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Disfunction of dorsal raphe nucleus-hippocampus
serotonergic-HTR3 transmission results in anxiety phenotype
of Neuroplastin 65-deficient mice
Jie Cheng1,2, Ling Chen1,2, Ya-ni Zheng1,2, Juan Liu3, Lei Zhang1,2, Xiao-ming Zhang1,2, Liang Huang1,2 and Qiong-lan Yuan1,2✉

Anxiety disorders are the most common psychiatric condition, but the etiology of anxiety disorders remains largely unclear. Our
previous studies have shown that neuroplastin 65 deficiency (NP65−/−) mice exhibit abnormal social and mental behaviors and
decreased expression of tryptophan hydroxylase 2 (TPH2) protein. However, whether a causal relationship between TPH2 reduction
and anxiety disorders exists needs to be determined. In present study, we found that replenishment of TPH2 in dorsal raphe
nucleus (DRN) enhanced 5-HT level in the hippocampus and alleviated anxiety-like behaviors. In addition, injection of AAV-NP65 in
DRN significantly increased TPH2 expression in DRN and hippocampus, and reduced anxiety-like behaviors. Acute administration of
exogenous 5-HT or HTR3 agonist SR57227A in hippocampus mitigated anxiety-like behaviors in NP65−/− mice. Moreover,
replenishment of TPH2 in DRN partly repaired the impairment of long-term potentiation (LTP) maintenance in hippocampus of
NP65−/− mice. Finally, we found that loss of NP65 lowered transcription factors Lmx1b expression in postnatal stage and
replenishment of NP65 in DRN reversed the decrease in Lmx1b expression of NP65−/− mice. Together, our findings reveal that
NP65 deficiency induces anxiety phenotype by downregulating DRN-hippocampus serotonergic-HTR3 transmission. These studies
provide a novel and insightful view about NP65 function, suggesting an attractive potential target for treatment of anxiety
disorders.
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INTRODUCTION
Anxiety disorders are the most common psychiatric condition,
afflicting three in ten people worldwide. Individuals with anxiety
disorders are excessively fearful, anxious, or avoidant of perceived
threats in the environment in their daily lives, and the lifetime
prevalence rate exceeds 20% [1]. However, the etiology of anxiety
disorders remains largely unclear. Interestingly, our previous
studies have shown that neuroplastin 65 deficiency (NP65−/−)
mice exhibit anxiety-like behaviors [2, 3], and the underlying
mechanism needs to be explored.
Neuroplastin (Nptn), as a member of the cell adhesion

molecules, is a major glycoprotein component of the synaptic
membrane [4–6]. NP65 and NP55, two isoforms of Nptn, are only
distinguished by the presence of the extracellular Ig1 module in
NP65 but its absence in NP55 [4, 6, 7]. NP65 is mainly and
abundantly expressed in brain and involved in synaptic plasticity,
whereas NP55 is widely expressed in various tissues in rodents
[7, 8]. Recently, accumulating evidence has shown that Nptn is
implicated in neuropsychiatric disorders [2, 3, 9]. Bhattacharya and
colleagues reported that constitutive Nptn−/− mice (both NP65
and NP55 deleted) showed anxiolytic-like behaviors in two
paradigms: open-field test (OFT) and light-dark transition (LDT)
test, and depressive-like behaviors in the tail suspension test. In

contrast, the adult inducible Nptn−/− mice displayed normal
behaviors in OFT and LDT test [9], indicating that the deletion of
Nptn in adulthood did not affect anxiety-like behaviors in mice.
Interestingly, we found that constitutive NP65−/− mice clearly
displayed anxiogenic-like behaviors in several paradigms: OFT,
LDT, hole-board test and marble burying test, which was
reproduced by different individuals in our lab [2, 3]. In addition,
NP65−/− mice showed less depressive-like behaviors in tail
suspension test, but comparable depressive-like behaviors in
forced swim test and sucrose preference test, compared to control
littermates [2]. Furthermore, Nptn−/− (constitutive and inducible)
mice and NP65−/− mice displayed no difference in motor ability
[2, 3, 9]. Given that NP65 is brain-specific and anxiety phenotype
of Np65−/− mice is identified in different paradigms, it is necessary
to uncover the potential mechanisms for how the loss of NP65
leads to anxiety-like behaviors in mice.
The serotonergic or 5-hydroxytryptamine (5-HTergic) system is

implicated in a wide range of behaviors, including emotional
behaviors such as anxiety- and depression-like behaviors [10–14],
and the response to rewards [15, 16]. In brain, the 5-HTergic
neurons are specifically located in the raphe nuclei of brainstem
[17, 18] and project to nearly every area of the forebrain including
the cerebral cortex and hippocampus, constituting serotonergic
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synaptic transmission to affect neuropsychiatric behaviors [19–21].
5-HTergic neurons are distributed in nine distinct raphe nuclei in
the brainstem [18], of which the dorsal raphe nucleus (DRN)
contains about 35% of total 26,000 serotonin-producing neurons
in the mouse brain and constitutes approximately 70% seroto-
nergic input to the forebrain [17, 18, 22]. Tryptophan hydroxylase
2 (TPH2) is a rate limiting enzyme for 5-HT synthesis in brain, and
specifically expressed in raphe nuclei in brainstem [23]. It is well
known that altered 5-HT level in forebrain is involved in anxiety-
and depression-related behaviors [2, 24–28]. In addition, diversity
of 5-HT receptors (HTR) also determines the distinct emotional
behaviors in different condition [29, 30]. Among 14 types of 5-HT
receptors identified so far [30], HTR3 is the only ligand-gated
ionotropic receptor [31]. A wealth of evidence has shown that HTR
is required for normal emotional response. For example,
HTR1 subunit A mutant mice show elevated anxiety and
antidepressant-like behavior [32]; HTR3 subunit A (HTR3A) mutant
mice produce an anxiolytic phenotype [33]. HTR3A is required for
functional HTR3 and is expressed in a subpopulation of gamma
aminobutyric acid interneurons of hippocampus and cortex
in rodents [20, 31]. Coincidentally, we found significant decreases
in 5-HT level in hippocampus, the expression of TPH2 protein in
raphe nuclei, and the expression of forebrain HTR3A in NP65−/−

mice [2, 34]. Therefore, these previous results suggest that altered
serotoninergic system in brain could be related with anxiety-
disorders in NP65−/− mice.
In this study, we aimed to determine a direct causal relationship

between the disturbed serotoninergic system and anxiety-like
behaviors in NP65−/− mice. To this end, after injected with AAV-
TPH2-GFP or AAV-NP65-GFP in DRN, or given with exogenous
5-HT in hippocampus or HTR3 agonist, Np65−/− mice were
followed to perform a serials of anxiety-like behavior tests. Finally,
our study provides direct evidence that the reduced serotonergic-
HTR3 transmission from DRN to hippocampus contributes to the
anxiety phenotype of NP65−/− mice.

MATERIALS AND METHODS
Animals
Homozygous NP65−/− mice were generated as previously
described [3]. Wild-type C57BL/6 mice (WT mice) from the same
background strain were used as controls in all experiments. All
mice were housed under a 12 h light–dark cycle with the
temperature at 23–25 °C and food/water ad libitum. All procedures
were in accordance with an animal protocol approved by Tongji
University Animal Care Committee.

Preparation of viruses overexpressing NP65 or TPH2
The vector for overexpressing mouse NP65 is AAV-hSyn-NP65-
EGFP-3FLAG-SV40 Poly A (AAV-NP65), and the control is AAV-MCS-
EGFP-3FLAG-SV40 Poly A(AAV-CON). These viruses were con-
structed and packaged by Genechem Technology (Shanghai,
China) as follows: AAV9-NP65 (8.67 × 1012 V.G/ mL) (AAV-NP65),
AAV9-CON (8.71 × 1012 V.G/mL) (AAV-CON). The vector for over-
expressing mouse Tph2 is AAV9-hSyn-TPH2-P2A-GFP(AAV-TPH2),
and the control is AAV-hSyn-GFP (AAV-GFP). These viruses were
generated by WZ Biosciences Inc (Jinan, Shandong, China) as
follows: AAV9-TPH2 (8.89 × 1013 V.G/mL) (AAV-TPH2), AAV9-CON
(7.71 × 1013 V.G/mL) (AAV-CON).

Intracerebral injection of AAV-NP65, AAV-TPH2, 5-HT and HTR3
agonist SR57227A
WT and NP65−/− mice (8- to 9-week-old) were anaesthetized by
intraperitoneal injection of pentobarbital sodium (80 mg/kg,
Sigma-Aldrich, St. Louis, MO, USA) for administration of AAV-
NP65, AAV-TPH2 and 5-HT, or by 2% isoflurane for administration
of SR57227A, and then placed in a stereotaxic frame (Alcott
Biotect CO., LTD, Shanghai, China). Burr holes (0.5 mm in diameter)

were drilled targeting for DRN according to the coordinates (AP:
−4.7 mm; ML: 0 mm, DV: −3.0 mm) or for bilateral stratum
radiatum of the CA1 area of hippocampus (AP: −2.2 mm, ML:
±1.6 mm, DV, −1.9 mm). 1 μL of viral solution containing AAV-
NP65 (2.17 × 109V.G) or AAV-TPH2 (1.11 × 109 V.G) was injected
into the DRN at a speed of 0.2 μL /min using a 10 µL Hamilton
syringe. For controls, l μL of viral solution containing AAV-CON was
delivered, respectively.
For 5-HT or HTR3 agonist SR57227A injection in hippocampus,

5-HT (20 μg/1 μL, H9523; Sigma, CA, USA) or SR57227A (15 pg/1 μL,
HY-102064, MedChemExpress, New Jersey, USA) was injected
bilateral hippocampus at a speed of 0.2 μL /min into the mouse
brain. As a control, 1 μL of saline was injected. The dose of 5-HT
and SR57227A was determined based on the previous reports
[35–37] and our preliminary experiments. At the end of injection,
the needle was left in place for additional 5 min before it was
slowly withdrawn.
Four weeks after viral injection, mice treated with AAV-TPH2 or

AAV-NP65 in DRN were subjected to a serials of anxiety-like
behavioral tests as indicated in Figs. 2a or 3a, and then brain
samples were collected. After 60 min for 5-HT infusion or 20 min
for SR57227A injection in hippocampus as described previously
[35, 37, 38], the mice were tested in a serials of anxiety-like
behavioral paradigms as shown in Figs. 2e and 4d.

Anxiety-like behavioral tests
In this study, these mice treated with AAV-NP65, AAV-TPH2, 5-HT
or SR57227A as above mentioned were subjected to anxiety-like
behaviors. These typical paradigms for assessing anxiety-like
behaviors including OFT, elevated plus maze (EPM) test and LDT
test [39–41] were successively performed by a blinded
investigator.
For OFT, a cubic arena (50 cm × 50 cm × 50 cm), made of light-

gray plastics, was used. On day 1, each mouse (n= 7–8 mice/
group) was placed in a cubic arena for habituation for 5 min. On
day 2, each mouse was randomly placed in one of the four corners
of the arena and allowed to freely explore the whole arena for
5 min. The mouse traveling paths were recorded by video camera.
The velocity, the time spent in the center zone (25 cm × 25 cm in
the middle of the cubic arena) and number of entries into the
center zone were measured and analyzed with EthoVision
software (Noldus, Shanghai, China). After each test, the arena
was thoroughly cleaned with 70% ethanol to remove any odor.
The EPM apparatus was comprised of two open arms

(65 cm × 5 cm) and two closed arms (65 cm × 5 cm × 20 cm)
elevated 50 cm above the ground. The intersection of the arms
was defined as center area (10 cm ×10 cm). Mice were placed in
the center area facing one of the two open arms and allowed to
explore for 5 min. The traveled paths of mice were recorded by
video camera. The time spent in the open arms and number of
entries into the open arms were counted and analyzed with
EthoVision software (Noldus, Shanghai, China). After each test,
the arena was thoroughly cleaned with 70% ethanol.
The LDT apparatus was composed of a plastic cage (60 cm ×

40 cm × 50 cm) divided into small (one third) dark and large (two
thirds) light compartments connected by a door. Mice were
placed in the illuminated compartments and allowed to freely
move between the dark and light compartments for 5 min. All
trials were recorded digitally for subsequent offline analysis by a
blinded investigator. Entering the light compartment was
considered only if mice had two front paws and half of the body
into the compartment. The trajectory of mouse movement was
recorded by video camera. After each test, these compartments
were cleaned with 70% ethanol.

Enzyme-linked immunosorbent assay (ELISA)
The hippocampus, frontal cortex and DRN were dissected out from
WT+AAV-CON mice, NP65−/−+AAV-CON mice and NP65−/−+
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AAV-TPH2 mice. After mice were euthanized with pentobarbital
sodium, the whole brain tissues were rapidly taken out and placed
on the ice. Frontal cortex was firstly taken out. After overlying
temporal cortex was unveiled, the hippocampus was exposed and
collected for use. For DRN tissue, midbrain was separated and cut
coronally from the occipital pole of cerebral hemisphere and 1mm
posterior to here. DRN tissue, about 1mm × 2mm in size below the
central aqueduct of the midbrain, was cut and collected for use.
Brain tissues were weighed and lysed in ELISA tissue extract buffer
with an amount of 300 μL per 5mg tissue using Serotonin ELISA Kit
(Ab133053, Abcam, Cambridge, UK). Tissue lysis was then
centrifuged at 10,000 × g at 4 °C for 15min to obtain the
supernatant. Then, the supernatant was added to the 96-well plate,
followed by incubating with serotonin antibody for 2 h. Finally, the
stop solution was added and the absorbance of each well was
immediately measured at a wavelength of 405 nm. The 5-HT
concentration of each sample was calculated by drawing a standard
curve based on the concentration of serotonin standards and their
absorbance.

Western blotting
After mice were euthanized with pentobarbital sodium (200 mg/
kg), brain tissues were rapidly removed and frozen until further
analysis. Bilateral hippocampus and DRN tissues were isolated,
lysed and centrifuged at 10,000 × g at 4 °C for 10 min and the
supernatant was collected. After determining the protein
concentration, protein samples (20 μg) per lane were electro-
phoretically separated in 10% sodium dodecyl sulfate-
polyacrylamide gels and then transferred to polyvinylidene
fluoride membranes. These membranes were blocked with 5%
BSA in TBS containing 0.05% Tween-20 for 1 h at room
temperature (RT), and were incubated overnight at 4 °C with
primary antibodies including goat anti-NP65 (1:500, AF5360, R&D
Systems, Minnesota, USA), rabbit anti-TPH2 (1:1000, Ab184505,
Abcam, Cambridge, UK), rabbit anti-Lmx1b (1:200; GTX129831,
GeneTex, CA, USA) and mouse anti-HTR3A (sc390168, Santa Cruz
Biotechnology, TX, USA) and rabbit anti-GAPDH (AG019, Beyo-
time, Shanghai, China). Membranes were then washed and
incubated with anti-rabbit IgG-HRP, anti-goat IgG-HRP or anti-
mouse IgG-HRP (1:1000, Beyotime) for 2 h at RT. Immunoreactive
bands were visualized and images were analyzed quantitatively
using ImageJ software (NIH, Bethesda, USA). Protein levels were
normalized to those of GAPDH from two or three independent
experiments.

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from the DRN in WT and NP65−/− mice
using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA).
RNA concentration was measured using a spectrophotometer
(ND-1000, NanoDrop Technologies, Rockland, DE, USA). cDNA
synthesis was performed with 2 μg RNA and 2 μL Evo M-MLVRT
Master Mix (AG11706, Accurate Biotechnology, Hunan, China). The
cDNA synthesis condition was as follows: 37 °C for 15 min; 85 °C
for 5 s. Quantitative PCR was performed with 2 μL cDNA on the
7300 Real Time PCR system (Applied Biosystems, Foster City, CA,
USA) using an TB Green Premix Ex TaqTM II (RR820B, Takara,
Japan). The PCR condition was as follows: initial denaturation,
95 °C for 5 min; 40 cycles of denaturation (95 °C for 30 s), annealing
(56 °C for 30 s), and elongation (72 °C for 60 s). mRNA levels were
analyzed by the ΔΔCt method. Primers used in the study were
listed as follows: TPH2: forward primer (5’-GTGACCCTGAATCC
GCCTG-3’), reverse primer (5’-GGTGCCGTACATGAGGACT-3’);
Lmx1b: forward primer (5’-TTCCTGATGCGAGTCAACGAG-3’),
reverse primer (5’-TCCGATCCCGGAAGT AGCAG-3’); Pet1: forward
primer (5’-ACGCCTACCGCTTTGACTTC-3’), reverse primer (5’-AAGC
TGCCATCAAGTTGAGTT-3’); GAPDH: forward primer (5’-TG
ACCTCAACTACATGGTCTACA-3’), reverse primer (5’-CTTCCCATTC
TCGGCCT TG-3’).

Immunofluorescence Staining
After deeply anesthetized with pentobarbital sodium, mice were
transcardially perfused with 0.9% saline followed by 4% paraf-
ormaldehyde. Brains were then removed and fixed in the same
fixative for 24 h at 4 °C, and then placed sequentially in 20% and
30% sucrose (in 0.1 M PBS, pH 7.4) at 4 °C for dehydration until
brain sank to the bottom of the bottle. Consecutive coronal
sections of brain tissues containing dorsal hippocampus and
midbrain (25 μm thick) were prepared using a cryostat microtome
(model 1950, Leica, Wetzlar, Germany). For TPH2, Lmx1b and
HTR3A immunostaining, brain sections were permeabilized with
PBST (0.1 M PBS with 0.3% Triton-X 100) for 30 min and then
blocked with PBST containing 5% goat serum for 1 h at RT. Then,
sections were incubated overnight at 4 °C with the primary
antibodies: rabbit anti-TPH2 (1:200; Ab184505, Abcam), rabbit anti-
Lmx1b (1:200; GTX129831, GeneTex, CA, USA) and rabbit anti-
HTR3A (1:200; Ab13897, Abcam). Then sections were washed three
times in PBST and incubated with Cy3-conjugated goat anti-rabbit
secondary IgG (1:500; A0516, Beyotime) for 2 h at RT. Especially, for
HTR3A immunostaining, sections were incubated with biotiny-
lated horse anti-rabbit secondary IgG (1:500; BA1100, Vector
Laboratories, Newark, CA, USA) for 3 h at RT, followed by
incubation with Cy3-conjugated streptavidin (1:1000, 016-160-
084, Jackson ImmunoResearch Laboratories). Finally, after three
washes with PBST, sections were mounted with antifade mounting
medium containing 4’,6-diamidino-2-phenylindole (DAPI, 1:1000;
P0131, Beyotime, Shanghai, China) and imaged by a confocal
fluorescence microscope (Olympus FV1000, Tokyo, Japan). For
quantification of immunopositive areas or immunopositive cells,
seven for (DRN) and five to seven (for dorsal hippocampus) brain
sections covering the DRN or hippocampus were selected from an
individual mouse (n= 3 mice /group). Quantitation was per-
formed manually in a double-blinded manner.
For 5-HT/TPH2 and 5-HT/NP65 double immunostaining after

viral microinjection, the brain slices were firstly exposed to bright
light at room temperature for two days to quench the
fluorescence of green fluorescent protein and then followed to
the procedures similar to TPH2/NP65 immunostaining for brain
slices of wild type mice. Brain sections were treated with sodium
citrate buffer (pH= 6.0) at 95 °C for 5 min in a water bath. After
blocked with PBST containing 5% goat serum for 1 h at RT,
sections were simultaneously incubated overnight at 4 °C with
both primary antibodies: goat anti-NP65 (1:200; AF5360, R&D
Systems, Minnesota, USA) and rabbit anti-TPH2 (1:200; Ab184505,
Abcam); goat anti-5-HT (1:200; 20081, ImmunoStar) and rabbit
anti-TPH2 (1:200; Ab184505, Abcam); rabbit anti-5-HT (1:200;
S5545, Sigma) and goat anti-NP65 (1:200; AF5360, R&D Systems,
Minnesota, USA). After washing with PBST, sections were
incubated with biotinylated horse anti-goat secondary IgG
(1:500; BA9500, Vector Laboratories, Newark, CA, USA) for 3 h at
RT, followed by incubation with Cy3-conjugated streptavidin
(1:1000, 016-160-084, Jackson ImmunoResearch Laboratories) and
Alexa Fluor 488-conjugated goat anti-rabbit secondary IgG (1:500;
A0423, Beyotime). Finally, after washing thoroughly, sections were
mounted with antifade mounting medium containing DAPI and
imaged by a confocal microscope (Olympus FV1000, Tokyo,
Japan).

Electrophysiological recordings for LTP of hippocampal slice
Four weeks after injecting AAV-TPH2 or AAV-CON as above
described, mice were anesthetized with isoflurane and decapi-
tated. Brains were rapidly removed and placed in ice-cold
oxygenated artificial cerebral spinal fluid (aCSF) (95% O2 and 5%
CO2): NaCl, 124mM; NaHCO3, 25mM; KCl, 4.4 mM; KH2PO4, 1 mM;
CaCl2, 2 mM; MgSO4, 2 mM; Glucose, 10 mM at 28–30 °C for at least
1 h before recording. Coronal 300 μm-thick hippocampal slices
were cut in ice-cold aCSF using a vibrating microtome (Leica,
VT1000S; Germany). Slices were transferred to a recovery chamber
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with oxygenated (95% O2 and 5% CO2) aCSF for at least 1.5 h at RT
until recordings were performed.
For LTP, slices were transferred to a recording chamber and

submerged in aCSF for 5 min before recording. Slices were then
laid down in a chamber with 8 × 8 microelectrode array (Parker
Technology, Beijing, China) in the bottom planar (each 50 μm ×
50 μm in size, with an interpolar distance of 150 μm) and kept
submerged in aCSF. Signals were obtained using a Multi Clamp
700B amplifier (Axon 700B, MD, Sunnyvale, CA, USA) under visual
control with differential interference contrast illumination on an
upright microscope (BX51WI; Olympus).
Field excitatory postsynaptic potentials (fEPSP) in CA1 neurons

were recorded by stimulating CA3 neurons. LTP was induced by
applying three trains of high-frequency stimulation (HFS: 100 Hz,
1–3 duration). The LTP magnitude was quantified as the
percentage changes in the fEPSP (10%–90%) taken during the
60-min interval after LTP induction.

Statistical analysis
All statistical analyses were performed using SPSS statistics
software v18 (IBM, Armonk, NY, USA). Data are expressed as
means ± standard error of mean (SEM). Unpaired Student’s t tests
were used to evaluate the difference between two groups.
Multiple comparisons were performed using one-way analysis of
variance followed by the Fisher’s least significant difference test if
the data are in normal distribution. Otherwise, the Dunnett’s T3
test was used to determine the significance among multiple
comparisons. Differences were considered statistically significant
when the P-value was <0.05.

RESULTS
Administration of AAV-TPH2 in DRN or exogenous 5-HT in
hippocampus alleviates anxiety-like behaviors in NP65−/− mice
To reveal the relationship between TPH2 reduction and anxiety-like
behaviors in NP65−/− mice, we administrated AAV-TPH2 into DRN
(Fig. 1a) and synthesized neurotransmitter 5-HT into CA1 subarea of
hippocampus in NP65−/− mice to observe whether the anxiety-like
behaviors would be mitigated. Firstly, Western blotting analysis
showed that AAV-TPH2 administration significantly increased the
TPH2 expressions in the DRN of NP65−/− mice four weeks after
injection (F2,6= 5.218, P= 0.041, Fig. 1b, c). Consistently, 5-HT/TPH2
double immunostaining also showed that the number of the TPH2-
and 5-HT- immunopositive cells was significantly elevated in NP65−/−

mice injected with AAV-TPH2 comparing that in NP65−/− mice
injected with AAV-CON (NP65−/− control, TPH2-immunopositive
cells: F2,6= 65.314, P < 0.001; 5-HT-immunopositive cells:
F2,6= 42.774, P= 0.001; Fig. 1d–f). Moreover, the merger of 5-HT/
TPH2 immunostaining showed that TPH2 immunoreactivity was
overlapped with 5-HT immunoreactivity in DRN of the WT and
NP65−/− controls (Fig. 1d–g). Whereas a few of TPH2 immunor-
eactive neurons of DRN did not overlap with 5-HT immunoreactivity
in NP65−/− mice treated with AAV-TPH2, indicating that few of
TPH2-positive neurons may not produce 5-HT. In addition,
quantitative analysis showed that the ratio of TPH2/5-HT immunor-
eactive neurons to TPH2 immunoreactive neurons was about 90%
in the DRN of the NP65−/− mice treated with AAV-TPH2 (Fig. 1d–g).
These results indicate majority of TPH2 positive neurons produce
5-HT in NP65−/− mice treated with AAV-TPH2. Notably, the TPH2-
immunoreactive bands and TPH2-immunospositive cells in the DRN
of NP65−/−mice injected with AAV-TPH2 nearly reached their levels
in WT mice injected with AAV-CON (WT control, bands: F2,6= 5.218,
P= 0.722; cells: F2,6= 6.895, P= 0.913, Fig. 1b–e). Moreover, TPH2-
immunopositive axonal terminals in hippocampus were signifi-
cantly increased in NP65−/− mice injected with AAV-TPH2 relative
to that in the NP65−/− control (F2,6= 9.103, P= 0.021) and were
comparable to that in WT control (F2,6= 5.523, P= 0.706, Fig. 1h, i).
These results indicate that AAV-TPH2 administration in DRN

significantly enhances the TPH2 expressions in DRN and
hippocampus of NP65−/− mice, suggesting that AAV-TPH2
injection may enhance the serotonergic projections of the DRN
to the hippocampus. Furthermore, the level of 5-HT in
hippocampus, DRN and frontal cortex were assessed using
ELISA analyses. As shown in Fig. 1j, k, 5-HT concentrations were
comparable in the frontal cortex between NP65−/− and WT
control (F2,9 = 0.784, P= 0.335), but significantly decreased in
the hippocampus in NP65−/− mice (F2,9= 10.362, P= 0.011),
which is consistent with our previous report [2]. As expected,
5-HT concentrations in the hippocampus and DRN were
significantly increased in NP65−/− mice injected with AAV-
TPH2 compared with those in the NP65−/− control (hippo-
campus: F2,9= 10.362, P= 0.011; DRN: F2,9 = 11.739, P= 0.002),
and nearly reached their levels in the WT control (hippocam-
pus: F2,9 = 10.362, P= 0.053; DRN: F2,9= 11.739, P= 0.843,
Fig. 1k, l). Meanwhile the 5-HT level was unaltered in frontal
cortex (F2,9 = 0.784, P= 0.284, Fig. 1j) in NP65−/− mice
between the injection with AAV-TPH2 or control virus. We also
observed that NP65−/− control and WT control exhibited
similar 5-HT levels in frontal cortex (F2,9 = 0.784, P= 0.335,
Fig. 1j), consistent with our previous report [2]. Taken together,
these results demonstrate that the administration of AAV-TPH2
in the DRN in NP65−/− mice reverses the decrease in TPH2
expression in DRN and results in an increase in 5-HT level in the
DRN and hippocampus of NP65−/− mice.
Because the AAV-TPH2 replenished the expression of TPH2 and

the concentration of 5-HT of the DRN and hippocampus in NP65−/−

mice, we thus explored whether anxiety-like behaviors would be
changed by administration of AAV-TPH2 four weeks later (Fig. 2a). In
the OFT, AAV-TPH2 partly reversed the decrease in the time spent in
the central zone (F2, 21= 16.839, P= 0.006), and the number of
entering the central zone (F2, 21= 49.708, P= 0.039) in NP65−/−

mice, whereas the speed of movement was unaffected among
these groups (Fig. 2b). Similarly, in the EPM test, the AAV-TPH2
treatment partly prevented the decrease in the time spent in the
open arms (F2, 21= 15.323, P= 0.008) and the number of entering
the open arms (F2, 21= 18.568, P= 0.013) in NP65−/− mice (Fig. 2c).
In the LDT test, AAV-TPH2 significantly increased the number of
entries into the light box (F2, 21= 8.136, P= 0.011) and the duration
in the light box (F2, 21= 29.362, P= 0.016) in NP65−/− mice relative
to NP65−/− control (Fig. 2D). In addition, NP65−/− control mice
showed anxiety phenotype compared with WT controls in OFT, and
EPM and LDT (Fig. 2b–d), as we previously reported [2, 3].
To further determine if reduced 5-HT level in hippocampus

would result in anxiety phenotype in NP65−/− mice, we performed
these behavioral tests in NP65−/− mice 60min after they were
given exogenously synthesized neurotransmitter 5-HT (20 μg) into
the hippocampus (Fig. 2e, f). In the OFT, exogenous 5-HT in
hippocampus significantly increased the time spent in the central
area (F2, 21= 40.82, P= 0.02) and the number of entries into the
central zone (F2, 21= 26.068, P= 0.02) in NP65−/− mice, although
they were still lower than those in the WT control (treated with
saline; time: F2, 21= 40.82, P < 0.001; entries: F2, 21= 26.068,
P < 0.001). Meanwhile, the movement ability was unaltered among
different groups (Fig. 2g). In the EPM test, exogenous 5-HT in some
extent reversed the decrease in time spent in the open arms
(F2, 21= 31.144, P= 0.021) and the number of entries into the
open arms (F2, 21= 35.727, P= 0.002) in NP65−/− mice (Fig. 2h).
Lastly, the LDT test showed that the administration of 5-HT in
hippocampus prevented the decrease in the number of entries
into the light box (F2, 21= 26.528, P= 0.005) and the time spent in
the light box (F2, 21= 29.362, P= 0.016) in NP65−/− mice (Fig. 2i).
Taken together, these results indicate that the anxiety-like

behaviors in NP65−/− mice are partially due to the reduced
serotonergic transmission of the DRN to the hippocampus.
Replenishing the TPH2 expression in DRN or injecting exogenous
5-HT in the hippocampus can partly alleviate anxiety-like behaviors
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in NP65−/− mice. Meanwhile, our results also suggest that other
potential mechanisms involved in the anxiety-like behaviors may
exist in NP65−/− mice besides the decrease in serotonergic synaptic
transmission of the DRN to the hippocampus.

Administration of AAV-NP65 in DRN increases TPH2 expression
and alleviates anxiety-like behaviors in NP65−/− mice
To figure out whether the reduction of TPH2 expression in DRN is
due to NP65 deficiency, we administered AAV-NP65 in DRN of

Fig. 1 Injection of AAV-TPH2 in DRN increases TPH2 and 5-HT level in NP65−/− mice. a Schematic of virus injection in DRN, as indicated by
GFP (green) under fluorescence microscopy 4 weeks after virus injection. 100× magnification, Scale bar= 200 μm. Representative
immunoreactive bands (b) and quantitative analysis (c) showing TPH2 levels in the DRN of NP65−/− and WT mice (n= three mice/group).
Representative micrographs of the TPH2/5-HT double immunostaining in DRN (d) and quantifications (e–g) show expression the levels of
TPH2 and 5-HT from WT and NP65−/− mice (d–f), and the merged images (d) of TPH2/5-HT double immunostaining and quantification (g)
(n= 3 mice/group). 100× magnification, Scale bar= 200 μm. Representative micrographs of the TPH2 positive axonal terminals of stratum
lacunosum molecular (SLM) and stratum radiatus (SR) in the hippocampus (HIP, h) and Quantification (i) in WT and NP65−/− mice. ELISA
analyses show 5-HT concentrations in the frontal cortex (CTX, j), hippocampus (k) and DRN (l) in WT and NP65−/− mice (n= 4 mice/group).
Data are presented as mean ± SEM. *P < 0.05; **P < 0.01, ***P < 0.001.
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Fig. 2 Administration of AAV-TPH2 in DRN or 5-HT in hippocampus partly alleviates anxiety-like behaviors in NP65−/− mice. a Scheme of
assessing anxiety-like behaviors 4 weeks after injection of the AAV-TPH2 or AAV-CON (as control) in DRN of NP65−/− mice (n= 8 mice/group).
b In OFT, the representative tracing patterns (upper panel, the area enclosed by green dotted line is the center zone) and quantification (lower
panel) showed the effect of AAV-TPH2 treatment on anxiety-behaviors of NP65−/− mice. c In EPM test, the representative tracing patterns
(upper panel, dotted line indicates open arms and solid line indicates closed arms) and quantitative analysis (lower panel) displayed the effect
of AAV-TPH2 treatment on anxiety-behaviors of NP65−/− mice. d LDT test showed the effect of AAV-TPH2 on anxiety-behaviors of NP65−/−

mice. e Scheme of assessing behaviors 60min after injection of synthesized 5-HT (20 μg/1 μL or saline (1 μL, as control) in the hippocampus of
NP65−/− mice (n= 8 mice/group). f schematic of 5-HT injection in hippocampus. g In the OFT, the representative tracing patterns (upper
panel) and quantification (lower panel) exhibited the effect of exogenous 5-HT on the movement speed and entries and time in the center
zone of NP65−/− mice. h In EPM test, the representative patterns (upper panel, dotted line indicative of open arms) and quantification (lower
panel) showed the effect of exogenous 5-HT on entries and time in the open arms of NP65−/− mice. i LDT test showed the effect of exogenous
5-HT on entries and time in the light box of NP65−/− mice. Data are presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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NP65−/− mice. Four weeks after viral injection, a serials of anxiety
behavioral tests were performed as above and the DRN tissue was
collected to measure TPH2 level (Fig. 3a, b). As shown in Fig. 3,
NP65−/− mice treated with AAV-CON (NP65−/− control) exhibited
anxiety-like behaviors measured by OFT, EPM and LDT tests
compared with WT mice treated with AAV-CON (Fig. 3c–e),
consistent with our previous reports [2, 3] and the above-
mentioned results. As expected, AAV-NP65 treatment in the DRN
partly reversed the decrease in the duration in the central
zone (F2, 18= 12.652, P= 0.039) and the number of entries into the
central zone (F2, 18= 35.419, P= 0.029) in NP65−/− mice in the
OFT (Fig. 3c). In the EPM test, AAV-NP65 apparently increased
the time spent in the open arms (F2, 18= 16.649, P= 0.011) and
the number of entries into the open arms (F2, 18= 31.885,
P= 0.006) in NP65−/− mice (Fig. 3d). Lastly, in the LDT test,
AAV-NP65 significantly enhanced the time spent in the light box
(F2, 18= 31.772, P= 0.006), although the number of entries into
light box (F2, 18= 77.452, P= 0.181) was not obviously affected in
NP65−/− mice (Fig. 3e). Therefore, these results demonstrate that
the administration of AAV-NP65 into the DRN can mitigate
anxiety-like behaviors in NP65−/− mice.
Next, DRN tissues were collected to evaluate the expression of

NP65 and TPH2. First, NP65 expression was measured using
Western blotting. As expected, NP65 expression was detected in
WT control but absent in NP65−/− control (Fig. 3f). Notably, NP65
expression was significantly increased in NP65−/− mice treated
with AAV-NP65 (Fig. 3f), indicating that AAV-NP65 injection
replenishes NP65 expression in DRN of NP65−/− mice. Next,
TPH2 expression was also examined in DRN of these mice.
Consistent with our previous report [2] and the above results
(Fig. 1b, c), NP65−/− control showed a significant decrease in
TPH2 expression compared with that in WT control (F2, 6= 44.09,
P < 0.001, Fig. 3f, g). Interestingly, administration of AAV-NP65 in
DRN significantly enhanced the TPH2 level of DRN in NP65−/−

mice (F2, 6= 44.09, P= 0.002, Fig. 3f, g). In addition, immunos-
taining also revealed a significant decrease in the number of
TPH2-positive cells in DRN (F2, 6= 27.04, P= 0.008) and TPH2-
positive terminal area in hippocampus (F2, 6= 79.796, P= 0.005)
of NP65−/− control compared with those in WT control (Fig. 3h–j),
consistent with the results of the Fig. 1d. Notably, the injection of
AAV-NP65 in DRN significantly increased the amounts of both
TPH2-positive cells in the DRN (F2, 6= 27.04, P= 0.043) and
TPH2-positive axonal terminals in the hippocampus
(F2, 6= 79.796, P= 0.024) in NP65−/− mice (Fig. 3h–j). Therefore,
these results clearly demonstrate that the replenishment of NP65
in the DRN alleviates anxiety-like behaviors in NP65−/− mice,
probably through increasing the number of serotoninergic
neurons in DRN as well as the 5-HT projection of DRN to the
hippocampus.

Administration of HTR3 agonist SR57227A in hippocampus
mitigates anxiety-like behaviors in NP65−/− mice
5-HTergic neurons in DRN project to the hippocampus and form
synapses with neurons bearing 5-HT receptors to regulate the
activity of hippocampal cells [18, 22]. So far, HTR3 has been the
only ligand-gated ion channel receptor among all identified 5-HT
receptors [31], and is highly expressed in the subtypes of
interneurons in the hippocampus and cortex [30, 42–44]. HTR3A
is an indispensable subunit of HTR3 and is necessary for functional
HTR3 [31]. In our previous study, RNA-sequencing analysis of
differentially-expressed genes in hippocampus and qRT-PCR
showed a significant decrease in the level of HTR3A mRNA in
NP65−/− mice [34]. In addition, Western blots showed a decrease
in HTR3A protein levels in forebrain and brainstem of NP65−/−

mice [2]. Thus, it is hypothesized that the decreased expression of
HTR3A would impair HTR3 function in hippocampus and lower the
responses of hippocampus to 5-HT, resulting in the anxiety-like
behaviors of mice. To verify this, expression of HTR3A protein of

hippocampus and cortex was examined in NP65−/− mice. Western
blotting showed a significant reduction in HTR3A level in the
hippocampus of NP65−/− mice (t4= 0.001, Fig. 4a), which was also
confirmed by immunostaining analysis exhibiting a statistical
decrease in HTR3A-positive area (t4= 0.038, Fig. 4b, c). These
results confirm that HTR3A expression is significantly decreased in
the hippocampus of NP65−/− mice. Next, SR57227A, a commonly
used HTR3 receptor agonist, was microinjected in bilateral
hippocampus of NP65−/− mice, and these mice were subjected
to anxiety tests as above 30min after viral injection (Fig. 4d–g). As
controls, administration of SR57227A had no effects on anxiety-
like behaviors in WT mice (Fig. 4e–i). Interestingly, in the OFT,
SR57227A treatment significantly increased the time spent in the
center zone (F3,20= 36.611, P= 0.037) and the number of entries
into the center zone (F3,20= 24.271, P= 0.025) without affecting
the motor ability in NP65−/− mice compared with vehicle control
(F3,20= 0.709, P= 0.522, Fig. 4e, f). In the EPM test, SR57227A
administration significantly enhanced the number of entries into
the open arms (F3,20= 20.78, P= 0.003) and the duration in the
open arms (F3,20= 15.342, P= 0.01) in NP65−/− mice (Fig. 4g, h). In
the LDT test, administration of SR57227A increased the number of
entries into light box (F3,20= 6.868, P= 0.008) and the time spent
in the light box (F3,20= 56.072, P= 0.006) in NP65−/− mice (Fig. 4i).
These data suggest that the impairment of HTR3 receptor
probably contributes to the anxiety-like behaviors in NP65−/−

mice.

Replenishment of TPH2 in DRN reverses the impaired LTP
maintenance in the hippocampus of NP65−/− mice
To further test this view that the reduced 5-HT synaptic
transmission from the DRN to the hippocampus may underlie
the anxiety-like behaviors of NP65−/− mice, we set to examine the
LTP of hippocampal slices four weeks after the administration of
AAV-TPH2 in the DRN of NP65−/− mice. Consistent with our
previous results and other reports [2, 7], NP65−/− mice treated
with the AAV-CON (NP65−/− control) showed a comparable basal
synaptic transmission evaluated by fEPSP (Fig. 5a), compared with
that in WT control. The amplitudes of fEPSP after train stimulations
(100 Hz) in NP65−/− control were initially increased, but rapidly
decreased to the baseline level at 60 min after induction
compared with WT control (P < 0.0001, Fig. 5a). Notably, AAV-
TPH2 treatment significantly enhanced fEPSP amplitudes at
60min after induction in NP65−/− mice (Fig. 5a, P < 0.001; Fig. 5b,
P < 0.05; Fig. 5c, P < 0.001). Therefore, these results demonstrate
that replenishment of TPH2 in DRN partly repairs the impairment
of LTP maintenance in hippocampus of NP65-deficient mice,
suggesting that replenishment of TPH2 in DRN enhances
5-HTergic transmission from the DRN to the hippocampus. These
results combined with data in Fig. 1 indicate that the increased
5-HTergic transmission from DRN to the hippocampus underlies
the alleviated anxiety-like behaviors in NP65−/− mice after TPH2
replenishment in DRN.

NP65 deficiency downregulates TPH2 expression via transcription
factor Lmx1b in DRN of adult mice
Our studies have shown a significant reduction in TPH2 protein in
the DRN of NP65−/− mice. To differentiate that this reduction is a
result of embryonic developmental defects or a consequence of
NP65 deficiency in postnatal ages, expression of TPH2 at different
stages after birth in NP65−/− mice was explored by immunoblot
analysis. At postnatal day 0 (P0), both NP65−/− and WT mice
exhibited abundant and similar expression in TPH2 (t4= 0.506,
Fig. 6a, b). However, NP65−/− mice showed a significant reduction
in TPH2 levels at P14 (t4= 0.003, Fig. 6a, b). Additionally, qRT-PCR
analysis showed that TPH2 mRNA level was unaffected at P0
(t4= 0.864) but significantly reduced at P14 (t4= 0.024) and P28
(t4= 0.033) in the DRN of NP65−/− mice compared with that in WT
mice (Fig. 6c). Thus, these findings indicate that the decrease in
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Fig. 3 Administration of AAV-NP65 into the DRN partially alleviates anxiety-like behaviors and increases TPH2 level in DRN and
hippocampus in NP65−/− mice. a, b Scheme of assessing anxiety-like behaviors 4 weeks after injection of the AAV-NP65 or AAV-CON (as control)
in DRN of NP65−/− mice (n= 7 mice/group), as indicated (b) by EGFP (green) under fluorescence microscopy 4 weeks after virus injection. 100×
magnification, Scale bar= 200 μm. c In OFT, the representative tracing patterns (upper panel, the area enclosed by green dotted line is the
center zone) and quantification (lower panel) showed the effect of AAV-NP65 on the movement speed and entries and time in the center zone of
NP65−/− mice. d In EPM test, the representative tracing patterns (upper panel, dotted line indicates open arms and solid line indicates closed
arms) and quantitative analysis (lower panel) displayed the effect of AAV-NP65 on entries and time in the open arms of NP65−/− mice. e In LDT
test, the effect of AAV-NP65 on entries and time in the light box of NP65−/− mice. f Representative bands of Western blotting for NP65 and TPH2
in DRN (n= 3 mice/group). g Quantitative analysis of TPH2 bands in DRN of NP65−/− mice after AAV-NP65 treatment. h–j Representative TPH2
immunostaining images in DRN (upper panel) and stratum lacunosum molecular (SLM) and stratum radiatus (SR) of hippocampus (HIP, lower
panel), and quantification of TPH2(+) cells in DRN (i) and TPH2(+) axonal terminals in hippocampus (j) in NP65−/− mice (n= 3 mice/group), 100×
magnification, Scale bar= 200 μm. Data are presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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TPH2 gene expression is attributed to the NP65 deficiency in
postnatal mice.
To understand how NP65 modulates TPH2 gene expression,

the expression of transcription factors Pet1 and Lmx1b known
for regulating the expression of TPH2 [45–48] was examined in
NP65−/− mice at adulthood. As shown in Fig. 6d, qRT-PCR
analysis showed that the expression of Lmx1b mRNA in DRN was
significantly reduced while the level of Pet1 mRNA was
unaffected in NP65−/− mice relative to those in WT controls.
Furthermore, the expression of Lmx1b was measured in NP65−/−

mice at different ages after birth by immunoblots and qRT-PCR
analysis. We found that Lmx1b protein (t4= 0.904, Fig. 6e, f) and
mRNA (t4= 0.599, Fig. 6g) levels were comparable at P0 but
significantly decreased at P14 (protein: t4= 0.011, Fig. 6e, f;
mRNA: t4= 0.041, Fig. 6g) and P28 (protein: t4= 0.001, Fig. 6e, f;
mRNA: t4= 0.036, Fig. 6g) in NP65−/− mice compared with those
in WT mice. Thus, these results suggest that the loss of NP65
downregulates TPH2 expression via affecting the expression of
Lmx1b in mice.

To further test this view, double immunostaining for TPH2/
NP65 and 5-HT/NP65 was performed in WT mice and our data
revealed that a portion of TPH2-positive neurons or 5-HT-
positive neurons were also NP65-immunoreactive (Fig. 6h, i).
This co-localization of NP65 with both TPH2 and 5-HT provides
morphological basis supporting that NP65 deficiency reduces
the expression of TPH2 in 5-HTergic neurons of DRN. In addition,
the level of Lmx1b protein was determined in NP65−/− mice
treated with AAV-NP65 in DRN as mentioned above in Fig. 3.
Western blot analysis showed that the level of Lmx1b protein of
DRN was significantly reduced in NP65−/− controls compared
with that in WT controls (F2, 6= 16.897, P= 0.001, Fig. 6j, k).
Interestingly, administration of AAV-NP65 in DRN significantly
reversed the decrease in Lmx1b protein level in NP65−/− mice
(F2, 6= 16.897, P= 0.018, Fig. 6j, k). Consistently, immunostaining
analysis also displayed that AAV-NP65 in DRN significantly
reversed the decrease in number of Lmx1b-positive cells in
NP65−/− mice (F2, 6= 31.3, P= 0.011, Fig. 6l, m). Combined with
the results in Fig. 3e–i, these in vivo data indicate that NP65

Fig. 4 NP65 deficiency decreases HTR3A level in the hippocampus and HTR3 agonist SR57227A mitigates the anxiety-like behaviors in
NP65−/− mice. a Representative immunoreactive bands (upper panel) of HTR3A in the hippocampus (HIP) of WT and NP65−/− mice and
quantitative analysis (lower panel) of HTR3A level in NP65−/− mice (n= 3 mice/group). Representative immunostaining images (b) of HTR3A-
positive cells (red) in hippocampus and quantification (c) of HTR3A-positive area in NP65−/− mice, nucleus stained with DAPI (blue). 100×
magnification, Scale bar= 200 μm. d Scheme of assessing anxiety-like behaviors 30min after injection of HTR3 agonist SR57227A in hippocampus
(n= 6 mice/group). In OFT, the representative tracing patterns (e) and quantification (f) showed that effect of SR57227A on the movement speed
and entries and time in the center zone of NP65−/− and WTmice. In EPM test, the representative tracing patterns (g) and quantitative analysis (h)
displayed the effect of SR57227A on entries and time in the open arms of NP65−/− and WTmice. i In LDT test, the effect of SR57227A on entries
and time in the light box of NP65−/− and WT mice. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

Neuroplastin 65 deficiency induces anxiety phenotype
J Cheng et al.

9

Acta Pharmacologica Sinica (2024) 0:1 – 13



deficiency downregulates TPH2 expression via lowering tran-
scription factor Lmx1b in DRN of mice.

DISCUSSION
Our previous studies have shown that NP65−/− mice display a
serials of abnormal behaviors, including enhanced spatial memory
and social interaction, increased anxiety and reduced depression
[2, 3]. Here, we provide evidence for the first time that the
decreased serotonergic transmission from DRN to hippocampus
leads to the anxiety phenotype of NP65−/− mice.

Relationship of central 5-HT level with anxiety-like behaviors
In spite of extensive investigation, the role of 5-HT is highly
controversial in the regulation of anxiety [24, 25, 27, 49–51]. To
determine the function of 5-HT in anxiety, a serials of different
mutant mice have been generated to completely or dramatically
abolish 5-HT in the forebrain, including TPH2−/−mice, Lmx1b−/−mice,
Pet1−/− mice, Pet1-Cre;Lmx1bflox/flox mice, Pet1-Cre;TPH2flox/flox mice,
and serotonin transporter (Sert)-Cre;vesicular monoamine transporter 2
(Vmat2)flox/flox mice. However, these mutant mice show different
behaviors, including normal, anxiolytic-like or anxiogenic-like behaviors
[24, 25, 27, 48, 49, 51]. For example, TPH2/TPH1−/− mice had no overt
change inmarble burying test [28]. 5-HT-deficient mice in the forebrain
(TPH2−/− mice, Pet1-Cre;Lmx1bflox/flox mice, Pet1-Cre;TPH2flox/flox mice,
and Sert-Cre;Vmat2flox/flox mice) displayed anxiolytic-like behaviors
[24, 25, 27, 49, 52], while both the conditional GATA cofactor ZFPM1−/−

mice and the conditional Pet1−/− mice had lower concentration of
5-HT in the forebrain and displayed anxiogenic-like behaviors [48, 51].
Given that selective serotonin reuptake inhibitors serve as the clinical

front-line treatment for depression and anxiety [53], the results from
conditional ZFPM1−/− and Pet1−/−mice suggest that partial loss rather
than complete loss of 5-HT in the brain leads to anxiety disorders. In the
present study, we provide a serials of evidence showing a causal link
between anxiety phenotype and reduced 5-HT levels of hippocampus
in NP65−/− mice. First, replenishment of TPH2 in DRN by injection of
AAV-TPH2 enhanced 5-HT level in the hippocampus and alleviated
anxiety-like behaviors. Second, injection of AAV-NP65 in DRN
significantly increased TPH2 expression in DRN and hippocampus,
and reduced anxiety-like behaviors. Third, acute administration of
exogenous 5-HT in hippocampus decreased anxiety-like behaviors. All
these results reveal that the decrease in 5-HT level of hippocampus
contributes to the anxiety-like phenotype of NP65−/− mice.

Reduced 5-HT/HTR3 transmission from DRN to hippocampus
Accumulating evidence shows that the DRN is heterogeneous in
cell morphology, projecting targets and distinct aspects of
behavioral regulation in mice [15, 16, 21, 51, 54–59]. For example,
gain- and loss-of-function experiments suggest that amygdala-
projecting DRN serotonergic neurons promote anxiety-like beha-
viors and conditioned fear behaviors [57], while frontal cortex-
projecting DRN serotonergic neurons promote active coping in
the face of challenge without affecting anxiety-like behaviors in
mice [21]. Another report showed that ventral tegmental nucleus-
or the bed nucleus of the stria terminalis-projecting DRN
serotonergic neurons in mice responded more to stimuli in
sucrose reward, the EPM test, foot shock and the first social
interaction with a novel mouse, respectively [58]. Notably, we
found that replenishment of NP65 or TPH2 in DRN reversed the
decrease in TPH2 expression in DRN as well as hippocampus of

Fig. 5 Injection of AAV-TPH2 in DRN reverses the impaired LTP maintenance in hippocampus of NP65−/− mice. a Average fEPSP elicited in
the hippocampus before and after theta-burst stimulation 4 weeks after injection of AAV-TPH2 in DRN of WT and NP65−/− mice. b The average
of fEPSP slope in WT and NP65−/− mice treated with AAV-TPH2 or AAV-CON and representative time course (upper inserts) of LTP of the fEPSP
taken 0min before and 60min after tetanus from slices of mice. c The average of fEPSP slopes at 60min after theta-burst stimulation among
these groups. Data are shown as mean ± SEM, n= 5 mice/group (3-4 slices per mouse). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 6 NP65 deficiency downregulates TPH2 expression via transcription factor Lmx1b in mice. Representative immunoreactive bands of
TPH2 bands (a) from DRN of WT and NP65−/− mice at postnatal day 0 (P0) and postnatal day 14 (P14), and quantitative analysis (b). c qRT-PCR
analysis showed the expressions of TPH2 mRNA at P0, P14 and P28 in the DRN of NP65−/− mice (n= 3 mice/group). d qRT-PCR analysis
showed the expressions of Lmx1b and Pet1 mRNA in the DRN of NP65−/− mice at adults (n= 5 mice/group). Representative immunoreactive
bands (e) of Lmx1b from DRN of WT and NP65−/− mice at P0, P14 and P28, quantitative analysis (f) (n= 3 mice/group). g qRT-PCR analysis
showed that the expressions of Lmx1b mRNA at P0, P14 and P28 in the DRN of NP65−/− and WT mice (n= 3 mice/group). Typical
immunostaining of TPH2/NP65 (h) and 5-HT/NP65 (i) in DRN of WT mice, arrow indicating double-staining. Right panel: magnification of the
white square area from the left panel. 600× magnification, Scale bar= 20 μm. Representative Lmx1b immunoblots (j) of Western blotting and
quantification (k) of Lmx1b level in DRN. Representative Lmx1b immunostaining (l) and quantification (m) of the amounts of Lmx1b-positive
cells in DRN of NP65−/− mice, nucleus stained with DAPI. 100× magnification, Scale bar= 200 μm. Data are shown as mean ± SEM. *P < 0.05,
**P < 0.01.
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NP65−/− mice and mitigated anxiety-like behaviors. In addition,
the replenishment of TPH2 in DRN significantly increased the
concentrations of 5-HT in DRN and hippocampus but not in frontal
cortex and partly repaired the impairment of LTP in hippocampus
of NP65−/− mice. Thus, these results reveal that reduced 5-HT
signaling from the DRN to hippocampus leads to the anxiogenic
phenotype of NP65−/− mice. Furthermore, distinct postsynaptic
subtypes of HTR determine the function and behaviors in 5-HT
signaling transmission throughout brain [29, 30, 60]. Our previous
studies reported the reduced expression of HTR3A in hippocam-
pus of NP65−/− mice [2, 34], and this present study confirmed that
acute application of HTR3 agonist SR57227A significantly normal-
ized the anxiety phenotype in NP65-deficient mice. Taken
together, our study demonstrates for the first time that NP65
deficiency leads to the reduced serotonergic-HTR3 transmission
from the DRN to hippocampus, which partially contributes to the
anxiety phenotype in mice.

The underlying mechanism for how NP65 regulates TPH2
expression
Next, we further verified that the reduced expression in TPH2 of
NP65 −/− mice was due to the loss of NP65 in postanal stage rather
than its deletion during embryonic development based on the data
that TPH2 level in NP65−/− mice was comparable at P0, but
significantly lowered at P14 and P28 compared with WT mice.
NP65/TPH2 co-colocalization in DRN of WT mice also suggests a
possibility that NP65 couldmediate TPH2 expression in serotonergic
neurons. Transcription factors Lmx1b and Pet1 are essential for
differentiation of serotonergic neurons [45, 47, 48, 61, 62] and
persistently expressed in serotonergic neurons at adulthood to
regulate serotonergic function [45, 61]. Given the significance of
Lmx1b and Pet1, we thus examined the level of Lmx1b and Pet1 in
NP65−/− mice and found a significant decrease in Lmx1b mRNA
level but similar level in Pet1 mRNA in NP65−/− mice. Our data
indicate that downregulation of Lmx1b mRNA due to loss of NP65
results in the decrease of TPH2 expression. Because Pet1 acts
downstream of Lmx1b in controlling maturation of serotonergic
neurons [47], our results are reasonable and consistent with above
mentioned reports in which Lmx1b−/− or Pet1-Cre;Lmx1bflox/flox

mutant mice displayed complete loss of TPH2 and 5-HT levels
[47, 63]. Our results were also supported by another report in which
conditional knockout of Lmx1b induced by tamoxifen in Pet1-
CreERT2;Lmx1bflox/flox mice led to reduction of 5-HT level, and the
decreased expression of TPH2, Sert and Vmat2 [26]. To further verify
our results, Lmx1b protein level was assessed in NP65−/− mice with
administration of AAV-NP65 in DRN. More importantly, AAV-NP65 in
DRN significantly increased the level of Lmx1b protein in NP65−/−

mice. Lastly, we found that Lmx1b expression was comparable at
P0, but significantly decreased at P14 and P28 in NP65−/− mice
compared with WT mice measured by Western blots and qRT-PCR.
Thus, these results indicate that loss of NP65 in postnatal rather than
in embryonic stages results in a decrease in Lmx1b expression,
which determines the temporal expression of TPH2.
In conclusion, we have revealed that NP65 deficiency leads to

the reduced serotonergic-HTR3 transmission from DRN to
hippocampus, which results in anxiety phenotype in mice. In
addition, NP65 deficiency downregulates TPH2 expression via
affecting the expression of Lmx1b in DRN of adult mice. Future
studies are needed to identify the exact mechanism for how NP65
regulates the expression of Lmx1b in mice. These findings provide
a novel and insightful view about the NP65 function and the
molecular mechanism about anxiogenic-like behaviors in mice.
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