












(Chen et al., 1999). Avoiding any leak of the virus during the
injection process is helpful to get a better result. The density of
retrogressive labeled neurons in the locus ceruleus and dorsal
nucleus of raphe at 40 and 56 h after inoculation suggested that
nonspecific spread was not evident in our results.
The identification of neural networks is fundamental to

understanding brain function. Here we showed that there is a clear
order of projection in the foundation of the functional process of LS.
These revealed neural circuit data that should guide further research
in the function of LS and underlying behavior mechanisms. Future
characterization of the neurotransmitters and other signaling
molecules, receptors and ion channels of the neurons involved in
these neural circuits would improve our understanding of the
functional mechanism of LS.

MATERIALS AND METHODS
Animals
The method used in this article is similar to our previous research (Tang
et al., 2016a; Xie et al., 2018). In brief, C57BL/6 male mice (6 weeks,
18–22 g) purchased fromVital River Co., Ltd. (Beijing, China) were housed
four per cage under pathogen-free conditions with a 12/12 h light/dark
cycle, temperature of 22±2°C, relative humidity 50–60%, with free access to
food and water. Animals were habituated to the facility environment for
1 week before the surgical procedure. All experiments were conducted
according to the EC Directive 86/609/EEC for animal experimentation, and

the experimental procedures were approved by the Animal Care and Use
Committee of Wuhan Institute of Physics and Mathematics and the
Kunming Institute of Botany, Chinese Academy of Sciences.

Virus injection
The herpes simplex virus 1 strain H129 (H01001 HSV-EGFP) and
pseudorabies virus strain Bartha (P01001 PRV-CMV-EGFP) were
supplied by BrainVTA Co. Ltd (Wuhan, China). 100 nl of cocktail
containing 60 nl HSV-EGFP (5×109 pfu/ml) and 40 nl 0.05%
recombinant cholera toxin subunit B conjugated Alexa Fluor™ 594 (CT-
B, Thermo Fisher Scientific, C22842) or cocktail containing PRV-CMV-
EGFP (2×1010 pfu/ml) and 40 nl 0.05% cholera toxin subunit B was
injected into the medial zone on rostral lateral septal nucleus with coordinate
AP/DV/ML: 0.6/0.3/3.3 mm using a pulled glass pipette on a speed of 30 nl/
min (Nanoliter 2000, WPI, USA). After the injection, the pipette was left in
place for 15 min and then was drawn out gently. Four mice at 40 h and four
mice at 56 h were euthanized. All operations with the virus were conducted
in a Level-2 Biosafety laboratory.

Histology and immunostaining
The histology and immunostaining were conducted as previously
described (Xie et al., 2018; Tang et al., 2016a). After pentobarbital
overdose, mice were intracardially perfused with 0.9% saline solution
followed by 4% paraformaldehyde in PBS. Mouse brains were removed
immediately and placed in 4% paraformaldehyde solution overnight for
post-fixation and then soaked in 30% sucrose solution for at least 48 h for

Fig. 5. Distribution of virus H129-labeled neurons in the midbrain and pontine. The labeled neurons in dorsal nucleus raphe (A,B) and pontine central
gray (C,D) show density change over time. Scale bar: 200 μm. The numbers in the left corner of the figure panels represent corresponding reference images
in the Allen Mouse Brain Atlas. PAG, periaqueductal gray; DR, dorsal nucleus raphe; CS, superior central nucleus raphe; TRN, tegmental reticular nucleus;
PRNr, pontine reticular nucleus; RM, nucleus raphe magnus; PCG, pontine central gray; DTN, dorsal tegmental nucleus; NI, nucleus incertus.
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cryoprotection. With a cryostat (Leica CM1950), the brains were
sequentially cut into 40-μm-thick coronal sections from the olfactory
bulb to the cerebellum (approximately +4.50 mm to −6.40 mm from the
bregma). The sections were cleaned with PBS and mounted on chrome-
gelatin subbed glass slides in sequence. To enhance the fluorescence
intensity of the HSV-EGFP labeled slice, the sections were blocked with
3% BSA in PBS-0.3% Triton X-100 for 1 h at 37°C and subsequently
incubated with anti-GFP antibody conjugation FITC (1:400, Abcam,

ab6662) for 2 h at 37°C. After washing, brain sections were coverslipped
with 70% DAPI-glycerol mounting medium.

Photograph and analysis
The images of whole-brain sections were acquired with a digital slide
scanner (Nikon Eclipse Ti) and adjusted by NIS-Elements. The locations
of the labeled neurons and outlines of the brain nuclei were manually
defined according to the Allen Mouse Brain Atlas (Lein et al., 2007),

Fig. 6. Projection of virus
PRV-labeled neurons in the
thalamus and midbrain. The
density of labeled neurons shown
in the intermediodorsal nucleus,
central medial nucleus, submedial
nucleus and rhomboid nucleus of
the thalamus. The ventral anterior-
lateral complex of the thalamus
received signals at 56 h after
inoculation (B), the central linear
nucleus raphe also had input at 56 h
after inoculation (D), but not at 40 h
after inoculation (A,C). Scale bar:
200 μm. The numbers in the left
corner of the figure panels represent
corresponding reference images in
the Allen Mouse Brain Atlas.
PVT, paraventricular nucleus of
the thalamus; IMD, intermediodorsal
nucleus of the thalamus; CM, central
medial nucleus of the thalamus;
RH, rhomboid nucleus; SMT,
submedial nucleus of the thalamus;
RE, nucleus of reuniens; ZI, zona
incerta; PAG, periaqueductal gray;
DR, dorsal nucleus raphe; CLi,
central linear nucleus raphe; dscp,
superior cerebellar peduncle
decussation; VAL, ventral
anterior-lateral complex of
the thalamus.

Fig. 7. The possible anterograde secondary projections and relation functions.
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and the subdivision of the lateral septal nucleus in rats (Risold and
Swanson, 1997a).
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