-ErbB4-Flag) was constructed and packed by BrainVTA
(Wuhan, China). Cultured HEK293T cells were transfected with
107 ml of the virus. According to the instructions, the virus was
added to the cells at an optimal ratio (1:500), and after 8–12 h,
the solution was changed, and the infection rate was observed
after 72–96 h. Then, the cells were harvested for western blot
analysis.

Behavioral assays
Open-field test. The open-field apparatus consisted of a rectan-
gular chamber (40 × 40 × 30 cm) that was made of gray polyvinyl
chloride. The mice were gently placed in the center and left to
explore the area for 5 min. The box was cleaned with a solution of
75% ethanol in water between sessions. A digitized image of the
path taken by each mouse was recorded, and the total distance

traveled and time spent in the center both were analyzed using
VERSADAT software.

Elevated plus-maze test. The elevated plus-maze test consisted of
two opposing open arms (30 × 5 × 0.5 cm) and two opposing
enclosed arms (30 × 5 × 15 cm) that were connected by a central
platform (5 × 5 cm), forming the shape of a plus sign. All of the
measurements were taken in a silent and dimly lit experimental
room, to which the mice were acclimatized for at least 30 min
before testing. The time spent in and the number of entries into
the open arms were recorded over a 5-min test period. The maze
was cleaned with a solution of 75% ethanol in water between
sessions. All data were analyzed post hoc using EthoVision XT
11.5 software.

Fear conditioning. For cued fear conditioning experiments, mice
were placed in a chamber with numerous parallel stainless-steel
grid bars connected to a shock generator along the floor (the
FreezeFrame System, Coulbourn Instruments, Woonsocket, USA).
Cued freezing (% time) was calculated by an automated freezing
analysis software (FreezeFrame System). The control mouse whose
freezing time (%) was lower than 10% in day 1 was excluded. For
conditioning (day 1), 2 min after being placed in the chamber (this
period was used for the free-moving freezing), the mice were

Fig. 2 Specific interference of ErbB4 expression in DRN 5-HT neurons is sufficient to produce anxiety-like behaviors and fear extinction
impairment. a Representative confocal images of ErbB4-shRNA-mCherry distribution (red) in the DRN of Sert-Cre mice. Slices were stained
with a TPH2 antibody (green). Scale bar, 200 µM. b The colocalization of TPH2 and mCherry. Five mice were studied, and five slices were
chosen from each mouse. c, d The protein levels of ErbB4 were decreased in the DRN of Sert-Cre mice injected with an AAV expressing ErbB4-
shRNA. Unpaired two-tailed Student’s t-test, t(10)= 2.586, p= 0.027. e, f The time spent in the center (e) and the total distance traveled (f) in
the OFT. Unpaired two-tailed Student’s t-test, t(13)= 3.017, p= 0.001. g, h The time spent in the open arms (g) and the number of open arm
entries (h) in the EPM test. Unpaired two-tailed Student’s t-test, t(13)= 2.343, p= 0.036. i Fear extinction was impaired in Sert-Cre mice
injected with an AAV expressing ErbB4 shRNA. One-way repeated measures, Mauchly’s test of sphericity, W= 0.217, p= 0.072; tests
of between-subjects effects, group, F(1, 1)= 16.356, p= 0.002. Unpaired two-tailed Student’s t-test, t(12)=−3.284, p= 0.007 (day 2);
t(12)=−2.480, p= 0.029 (day 3); t(12)=−1.178, p= 0.261 (day 4); t(12)=−4.707, p= 0.001 (day 5). CON, DIO-scramble-shRNA-mCherry;
shRNA, DIO-ErbB4-shRNA-mCherry. The data are presented as the mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. The numbers of mice are
shown in parentheses.
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exposed to 30-s tones (2.8 kHz, 80 dB) terminated with a foot
shock at 60 s inter-trail intervals. Mice were presented with four
tone-shock pairings (0.75 mA, 1-s shocks). The chamber was
cleaned with 75% ethanol at the end of each trial. The following
days (days 1–5, fear extinction), the mice were placed in a different
context (floor and walls were changed). First, the mice were
exposed to a short 30 s baseline to measure fear retrieval (tone 1
on days 1–5). Subsequently, the mice were exposed to 10 tones
(30 s) (tones 2–11 on days 1–5) with a 30 s inter-trial interval to
induce fear extinction.

Stereotaxic injection
For virus injection into the DRN, adult male mice were
anesthetized with 1% pentobarbital (i.p. injection) and mounted
onto a mouse stereotaxic frame. The skin was cut, and a small
craniotomy was made 5.00 mm posterior to bregma along the
midline. Using a microsyringe pump (Nanoliter 2000 Injector, WPI),
AAV virus (500 nl) was slowly injected (100 nl per min) into the
DRN through a glass pipette at a 15° angle from caudal to rostral
(depth= 3.15 mm). The glass pipette was left in place for ten
additional minutes and then slowly withdrawn. AAV vectors
carrying the DIO-ErbB4-shRNA-mCherry, DIO-scramble-shRNA-
mCherry, DIO-hM4Di-mCherry, and DIO-mCherry constructs were
packaged into AAV2/9 serotype viral vectors at a titer of 3–6 × 1013

viral particles per ml. For ErbB4 overexpression experiments, the
mice were injected into the DRN with 0.5 µl of LV-ErbB4-Flag virus.
At the end of the experiments, the mice were perfused for further

immunohistology, and only mice that exhibited virus expression
confined to the target region were used.

Western blot analysis
Tissue homogenates isolated from the DRN or infected
HEK293T cells were prepared in cold RIPA Lysis Buffer (P0013B,
Beyotime, China). Bound proteins were resolved on sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
gels and transferred to nitrocellulose membranes for 3 h at 320
mA. Then, these membranes were incubated in TBS buffer
containing 0.1% Tween-20 and 5% milk for 2 h at room
temperature. Then, the membranes were incubated overnight
with primary antibodies at 4 °C. After washing, the membranes
were incubated with horseradish peroxidase-conjugated second-
ary antibodies in TBST for 2 h at room temperature. Chemilumi-
nescence Apparatus (Bio-Rad) was used to detect the desired
signals. The following primary antibodies were used: rabbit
polyclonal anti-ErbB4 (ErbB-4 (C-18): sc-283; 1:500; Santa Cruz
Biotechnology, USA), mouse monoclonal anti-GAPDH (1:5000,
Proteintech, China), and mouse monoclonal anti-Flag (1:1000,
Proteintech).

Immunofluorescence
The mice were anesthetized with 1% pentobarbital sodium and
transcardially perfused with saline, followed by 4% formaldehyde.
After cryoprotection in 30% sucrose for 2 days, 40 μm thick
coronal slices were cut on a freezing microtome (CM-1950, Leica,

Fig. 3 ErbB4 overexpression in the DRN rescues the behavioral phenotypes of Sert-Cre;ErbB4loxp/loxp mice. a Western blotting showing
that LV-ErbB4 was successfully expressed in HEK293T cells. The large band below ErbB4 was a nonspecific band, which might represent an
unknown protein of HEK293 cells, as ErbB-4 antibody we used was a polyclonal antibody. b A representative confocal image showing LV-eGFP
expression (green) in the DRN. Scale bar, 200 µM. c, d The time spent in the center (c) and the total distance traveled (d) in the OFT. c Two-way
ANOVA, F(3, 29)= 3.320, p= 0.034; ErbB4loxp/loxp+ LV-eGFP vs. Sert-Cre;ErbB4loxp/loxp+ LV-eGFP, p= 0.014; Sert-Cre;ErbB4loxp/loxp+ LV-eGFP vs.
Sert-Cre;ErbB4loxp/loxp+ LV-ErbB4, p= 0.017. e, f The time spent in the open arms (e) and the number of open arm entries (f) in the EPM test.
e, one-way ANOVA, F(3, 29)= 2.928, p= 0.050; ErbB4loxp/loxp+ LV-eGFP vs. Sert-Cre;ErbB4loxp/loxp+ LV-eGFP, p= 0.023; Sert-Cre;ErbB4loxp/loxp+
LV-eGFP vs. Sert-Cre;ErbB4loxp/loxp+ LV-ErbB4, p= 0.015. f One-way ANOVA, F(3, 29)= 3.029, p= 0.045, ErbB4loxp/loxp+ LV-eGFP vs. Sert-Cre;
ErbB4loxp/loxp+ LV-eGFP, p= 0.019; Sert-Cre;ErbB4loxp/loxp+ LV-eGFP vs. Sert-Cre;ErbB4loxp/loxp+ LV-ErbB4, p= 0.014. g Fear conditioning test.
One-way repeated measures, Mauchly’s test of sphericity, W= 0.718, p= 0.493; tests of between-subjects effects, group, F(1, 3)= 4.071, p=
0.017. Day 2, one-way ANOVA, ErbB4loxp/loxp+ LV-eGFP vs. Sert-Cre;ErbB4loxp/loxp+ LV-eGFP, p= 0.020. The data are presented as the mean ±
SEM, *p < 0.05. The numbers of mice are shown in parentheses.
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Germany). The slices were blocked with 5% bovine serum albumin
in phosphate-buffered saline (PBS) with 1% Triton-100 and
subsequently incubated with an anti-TPH2 primary antibody
(1:400, Millipore, USA) overnight at 4 °C. After washing with 0.01
M PBS, the sections were incubated with an Alexa Fluor 488-
conjugated secondary antibody (1:500; A11034; Invitrogen, USA)
at room temperature for 2 h. The slices were cover slipped with
Vectashield Mounting Medium with DAPI (H-1200, Vector, USA).
Fluorescence images were captured using a fluorescence micro-
scope (A1R, Nikon, Japan).

Slice preparation
Slices were prepared as described previously [25]. Mice (6–8-
weeks-old, male) were anesthetized with ether, and the brains
were quickly removed and chilled in iced-cold modified artificial
cerebrospinal fluid (ACSF) containing (in mM) 250 glycerol, 2 KCl,
10 MgSO4, 0.2 CaCl2, 1.3 NaH2PO4, 26 NaHCO3, and 10 glucose.
Horizontal slices (300 μm) were then cut on a vibrating microtome
(VT1000S; Leica). The slices were maintained at room temperature
for an additional 1 h before recording. All solutions were saturated
with 95% O2/5% CO2 (vol/vol).

Electrophysiological recording
Slices were moved to a recording chamber, and the recording
solution (ACSF) was maintained at a temperature of 32–34 °C.
Fluorescent neurons were visually identified under an upright
microscope (Nikon, Eclipse FN1) equipped with an infrared-
sensitive charge-coupled device camera. Electrophysiological
recordings were performed in cell-attached mode for to record
spontaneous firing and in whole-cell mode to detect intrinsic
membrane properties with a Multi Clamp 700B Amplifier
equipped with Digidata 1440 A analog-to-digital converter. For
spontaneous firing recordings, microelectrodes (3–5 MΩ) were
filled with a solution containing 130mM potassium gluconate,
20mM KCl, 10 mM HEPES buffer, 2 mM MgCl·6H2O, 4 mM Mg-ATP,
0.3 mM Na-GTP, and 10mM EGTA. The pH was adjusted to 7.25
with 10 M KOH. The intrinsic excitability of the neurons was
assessed by measuring the firing rate in response to a series of
depolarizing pulses in the presence of 20 μM CNQX, 100 μM AP5,
and 20 μM BMI. Spontaneous firing was recorded for at least 2 min
for each neuron. Cell was injected a depolarized current to induce
spike generation. For intrinsic membrane properties recordings,
cells were held at −70mV. The minimal current injection sufficient
for spike generation from −70mV was defined as the rheobase.
Action potential threshold was measured as the voltage at which
the slope= 20 V/s. The input resistance was calculated by
injecting a 20 pA hyperpolarized current to induce voltage
changes. The effects of CNO were determined in current clamp
mode. After a 2 min stable baseline, CNO (5 μM) was bath applied
for 10 min. All analyses were performed using Clampfit 10.2 (Axon
Instruments/Molecular Devices) or Minianalysis.

Statistical analysis
Statistical analysis was performed by SPSS 13.0. Unpaired two-
tailed Student’s t-test was used for comparisons of two individual
groups. One-way repeated measures analysis of variance (ANOVA)
was used for comparisons of correlated samples. One-way or two-
way ANOVA followed by post hoc test were used for comparisons
of independent groups. The data are presented as the mean ±
SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

RESULTS
To determine the distribution of ErbB4 on 5-HT neurons in the
DRN, we crossed ErbB4::CreERT2 mice, which allows the fused Cre-
ER protein to translocate into the nucleus following tamoxifen
treatment, with Rosa::LSL-tdTomato mice, which harbor a loxp-
flanked tdTomato red fluorescent protein, to generate ErbB4::

CreERT2;Rosa::LSL-tdTomato mice, in which ErbB4-expressing
neurons are labeled with tdTomato [22]. We then performed
immunostaining for the 5-HT neuronal marker TPH2. We
found that 40.47 ± 1.00% of DRN ErbB4-positive cells were
colocalized with TPH2, and 21.09 ± 0.48% of DRN 5-HT neurons
expressed ErbB4 (Fig. 1a, b), while 14.85 ± 1.18% of MRN (median
raphe nucleus) ErbB4-positive cells were colocalized with TPH2,
and 6.19 ± 0.63% of MRN 5-HT neurons were positive for ErbB4
(Fig. 1a, b), which are consistent with a previous study [22].
Notably, the ErbB4-positive cells of 5-HT neurons were mainly
distributed in the dorsal (about 53%) and ventral (about 44.9%)
parts of the DRN (Fig. 1b). To investigate the role of ErbB4 in 5-HT
neurons, we generated Sert-Cre;ErbB4loxp/loxp mice by crossing
Sert-Cre mice with ErbB4loxp/loxp mice. First, to examine the
specificity and efficiency of Cre expression in 5-HT neurons, we
crossed Sert-Cre mice with Ai14 reporter mice to generate Sert-
Cre;Ai14 mice. Immunostaining analysis showed that ~ 99.8%
Cre/tdTomato+ neurons were colocalized with TPH2 and 90.1%
TPH2+ neurons expressed Cre/tdTomato in the Sert-Cre;Ai14
mice (Fig. 1c, d). In the DRN of Sert-Cre;ErbB4loxp/loxp mice, there
was a remarkable reduction in ErbB4 expression (Fig. 1e, f; 1f,
t(4)= 11.53, p= 0.0003). To examine anxiety-related behaviors, we
performed the open-field test (OFT), the elevated plus-maze (EPM)
test and the fear conditioning (FC) test. In the OFT, Sert-Cre;
ErbB4loxp/loxp mice showed normal motor activity (Fig. 1h), but
spent less time in the center than controls (Fig. 1g, t(36)= 2.417,
p= 0.021). In the EPM test, the time spent in the open arms by
Sert-Cre;ErbB4loxp/loxp mice was dramatically decreased compared
with that spent by control mice (Fig. 1i, j; 1i, t(17)= 3.263,
p= 0.005). In the FC test, Sert-Cre;ErbB4loxp/loxp mice showed
normal fear learning but impaired extinction (Fig. 1k, F(1, 1)=
5.702, p= 0.025). These data indicate that the specific deletion of
ErbB4 in 5-HT neurons induces anxiety-like behaviors.
To test whether the knockdown of ErbB4 in 5-HT neurons in the

DRN is sufficient to induce anxiety-like behaviors and fear
extinction impairment, we injected an adeno-associated virus
(AAV2/9) expressing ErbB4-shRNA and mCherry in a Cre-
dependent manner into the DRN of Sert-Cre mice. ErbB4-shRNA-
mCherry was expressed specifically in DRN 5-HT neurons, with
99.56% of mCherry+ neurons being TPH2+ (Fig. 2a, b). By using
immunoblotting, we confirmed a high efficiency of ErbB4 knock-
down in the DRN of Sert-Cre mice after AAV2/9-DIO-ErbB4-shRNA
injection (Fig. 2c, d; 2d, t(10)= 2.586, p= 0.027). Behavioral tests
were performed 3 weeks after viral injection. We observed an
anxiogenic effect, as mice with viral-mediated region-specific
knockdown of ErbB4 in the DRN exhibited decreased time spent in
the center in the OFT (Fig. 2e, f; 2e, t(13)= 3.017, p= 0.001) and
time spent in the open arms in the EPM test (Fig. 2g, h; 2g, t(13)=
2.343, p= 0.036). In the FC test, DRN ErbB4 knockdown impaired
fear extinction but not fear learning (Fig. 2i, F(1, 1)= 16.356, p=
0.002). These results show that the specific knockdown of ErbB4 in
DRN 5-HT neurons is sufficient to induce anxiety-like behaviors,
which is similar to those observed in Sert-Cre;ErbB4loxp/loxp mice.
As the specific knockdown ErbB4 in DRN 5-HT neurons led to

anxiety-like behaviors and impaired fear extinction comparable to
what was observed in Sert-Cre;ErbB4loxp/loxp mice, we tested
whether ErbB4 expression in DRN 5-HT neurons is required for
anxiety-like/fear behaviors. To this end, we generated a lentiviral
ErbB4 expression vector with Flag tag (LV-ErbB4-Flag) [26]. The
infection of HEK293T cells, which do not express ErbB receptors
[27], with LV-ErbB4-Flag led to a dramatic increase in ErbB4
protein levels, assessed by western blotting (Fig. 3a). Then, LV-
ErbB4-Flag or LV-eGFP was injected into the DRN of Sert-Cre;
ErbB4loxp/loxp mice and ErbB4loxp/loxp mice (as a control). The
expression of the LV-eGFP virus in the DRN was confirmed, as
shown in Fig. 3b. Anxiety-like/fear behaviors were tested 3 weeks
after viral injection. We found that ErbB4 overexpression in the
DRN of Sert-Cre;ErbB4loxp/loxp mice increased the time spent in the
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center in the OFT (Fig. 3c, d; 3c, F(3, 29)= 3.320, p= 0.034) and the
time spent in and the number of entries into the open arms in the
EPM test (Fig. 3e, f; 3e, F(3, 29)= 2.928, p= 0.05). Furthermore, LV-
mediated ErbB4 overexpression rescued impaired fear extinction
(Fig. 3g, F(1, 3)= 4.071, p= 0.017). These results further support
that ErbB4 in DRN 5-HT neurons plays an important role in anxiety-
like behaviors.
To study the effects of ErbB4 deficiency on 5-HT neuronal

electrophysiology, Sert-Cre;ErbB4loxp/loxp mice were further
crossed with Ai14 mice to specifically label Cre-positive neurons
with the red fluorescent protein tdTomato. We recorded the
spontaneous activity of DRN 5-HT neurons in acute brain slices
from Sert-Cre;ErbB4loxp/loxp;Ai14 mice and found that the
spontaneous firing frequency of DRN 5-HT neurons was
dramatically increased (Fig. 4a, b; 4b, t(32)= 2.218, p= 0.034).
Consistently, the evoked firing frequency in response to

depolarizing current injection from 20 to 220 pA was also
significantly increased (Fig. 4c, F(1, 251)= 204.1, p < 0.0001),
and the minimal current needed to induce the first action
potential (rheobase current) was decreased (Fig. 4d, t(21)=
3.145, p= 0.005). While the input resistance and resting
membrane potential were unaltered (Fig. 4e, g), the action
potential threshold of DRN-5-HT neurons was decreased in the
absence of ErbB4 (Fig. 4f, t(21)= 2.251, p= 0.035). To study the
effects of ErbB4-shRNA on 5-HT neuronal electrophysiology,
mCherry+ neurons in the DRN of CON and shRNA mice were
recorded 3 weeks after viral injection (Fig. 4h–n). We recorded
the spontaneous activity of DRN 5-HT neurons in acute brain
slices and found that the spontaneous firing frequency of DRN 5-
HT neurons was increased in the shRNA mice (Fig. 4h, i, t(21)=
2.148, p= 0.043). Consistently, the evoked firing frequency in
response to depolarizing current injection from 20 to 220 pA was

Fig. 4 Increased excitability of DRN-5-HT neurons from Sert-Cre;ErbB4loxp/loxp and ErbB4 knockdown mice. a Representative spontaneous
firing traces of DRN 5-HT neurons from Sert-Cre;Ai14 and Sert-Cre;ErbB4loxp/loxp;Ai14 mice. b The quantification of the spontaneous firing rate
of DRN 5-HT neurons. Unpaired two-tailed Student’s t-test, t(32)= 2.218, p= 0.034, n= 17 cells from four mice from each group. c Left,
representative traces of action potentials evoked by injecting a depolarizing current of 100 pA. Right, the number of action potentials against
the injected currents. Two-way ANOVA, F(1, 251)= 204.1, p < 0.0001. d Rheobase currents. t(21)= 3.145, p= 0.005. e Input resistance. f Action
potential threshold. t(21)= 2.251, p= 0.035. g Resting membrane potential (RMP). Unpaired two-tailed Student’s t-test (d–g), n= 9 cells from
four mice (Sert-Cre;Ai14), n= 14 cells from four mice (Sert-Cre;ErbB4loxp/loxp;Ai14). h Representative spontaneous firing traces of DRN 5-HT
neurons from CON and shRNA mice. i The quantification of the spontaneous firing rate of DRN 5-HT neurons. Unpaired two-tailed Student’s t-
test, t(21)= 2.148, p= 0.043, n= 11 cells from four mice (CON), n= 12 cells from four mice (shRNA). j Left, representative traces of action
potentials evoked by injecting a depolarizing current of 100 pA. Right, the number of action potentials against the injected currents. Two-way
ANOVA, F(1, 231)= 89.26, p < 0.0001. k Rheobase currents. t(21)= 2.296, p= 0.032. l Input resistance. m Action potential threshold. t(21)=
3.352, p= 0.003. n RMP. Unpaired two-tailed Student’s t-test (k–n), n= 11 cells from four mice (CON), n= 12 cells from four mice (shRNA). The
data are presented as the mean ± SEM, *p < 0.05, **p < 0.01, ****p < 0.0001.
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also significantly increased (Fig. 4j, F(1, 231)= 89.26, p < 0.0001),
and the minimal current needed to induce the first action
potential was decreased (Fig. 4k, t(21)= 2.296, p= 0.032). While
the input resistance and resting membrane potential were
unchanged (Fig. 4l, n), the action potential threshold of DRN 5-HT
neurons was decreased in the absence of ErbB4 (Fig. 4m, t(21)=
3.352, p= 0.003). These data indicate that the knockdown of
ErbB4 leads to a significant increase in the excitability of 5-HT
neurons.
To test whether an increase in DRN 5-HT neuronal activity

underlies the anxiety-like behaviors of Sert-Cre;ErbB4loxp/loxp mice,
we applied DREADD (designer receptors exclusively activated by
designer drugs) technology to inhibit 5-HT neurons by using an
AAV2 vector expressing the engineered Gi-coupled hM4D
receptor [28, 29] (Fig. 5a). Whole-cell recordings of 5-HT neurons
from acutely isolated DRN brain slices confirmed that clozapine-N-
oxide (CNO, 5 µM), an agonist of the hM4D receptor, suppressed
the firing of hM4Di-expressing 5-HT neurons (Fig. 5b). Three weeks
after viral injection, we then intraperitoneally (i.p.) injected CNO (5
mg per kilogram of body weight) into Sert-Cre;ErbB4loxp/loxp mice
and found that CNO treatment produced anxiolytic effects, as the
time spent in the center in the OFT (Fig. 5c, d; 5c, F(3, 35)= 3.458,
p= 0.027) and in the open arms in the EPM test (Fig. 5e, f; 5e, F(3,
35)= 11.46, p < 0.0001; 5f, F(3, 35)= 17.56, p < 0.0001) was

normalized by CNO application. Furthermore, CNO treatment
rescued impaired fear extinction (Fig. 5g, F(1, 3)= 5.959, p=
0.002).

DISCUSSION
In the present study, we demonstrated a crucial role for ErbB4 in
5-HT neurons in the regulation of anxiety-related behaviors for the
first time. Our major findings are as follows. First, Sert-Cre;
ErbB4loxp/loxp mice show increased anxiety-like behaviors and
impaired fear extinction. Second, the specific knockdown of ErbB4
in 5-HT neurons in the DRN induces similar behavior deficits. Third,
ErbB4 overexpression in the DRN can normalize the behavioral
deficits of Sert-Cre;ErbB4loxp/loxp mice. Furthermore, ErbB4 defi-
ciency in 5-HT neurons causes an increase in the excitability of 5-
HT neurons, and the chemogenetic inhibition of 5-HT neurons in
Sert-Cre;ErbB4loxp/loxp mice normalizes anxiety-like behaviors.
While ErbB4 has been associated with anxiety, the phenotypes

induced by the specific knockdown of ErbB4 in different neuronal
types are inconsistent. For example, ErbB4 knock-out mice exhibit
reduced anxiety-like behaviors in the EPM test and deficits in cued
fear conditioning [20]. ErbB4 deficiency in somatostatin neurons in
the CeA induces heightened anxiety [30], and ErbB4 deletion in
noradrenergic neurons (NE) in the locus coeruleus (LC) reduces

Fig. 5 Chemogenetic inhibition of 5-HT neurons in the DRN of Sert-Cre;ErbB4loxp/loxp mice can rescue heightened anxiety-like behaviors
and impaired fear extinction. a A representative confocal image showing DIO-hM4Di-mCherry distribution (red) in the DRN. Slices were
stained with a TPH2 antibody (green). Scale bar, 100 µM. b The firing of 5-HT neurons induced by current injection was inhibited by CNO.
c, d The time spent in the center (c) and the total distance traveled (d) in the OFT. The time spent in the center, Sert-Cre+ hM4Di+ saline vs.
Sert-Cre;ErbB4loxp/loxp+ hM4Di+ saline, p= 0.036; Sert-Cre;ErbB4loxp/loxp+ hM4Di+ saline vs. Sert-Cre;ErbB4loxp/loxp+ hM4Di+ CNO, p=
0.028; Sert-Cre;ErbB4loxp/loxp+ hM4Di+ CNO vs. Sert-Cre;ErbB4loxp/loxp+mCherry+ CNO, p= 0.036. e, f The time spent in the open
arms (e) and the number of open arm entries (f) in the EPM test. The time spent in the open arms, Sert-Cre+ hM4Di+ saline vs. Sert-Cre;
ErbB4loxp/loxp+ hM4Di+ saline, p < 0.0001; Sert-Cre;ErbB4loxp/loxp+ hM4Di+ saline vs. Sert-Cre;ErbB4loxp/loxp+ hM4Di+ CNO, p= 0.007; Sert-
Cre;ErbB4loxp/loxp+ hM4Di+ CNO vs. Sert-Cre;ErbB4loxp/loxp+mCherry+ CNO, p= 0.002. The number of open arm entries, Sert-Cre+
hM4Di+ saline vs. Sert-Cre;ErbB4loxp/loxp+ hM4Di+ saline, p < 0.0001. g Fear conditioning test. CNO or saline was administered 30min before
fear extinction. One-way repeated measures, Mauchly’s test of sphericity, W= 0.673, p= 0.212; tests of between-subjects effects, group,
F(1, 3)= 5.959, p= 0.002. Day 2, one-way ANOVA, Sert-Cre+ hM4Di+ saline vs. Sert-Cre;ErbB4loxp/loxp+ hM4Di+ saline, p= 0.022; Sert-Cre;
ErbB4loxp/loxp+ hM4Di+ saline vs. Sert-Cre;ErbB4loxp/loxp+ hM4Di+ CNO, p= 0.033. The data are presented as the mean ± SEM. One-way
ANOVA (c–f), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n.s., not significant. The numbers of mice are shown in parentheses.
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anxiety [31]. Our previous works showed that ErbB4 knockdown in
the amygdala increases anxiety-like behaviors through GABAergic
neurotransmission [25], and ErbB4 ablation specifically in PV neurons
in the prelimbic cortex impairs fear expression [26]. In this study, we
further showed that ErbB4 knockdown in 5-HT neurons in the DRN
can elicit increased anxiety-like behaviors and impair fear extinction.
Taken together, these studies demonstrate that ErbB4 in different
neuronal subtypes may exert different functions on anxiety.
DRN is supposed to be composed of five subnuclei that differ

anatomically and functionally [32, 33]. Past studies have reported
that dorsalmedial, ventromeidal and caudal DRN are closely
related to anxiety-like behavior, while the lateral wings are more
strongly associated with panic and fear [34–38]. In this study, we
found that ErbB4-positive 5-HT neurons are primarily located
within the dorsal and ventral regions of the DRN. Future studies
are required to specifically interfere ErbB4 in different DRN
subnuclei to determine their roles on anxiety and fear.
The effects on extinction are modest in Sert-Cre/ErbB4loxp/loxp

mice in our study. We thought it might be caused by the
compensation during development [39], because the effect of
ErbB4-shRNA virus experiment was very strong. Another possibi-
lity is that deletion of ErbB4 may affect multiple 5-HT brain areas
with different role in modulation of extinction and thereby
generate modest change in extinction.
Previous studies have implicated a close relationship between

NRG1-ErbB4 signaling and neuronal excitability [31, 40]. For example,
NR2B (a NMDAR subunit) has been identified as a downstream target
of the NRG1-ErbB4 signaling in regulating neuronal excitability in the
human and mouse brain [31, 41–43]. NR2B overexpression alters
NMDAR activity, which might contribute to the increased sponta-
neous firing of locus coeruleus noradrenergic neurons in the absence
of ErbB4 [31]. A study found that NRG1 application dramatically
attenuates ErbB4-expressing interneuron excitability by decreasing
voltage-gated sodium channel activity [40]. We reveal that the
excitability of DRN 5-HT neurons was increased in the absence of
functional ErbB4 in these neurons in our study, and this might be
caused by abnormal functions of NR2B or voltage-gated sodium
channel. However, this assumption requires further investigation.
Optogenetic or chemogenetic activation of DRN 5-HT neurons could
induce anxiety-like behaviors [9, 11–13], which was in consistent with
the results of ErbB4 knockdown in DRN 5-HT neurons. In support of
this conclusion, we found that chemogenetic inhibition of 5-HT
neuronal activity in Sert-Cre;ErbB4loxp/loxp mice normalized anxiety-
like behaviors.
Serotonin is implicated in the pathophysiology of many psychiatric

disorders, such as depressive and anxiety disorders [6, 44, 45].
Although it has been reported that the serotonin system is closely
associated with anxiety since early in the twentieth century [10],
the role played by 5-HT neurons in the regulation of anxiety is
controversial. Pet-1, an ETS domain transcription factor, is important
for controlling 5-HT neuron phenotype, and Pet-1 knock-out mice
showed decreased anxiety behaviors [46, 47]; However, other studies
have shown the opposite effects [48] or no effects [8]. Such
differences may be caused by different experimental conditions. In
addition, mice with a deficit in TPH2 exhibit decreased anxiety [49],
while lacking the 5-HT transporter display increased anxiety behaviors
[50]. Furthermore, many 5-HT receptors, including 5-HT1AR, 5-HT1BRs,
5-HT2CR, 5-HT3R, and 5-HT4R, are related to anxiety [10, 51–54].
Here, we demonstrate a direct causal relationship between the

serotonin system and anxiety-like behaviors. With the advent of
new technologies, in particular optogenetic and chemogenetic
techniques that allow the selective targeting of DRN 5-HT neurons,
recent studies have made great progress in identifying the
function of 5-HT neuronal activity. The acute inhibition of 5-HT
neurons via CNO-triggered hM4Di restores behaviors in a
developmental model of anxiety but has no effect on naïve mice
[12]. Similarly, the direct optogenetic inhibition of 5-HT neurons
in normal mice does not affect anxiety-related behaviors in

mice [15]. Therefore, the acute inhibition of 5-HT neurons may induce
anxiolytic behavioral effects only in the context of heightened
anxiety. In accord with this notion, we found that the excitability of
5-HT neurons was increased in Sert-Cre;ErbB4loxp/loxp mice, and the
inhibition of 5-HT neurons normalized anxiety-like behaviors. Since
only a subset of 5-HT neurons express ErbB4, future studies to
identify the downstream brain areas targeted by ErbB4-expressing
5-HT neurons in the DRN are warranted.
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