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Stellate ganglion block diminishes consolidation of conditioned
fear memory in mice by inhibiting the locus coeruleus to the
basolateral amygdala neural circuit
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Posttraumatic stress disorder (PTSD) is a devastating, prevalent psychological disorder characterized by excessive fear memory
because of exposure to severe trauma. Stellate ganglion block (SGB) is traditionally used as a clinical treatment for pain but has
been regarded as an innovative therapy for PTSD in recent reports. However, the mechanisms underlying the effect of SGB on PTSD
remain unknown. Here, we established a fear conditioning model, which is considered a representative model of traumatic
memory, and evaluated the effect of SGB on conditioned fear memory. We found that SGB reduced conditioned fear memory in
mice in conjunction with the hypoactivity of locus coeruleus (LC) noradrenergic and basolateral amygdala (BLA) glutamatergic
neurons. The norepinephrine concentration in the BLA decreased after SGB. Moreover, conditioned fear memory was re-enforced
when the LC NE (LCNE)-BLA pathway was activated in SGB mice. Our study findings indicated that the hypoactivity of the LCVE-BLA
pathway was the potential mechanism underlying the effects of SGB, which diminished consolidation of fear memory to relieve

PTSD symptoms.

Translational Psychiatry (2025)15:172; https://doi.org/10.1038/s41398-025-03383-7

INTRODUCTION

Posttraumatic stress disorder (PTSD) is a psychiatric disorder that
is widespread in individuals who have traumatic events and is
characterized by excessive fear, anxiety and distress [1, 2].
Epidemiological study findings have suggested that the incidence
of PTSD has increased in recent years [3]. A clinical study on PTSD
showed that stellate ganglion block (SGB) treatments effectively
ameliorated PTSD-related symptoms [4]. However, the neurobio-
logical mechanisms of SGB in PTSD are still unknown. The stellate
ganglion is a sympathetic ganglion located adjacent to the
transverse process of seventh cervical that transmits sympathetic
nerves to the heart, upper limbs and head [5, 6]. Previous studies
have shown that there are anatomical connections from specific
nuclei, such as the paraventricular nucleus of the hypothalamus
and locus coeruleus (LC), in the central nervous system (CNS) to
the stellate ganglion [7-9]. These anatomical connections allow
SGB to regulate the function of the upstream nucleus to alleviate
the stress response.

The stellate ganglion receives neural projections from the LC,
which is located in the upper dorsolateral pontine tegmentum
[10]. The LC is the largest group of noradrenergic (NE) cells in the
whole brain, with diffuse NE output projections throughout the
brain, and plays an essential role in a range of diverse

physiological and pathological activities, particularly in arousal
and stress [11-14]. AmonEg the wide range of downstream regions
that receive LC NE (LCF) projections, the basolateral amygdala
(BLA) is critically involved in stress-induced emotional responses
[15, 16]. The BLA is the prime subregion of the amygdala that
integrates and processes emotional sensory information from
cortical and subcortical regions, thus fulfilling its indispensable
role in the fear memory consolidation process [16-19].

PTSD is characterized by the persistence of intense reactions to
reminders of a traumatic event, altered mood, a sense of
imminent threat, disturbed sleep, and hypervigilance [2]. Disorders
involving excessive trauma-related fear and learning processes
constitute one of the cores of PTSD pathology. In PTSD, fear
memories continue to recur and tend to be vividly recalled as
flashbacks when affected individuals exposed to trauma-like
events, eventually leading to a fear cascade. The processing and
regulation of fear is one of the key components of PTSD in both
humans and rodents [2]. To mimic the core symptoms of PTSD in
mice, it is not surprising that fear conditioning, in which rodents
develop abnormally strong conditioned fear memories and react
appropriately to threats, is widely adopted.

Therefore, we aimed to investigate whether SGB had effects on
conditioned fear memory and, if so, what the potential underlying
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mechanisms are. Here, we hypothesized that the LCNE-BLA
pathway, a neural circuit critical for fear memory, is involved in
the modulatory effect of SGB on conditioned fear memo’(P/. We
explored the roles of LCE neurons, as well as the LCNE-BLA
pathway, in SGB in conditioned fear memory, providing a neural
circuit basis for the clinical treatment of PTSD with SGB.

MATERIALS AND METHODS

Animals

Male C57BL/6J mice (8 weeks old) were obtained from Xuzhou Medical
University (Xuzhou, Jiangsu Province, China) (SYXK 2016-0028). The mice
were housed in groups and given ad libitum access to food pellets and
water at constant humidity (55 £ 5%) and temperature (20 + 2 °C) under a
12-h/12-h light/dark cycle (lights on 7 AM). All experimental procedures
involving animals were approved by the Animal Care and Use Committee
of Xuzhou Medical University.

Stellate ganglion block

All surgeries were performed under 2% sevoflurane anaesthesia. Mice were
placed prone on an operating table with an insulation pad (37 °C). First, we
palpated the left spinous process of the seventh cervical vertebra as an
anatomical sign and moved a 1-mL syringe needle (Wuzhou Medical
Equipment, Inc., Anhui, China) forwards along the left spinous process until
the needle tip was beyond the vertebral body. The needle was then
withdrawn 1 mm. Before injecting ropivacaine, we ensured that no blood
or cerebrospinal fluid was present when the needle was retracted. Next, we
injected 0.08 mL of 0.25% ropivacaine (Shunfen Pharmaceutical, Inc.,
Guangdong, China) into SGB group mice and 0.08 mL of normal saline (NS)
(Shijiazhuang Fourth Pharmaceutical, Inc., Shijiazhuang, China) into NS
group mice and stopped the administration of sevoflurane.

When the mice awakened from anaesthesia, we observed whether
Horner syndrome (ptosis, miosis, and enophthalmos) appeared within 300 s
on the block side [20]. The appearance of Horner syndrome was considered
a sign of successful establishment of the SGB model; otherwise, SGB model
establishment was considered unsuccessful, and we excluded these mice.

Fear conditioning

The fear conditioning experiment was conducted with a near-infrared
video system (Med Associates Video Freeze Software, Med Associates, Inc.,
USA) consisting of two soundproof boxes, A and B, with different internal
colours, that can block communication between mice inside and outside
the boxes.

On Day 1, following a 90-s adaptation time, the mice were trained in box
A, where they received three pairings of a tone (30s, 2.2 kHz, 96 dB)
(conditioned stimulus, CS) combined with a footshock (2, 0.7 mA)
(unconditioned stimulus, US). Each CS/US pairing was separated by a 30-
s intertrial interval. There was a 30-s free period after the final US, after
which the mice were returned to their cages. After each training session,
75% ethanol was used to clean the box and eliminate odours.

On Day 2, following a 90-s adaptation time, the mice were tested in box
B, where they received three tones without footshock. Each CS was
separated by a 30-s intertone interval. The Med Associates Video Freeze
System could recognize the freezing of the mice and record the freezing
time automatically. There was a 30-s free period after the final CS, after
which the mice were returned to their cages. After each test session, 75%
ethanol was used to clean the box and eliminate odours.

Retrograde tracing of pseudorabies virus

We injected 1 L of pseudorabies virus (PRV)-CAG-EGFP virus (BrainVTA,
Inc, Wuhan, China) into the stellate ganglion under direct microscopic
scrutiny. Five days later, the mice were anaesthetized with 10% chloral
hydrate (0.1 ml/10 g, i.p.) (Puhuifen Chemical Technology, Inc., Shandong,
China) and perfused transcardially with 20 mL of 0.9% saline followed by
30mL of 4% paraformaldehyde (Vicmed Biotechnology, Inc., Xuzhou,
China) in 0.1 M phosphate buffer (pH 7.4) (Vicmed Biotechnology, Inc.). The
brain tissues were removed and postfixed in 4% paraformaldehyde
overnight and cryoprotected in 30% sucrose. Thirty-micron-thick frozen
sections from the brains of the mice were cut with a freezing microtome
(Leica Biosystems, Wetzlar, German) and serially collected throughout the
brain. Then, we observed EGFP expression in the whole brain under a
confocal microscope (FV1000, Olympus Corp., Tokyo, Japan).
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Stereotaxic surgery

All surgeries were performed under 2% sevoflurane anaesthesia. The mice
were fixed in a stereotaxic frame equipped with a mouse adaptor (RWD
Biotech Co., Shenzhen, China), and body temperature was maintained at
37 °C using a heating pad. After the skin was shaved and cut, the skull was
wiped with H,0, to identify the bregma and the lambda for head position
adjustment. A cranial drill (RWD Biotech Co.) was used to open cranial
windows for the implantation of guide cannulas, optical fibres or virus
injection. For virus injection, the adeno-associated viruses (AAVs)
(100-200 nL) were injected into the target areas (LC, AP: —5.45 mm, ML:
+1.00mm, DV: —3.55mm; BLA, AP: —1.24mm, ML: +3.24mm, DV:
—4.95mm) via a Hamilton syringe with a blunted needle (Hamilton
Company, Reno, NV, USA). The needle was allowed to remain in place for
another 10 min after injection, ensuring the virus was well absorbed before
retraction. Next, the scalp was sutured, and the animals were placed on a
plate at 37 °C for recovery. The specific experimental strategies are detailed
in the Supplementary Materials.

Immunofluorescence staining

The mice were anaesthetized with 10% chloral hydrate (0.1 mL/10g, i.p.)
and perfused transcardially with 20 mL of 0.9% saline followed by 30 mL of
4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brain tissues
were removed and postfixed in 4% paraformaldehyde overnight and
cryoprotected in 30% sucrose. Thirty-micron-thick frozen sections from the
mouse brains were cut using a freezing microtome and serially collected
throughout the targeted region. Free-floating tissue sections were rinsed
three times with PBS-T. The tissue sections were incubated with 10%
normal donkey serum in PBS-T for 2 h, followed by incubation with the
primary antibody at 4°C for 24 h. After three 5-min rinses in PBS, the
sections were incubated with secondary antibody in the dark for 2 h at
37°C. The fluorescence intensity was visualized under a confocal
microscope. Three to four sections per slide brain slice were collected
bilaterally for each animal. The specific experimental strategies are detailed
in the Supplementary Materials.

In vivo fibre-optic calcium imaging and neurotransmitter
fluorescent probes for norepinephrine

A fibre photometry instrument (Inper Technologies, Hangzhou, China) was
used to monitor and record GCaMP6s signals in LCNE neurons. One week
before the experiment was carried out, the mice were allowed to move
freely on the experimenter's hand to adapt to the experimental
environment and stimulus. Three weeks after virus injection, we monitored
the fluorescent signals, which were equal to the signals of GCaMPés in the
LC, after the input section of the instrument was connected to the optical
fibre. To assess the response of GCaMPé6s in the LC to the CS, we defined
the signal 3's prior to stimulation as the baseline signal value (F0). We
calculated the means of FO and AF [(F-F0)/FO] for each point in the
GCaMPé6s trace, thus transforming the GCaMP6s signals into a AF trace
diagram and heatmap. To measure the norepinephrine concentration, we
used the NE2m probe, the second-generation GPCR-activation-based
norepinephrine sensors with a superior response and high sensitivity and
selectivity to norepinephrine in vivo. The experimental methods used for
the norepinephrine probe were similar to those used for in vivo fibre-optic
calcium imaging.

In vitro electrophysiology

Three weeks before fear conditioning training, the mice were injected with
AAVs whose gene expression was under the control of the tetracycline
responsive element (TRE) and Cre-dependent AAV (double loxP sites
inverse of the AAV) to express TREs in BLA glutamatergic cells. When
doxycycline (DOX) was present, the Tet-off system would be silent;
otherwise, the Tet-off system would be activated. The mice were provided
with water containing DOX (50 mg/kg) from the day of virus injection to
two days before the training day. Then, the water containing DOX was
removed to label the fear engram cells in fear conditioning. We identified
fear engram (c-Fos-positive glutamatergic cells in fear conditioning) cells in
the BLA via the Tet-off system.

The brain tissue was collected at 30 min after fear conditioning testing
and placed in a cold high-sucrose solution for 5min. The brain tissue
containing the BLA region was cut into 300 um slices with a vibratome. The
slices were incubated in a high-sucrose slice mixture with 95% O, + 5%
CO, and incubated in a 32 °C water bath for 30 min. Afterwards, the slices
were transferred to artificial cerebrospinal fluid (ACSF).

Translational Psychiatry (2025)15:172
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Stellate ganglion block reduced conditioned fear memory. A Schematic of the behavioural experimental timeline. B The fear

conditioning paradigm. € Schematic of stellate ganglion block (SGB) surgery and representative image of symptoms of SGB, indicating that
the SGB model was established successfully. D SGB performed 30 min after fear conditioning training reduced conditioned fear memory
[n=8-10, F (3, 30) = 9.302, P = 0.0002; NS vs. SGB, n = 8-10, P = 0.0074], whereas anaesthesia alone or combined with normal saline (NS) did
not affect conditioned fear memory [n =8, F (2, 21) = 0.5132, P = 0.6064]. The data are presented as the mean + standard error of the mean

(SEM). **p < 0.01.

We identified fear engram cells under a fluorescence microscope and
recorded the spontaneous firing of these cells. The spontaneous firing
frequency of neurons was recorded in |=0 mode using a drawn glass
microelectrode (7-12 M) near the BLA area (sealing resistance 80-120 M).
For signal filtering and acquisition, a Multiclamp 700B patch clamp
amplifier was used. Data were collected and analysed using a Digidata
1440 A digital-to-analogue converter and pClamp 10.2 software (Molecular
Devices, LLC., San Jose, USA).

Chemogenetic and optogenetic manipulation
For chemogenetic manipulations, one week before the experiment was
carried out, the mice were allowed to move freely on the experimenter’s
hand to adapt to the experimental environment and stimulus. Four weeks
after virus injection, the mice received an intraperitoneal injection of
clozapine N-oxide (CNO) (1 mg/kg, i.p.) (BrainVTA, Inc.) 30 min before the
fear conditioning test to activate the LCNE-BLA neural circuit. Then, we
recorded the freezing time of the mice within the stimulus time window.
For optogenetic manipulations, 4 weeks after virus injection and fibre
implantation, we used 473-nm laser generators (Inper Technologies) to
generate blue light (473 nm, 20 Hz, 10 mW) to activate the terminals of BLA
ChR2-transfected neurons. The blue light, delivered via the optical fibre
implanted in the BLA, was turned on to examine the freezing time of the
mice within the CS time window.

Drugs and drug delivery

Propranolol (10 mg/mL), CNO (1 mg/mL), kainic acid (KA) (2 mg/mL)
and norepinephrine (2mg/mL) were dissolved in sterile saline.
Lidocaine (3%) and KA were infused bilaterally into the LC via delivery
cannulas connected to the cannula drug delivery system in a 0.2 uL
volume per side at a rate of 0.1uL/10s 30min after training.
Propranolol and norepinephrine were infused bilaterally into the BLA
via delivery cannulas connected to the cannula drug delivery system in
a 0.5 pL volume per side at a rate of 0.1 pL/10 s 30 min after training. All
of the above drugs were obtained from MedChemExpress (MedChem-
Express Biotechnology, NJ, USA).

Statistical analysis

If the virus injection or optical fibre implantation was not accurate, the
animals or data points were excluded from the analysis. All the data were
analysed with GraphPad Prism version 9 (GraphPad Software, Inc,
California, USA). Group comparisons were performed via unpaired

Translational Psychiatry (2025)15:172

Student’s t tests or one-way analysis of variance (ANOVA) with the
Bonferroni multiple comparisons test. The statistical significance level was
set at 0.05.

RESULTS

SGB reduced conditioned fear memory

We observed that the mice showed shorter freezing time after
SGB, which indicated that SGB diminished conditioned fear
memory in the mice. First, we established an SGB model in
mice 30 min after fear conditioning training under inevitable
sevoflurane anaesthesia. To exclude the effects of anaesthesia
or volume injection on the behavioural performance of the
mice, we evaluated the intensity of fear memory in the
sevoflurane (Sevo) and normal saline (NS) groups. During the
testing period, the duration of freezing in the SGB group was
significantly shorter than that in the other three groups (Fig.
1D), and there were no significant differences in freezing time
among the control (Con), Sevo and NS groups (Fig. 1D),
indicating that anaesthesia alone or combined with NS did not
affect fear memory. Our findings were consistent with those of
previous studies.

To exclude the effect of SGB on locomotor activity in the mice,
we measured the locomotor activity of the mice via the open field
test (OFT) 24 h after training. There was no significant difference
between the groups in total distance travelled (Fig. S2), indicating
that SGB did not affect locomotor activity.

Additionally, to investigate the stage of memory affected by
SGB, we performed different surgical procedures. Received SGB
immediately or 30 min after training, the mice showed less
freezing time during the testing period (Fig. 1D). When SGB
was performed 6 or 24 h after training, the freezing time was
not significantly different between the NS and SGB groups
(Fig. S4). Mice that underwent SGB surgery 30 min after fear
conditioning training presented a significant reduction
in conditioned fear memory. Our data suggested that
SGB diminished the consolidation of conditioned fear
memory, which occurred within 2-6 h after fear conditioning
training.

SPRINGER NATURE
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Fig. 2 The stellate ganglion received projections from the locus coeruleus. A, B Schematic of the pseudorabies virus (PRV) retrograde
tracing experiment. C Representative images of PRV-expressing neurons in the locus coeruleus (LC); scale bar: 50 pm. D Representative
fluorescence images of noradrenergic neurons in the LC; scale bar: 50 um. E Representative images of PRV-expressing (green) and

noradrenergic neurons (red) in the LC; scale bar: 50 pm.

Stellate ganglion received projections from the LC

To further explore the mechanisms underlying the effects of SGB
on PTSD, we traced the connections from the CNS to the stellate
ganglion by injecting PRV into the stellate ganglion (Fig. 2A, B).
After 5 days, in the LC region as a whole, we observed significant
EGFP expression, indicating that the stellate ganglion received
projections from LC neurons (Fig. 2C). Immunofluorescence
staining was used to identify the type of LC-projecting-stellate
ganglion neurons (Fig. 2D). Immunofluorescence experiments
showed that LCNE neurons were costained with LC-projecting-
stellate ganglion neurons (Fig. 2E). We identified the neural circuit
from the brain to the peripheral ganglion, which is the pathway
from LCNE neurons to the stellate ganglion.

SGB inhibited the hyperactivity of LCE neurons

After identifying the neural circuit from the LC to the stellate
ganglion, we determined whether fear conditioning altered the
excitability of LCN® neurons (Fig. 3A). We used a tyrosine
hydroxylase (TH) antibody to identify NE neurons and assessed
c-Fos expression levels, which equated with the excitability of
LCNE neurons (Fig. 3C). The percentage of c-Fos-positive
neurons in the SGB group was lower than that in the NS
group (Fig. 3B), indicating that SGB led to the hypoactivity of
LC"E neurons.

We also monitored the real-time calcium concentration to
characterize the excitability of the LCN® neurons during the test
period via in vivo fibre-optic calcium imaging (Fig. 3D). Multiple
trials in different animals consistently revealed a significant
increase in response to the CS (Fig. 3E, F). The LCNE neurons of
SGB group mice showed lower excitability than those of NS group
mice (Fig. 3G). This finding was consistent with the immuno-
fluorescence results (Fig. 3B), and both findings led us to conclude
that fear conditioning increased the excitability of LC® neurons
and that SGB partially reversed this effect.

SGB inhibited the hyperactivity of BLA glutamatergic neurons
The BLA is the downstream region of the LC, which is essential for
fear, and our retrograde tracing results confirmed the presence of
the LC-BLA pathway (Fig. S5). Next, we assessed c-Fos expression
levels in BLA glutamatergic neurons to characterize their
excitability (Fig. 4A). We used the CaMKIl antibody to identify
glutamatergic neurons in the BLA. The percentage of costained
neurons in the SGB group was lower than that in the NS group

SPRINGER NATURE

(Fig. 4B), indicating that SGB led to the hypoactivity of BLA
glutamatergic neurons.

We also recorded the spontaneous firing frequency of BLA
glutamatergic engram cells during fear conditioning to assess
excitability at the single-cell level (Fig. 4D, E). The spontaneous
firing frequency of engram glutamatergic neurons in the SGB
group was significantly lower than that in the NS group (Fig. 4F).
Both the immunofluorescence and electrophysiology results
revealed the hypoactivity of BLA glutamatergic neurons after
SGB, indicating that BLA glutamatergic neurons are involved in
SGB.

SGB reduced the norepinephrine concentration in the BLA
The activation of LCN® neurons drives diffuse norepinephrine
release throughout branched axons. To better understand
norepinephrine dynamics in the BLA in the fear context, we
expressed NE2m to characterize the norepinephrine concen-
tration in the BLA [21] (Fig. 5A). During fear conditioning
testing, we observed a significant increase in NE2m fluores-
cence in both groups (Fig. 5B, C). However, SGB group mice
showed lower concentrations of norepinephrine in the BLA
than NS group mice (Fig. 5D). Our norepinephrine dynamics
data suggested that SGB reduced conditioned fear memory,
which was accompanied by a reduction in the norepinephrine
concentration in the BLA.

SGB diminished consolidation of fear memory by inhibiting
the LCVE-BLA pathway

Clarifying the variations in excitability in both the LC and BLA
regions, we attempted to manipulate the LCNE-BLA pathway
functionally to regulate conditioned fear memory in mice. First, we
used chemogenetic techniques to manipulate the LCNE-BLA
pathway (Fig. 6A). During the test period, the NS+mCherry group
presented longer freezing times than did the SGB+mCherry group
(Fig. 6B). When chemogenetically activated, the SGB group
showed significant increases in freezing time compared with the
NS group (Fig. 6B). There was no significant difference between
the NS+hM3D and NS+mCherry groups (Fig. 6B). Next, we
optogenetically activated NS and SGB mice in the time window
of the CS (Fig. 6C). During the CS, the freezing time of both ChR2
groups significantly increased (Fig. 6D). We observed increased
freezing time in the SGB group compared with the NS group, and
this increase was not significantly different from that in the NS

Translational Psychiatry (2025)15:172



Z. Wang et al.

A B & 2 E—
Y v
. - : 5 207
30 min within 30 min 5 T
g 154 + ‘
ifi w
FC Train SGB/Sham  FCTest acrificed for zZ, v s
1 I | immunostaining a 104 o,
I 1 1 > 5 .
Day 1 1 2 o O
o
'8
6 0 T T
C

(2]
®
w
D AAV-TH-Cre+
AAV-DIO-
= \.',/
,/' ‘f )
30 min within 30min
1
LC: FC Test + Sacrificed for determinating
virus injection FC Train  SGB/ShamGCaMP6s record virus site
L 1/ 1 1 L -
I 77 T T T >
Day -21 1 1 2
E q qp F G
15 . EGFP I ———— 15 BT
I v
I
110 I e . - ° g b :
E 5 : — NS g
: i — SGB <
o Y s H
I
32401 2 3 4 5 6 7 NS  sSGB
Test Phase(s) Test Phase(s)
+ChR2 group (Fig. 6D). Our chemogenetic and optogenetic results We also manipulated the LC and BLA functionally via
suggested that the activation of the LCNE-BLA neural circuit pharmacological methods to regulate conditioned fear memory
reversed the effect of SGB on conditioned fear memory and that in mice. We injected lidocaine into the LC 30 min after training to
SGB diminished consolidation of fear memory through the temporarily block local neurotransmission and observed a
inhibition of the LCE-BLA pathway. significant reduction in fear memory (Fig. 6G). Pharmacological
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Fig. 3 Stellate ganglion block inhibited the hyperactivity of locus coeruleus noradrenergic neurons. A Schematic of the
immunofluorescence experimental timeline. B The expression of c-Fos in locus coeruleus noradrenergic neurons (LCN®) neurons in the
normal saline (NS) and stellate ganglion block (SGB) groups revealed that SGB led to the hypoactivity of LCNE neurons (NS vs. SGB, n =6,
t=3.012, P=0.0131). C Representative images of c-Fos (red) in LCNE (green) neurons; scale bar: 50 mm. D Schematic of the fibre-optic calcium
imaging experimental timeline and representative images of GCaMP6s expression in the LC; scale bar: 100 um. E Representative average per-
stimulus line chart of fibre-optic calcium imaging in the test phase. F Representative average per-stimulus heatmap of fibre-optic calcium
imaging in the test phase. G Representative summary data of the peak AF/F in the test phase revealed that SGB led to the hypoactivity of LCN®
neurons (NS vs. SGB, n=7-8, t =4.963, P=0.0003). The data are presented as the mean + standard error of the mean (SEM). *p < 0.05,

**%p < 0,001.
<

activation of the LC reversed the reduction in conditioned fear
memory (Fig. 6G). Then, we injected the beta-adrenergic receptor
blocker propranolol into the BLA to block the norepinephrine
signal, which is derived mainly from the LC. We observed reduced
freezing time in the NS+Prop group compared with NS+Vehicle
group (Fig. 6H). The SGB-induced reduction in freezing time was
reversed by norepinephrine injection (Fig. 6H). Pharmacological
experiments on both regions repeatedly showed that SGB
diminished fear memory consolidation by inhibiting the LCNE-
BLA pathway.

DISCUSSION

The major finding of our study was that SGB diminished
consolidation of conditioned fear memory through inhibition of
the LCVE-BLA circuit. First, both immunofluorescence and in vivo
fibre-optic calcium imaging revealed the hypoactivity of LCNE
neurons in SGB mice after the pathway of LCNE neurons to the
stellate ganglion was identified. Second, we found that SGB
decreased the excitability of BLA glutamatergic neurons. Third, we
observed that SGB reduced the norepinephrine concentration in
the BLA. Finally, when the LCE-BLA circuit was chemogenetically
and optogenetically activated, the mice presented stronger
conditioned fear memory.

The memory process consists of complex periods: acquisition
and encoding, consolidation, retrieval, and extinction [5]. In this
study, we first established a fear conditioning mouse model,
which is widely applied because of its remarkable resemblance to
the conditioned fear behaviour of PTSD [15]. In the training phase
of this model, the mice first undergo Pavlovian conditioning, in
which an innocuous CS is paired with a nocuous US [22, 23]. In the
testing phase, we evaluated the fear responses of the mice by
their freezing time when the innocuous CS was presented alone.
Fear conditioning in rodents effectively mimics the dysregulation
of fear processes in PTSD patients in the clinical setting. We
subsequently established the SGB model via minimally invasive
percutaneous surgery [20], which is analogous to that performed
in the clinical setting. Horner syndrome (ptosis, miosis, and
enophthalmos), which is considered the typical symptom of SGB,
was observed and recorded by a blinded experimenter
[20, 24, 25]. We performed SGB at different time points—
immediately, 30 min, 6 and 24 h after training—and set up a
Sevo group to exclude the inevitable effects of anaesthesia. The
behavioural results suggested that SGB had little effect on the
retrieval of fear memory but diminished the consolidation of fear
memory. The formation of fear memory is a time-dependent
process in which unstable encoded information is consolidated
into stable long-term memory within several hours [26, 27]. Once
long-term memory is consolidated, extinguishing it is scarcely
possible [28]. Our findings indicated that SGB decreased condi-
tioned fear memory in mice by weakening its consolidation.

As reported in previous studies, SGB has been widely applied in
the treatment of various psychological disorders, such as post-
operative cognitive dysfunction, sleep disturbances and PTSD
[4, 29-31]; however, the mechanisms underlying the effects of
SGB remain unknown. A previous study showed that SGB
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attenuated stress responses accompanied by reduced blood
concentrations of norepinephrine [32]. Norepinephrine, which is
considered to play a critical role in cognitive processes such as
stress, attention and learning, is a neurotransmitter that exists in
both the CNS and peripheral nervous system [33, 34]. Notably, the
presence of norepinephrine in the central or peripheral nervous
system is independent because of the blood-brain barrier. The
reduced norepinephrine concentration in the periphery of the SGB
was verified, but we still did not observe a reduction in the
norepinephrine concentration in the CNS. To study norepinephr-
ine variations in the CNS, we confirmed transsynaptic projections
from the LC to the stellate ganglion. The LC, which contains the
largest group of NE neurons, is located at the bottom of the fourth
ventricle, and the branched axons of these NE neurons extend
throughout the CNS, such as to the hippocampus, neocortex,
amygdala, cerebellum, thalamus, and spinal cord [35, 36]. The LCNE
system is reportedly associated with stress responses via the
activation of pB-adrenergic receptors in the BLA [37, 38]. Next, we
labelled LCNE neurons via immunofluorescence staining to define
the cell types that project to the stellate ganglion. We identified
the neural projections from LCNE neurons to the stellate ganglion.

Catecholamines, including dopamine, epinephrine and norepi-
nephrine, are neurotransmitters that are well known for their
involvement in reward, emotion, addiction, and a range of
cognitive behaviours [39]. Although the CNS neurotransmitter
dopamine has received the most attention, norepinephrine is also
crucial for a wide range of emotional and cognitive processes
[40, 41]. An improvement in PTSD-related symptoms was
observed when the norepinephrine concentration in the periph-
ery was reduced. NE projections throughout the CNS are derived
almost exclusively from the LC according to previous studies [9].
To understand whether LCE neurons respond to fear, we assessed
c-Fos levels and calcium concentrations in LCNE neurons [42]. Both
experiments revealed that fear conditioning caused hyperactivity
of LC™E neurons. Memory consolidation is essential for the
establishment of strong long-term memory, which involves the
activation of many intracellular signalling pathways in specific
neural networks [17, 43]. Reportedly, inactivation of the LC
immediately after or 3 h after training induces memory deficit,
and both behavioural and electrophysiological experiments have
shown that the LC is widely engaged in multiple processes of
memory, although the mechanisms remain incompletely under-
stood [44]. We observed hypoactivity of LCNE neurons after SGB
surgery, which may be based on the projection of LCNE neurons
to the stellate ganglion.

The BLA, which consists mainly of glutamatergic excitatory
projection cells (80-85%) and gamma-aminobutyric acid inter-
neurons (10-15%), is the downstream region of the LC [45, 46]. LC-
derived norepinephrine signals induce long-term potentiation,
which promotes encoding and consolidation of fear memory in
BLA glutamatergic neurons [17]. Long-term potentiation at
amygdala synapses, which involves complex signalling pathways,
is essential for fear learning. Cyclic AMP response element-binding
protein (CREB) is one of the representative protein elements and is
shown to stimulate the induction of various immediate early gene
transcription factors and some early effector genes [47]. These
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initial transcriptional responses induce cascades of transcriptional
events and genetic programs that cause adaptive modifications of
synaptic transmission, such as long-term potentiation at the
synapses of BLA glutamatergic neurons [47, 48]. In our study, we
first assessed the excitability of BLA glutamatergic neurons as a
whole and then recorded the spontaneous firing of BLA engram
glutamatergic neurons at the single-cell level in vitro. We
observed hypoactivity of BLA glutamatergic neurons in SGB mice,
which indicated that SGB-induced alterations may occur pre-
dominantly in BLA glutamatergic neurons. In the BLA, we
evaluated norepinephrine dynamics in vivo via NE2m, a geneti-
cally encoded fluorescent NE sensor that is based on the
activation of the G protein-coupled receptor (GPCR). The NE
signals in the BLA were highly increased but decreased in the mice
that underwent SGB surgery. These results suggest that excessive
fear memory is consistent with norepinephrine dynamics in the
BLA and that norepinephrine is a crucial neurotransmitter that
drives the encoding of conditioned fear memory.

All alterations occurring in the LC and BLA after SGB led us to
focus on the LCNE-BLA circuit. Previous studies have demon-
strated that hyperactivity of the LC-BLA circuit leads to
excessive anxiety and aversive memory, indicating the role of
the LC-BLA circuit in processing emotional memory [49, 50]. To
investigate the possible roles of the LCNE-BLA circuit in SGB-
induced attenuation of conditioned fear memory, we used
chemogenetic and optogenetic techniques to activate the
LCNE-BLA circuit. The effect of SGB on conditioned fear memory
was reversed when the LCVE-BLA circuit of mice was activated
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chemogenetically and optogenetically. Strikingly, there was no
robust enhancement of conditioned fear memory when the
LCNE-BLA circuit was activated, suggesting that fear condition-
ing resulted in strong activation of the LCNE-BLA circuit. We
also modulated the LC and BLA separately thorough pharma-
cological manipulations. Considering the extremely extensive
efferent projections of the LC, it was not surprising that
conditioned fear memory was dramatically affected when
inhibition or excitation of the LC region as a whole occurred.
Propranolol injection into the BLA reduced conditioned fear
memory, and exogenous norepinephrine reversed the SGB-
induced decreases in fear memory, suggesting that the SGB-
induced reduction in conditioned fear memory was attributed
to reduced norepinephrine concentrations in the BLA. On the
basis of these results, we concluded that SGB diminished
memory consolidation through inhibition of the LCNE-BLA
circuit.

There are several limitations and caveats that should be
considered in this study. First, PTSD is a heterogeneous disorder
with a multitude of symptoms, and fear conditioning mimics the
dysregulation of fear memory, which is the core of PTSD
development. However, different types of traumata may lead to
differences in the subtypes of PTSD, and our findings should be
confirmed in other models [51]. Second, we did not investigate
the specific mechanisms by which LC-derived norepinephrine
affects BLA neurons. Notably, different types of adrenoceptors in
the BLA, such as beta and alpha-2 adrenoreceptors, which play
opposing roles, have been reported [52]. Finally, our study focused
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Fig. 6 Stellate ganglion block diminished fear memory consolidation by inhibiting the locus coeruleus noradrenergic-basolateral
amygdala pathway. A Schematic of the chemogenetic experimental timeline and representative images of mCherry expression in the
basolateral amygdala (BLA) and locus coeruleus (LC); scale bar: 100 pm. B Chemogenetic manipulations reversed the stellate ganglion block
(SGB)-induced reduction in conditioned fear memory [n=6-7, F (3, 22) =8.999, P=0.0004; NS+ mCherry vs. SGB + mCherry, n=7,
P =0.0452; SGB + mCherry vs. SGB + hM3D, n=6-7, P=0.0037; NS+ mCherry vs. NS+ hM3D, n=7, P=0.2980]. C Schematic of the
optogenetic experimental timeline and representative images of mCherry expression in the BLA and LC; scale bar: 100 pm. D Optogenetic
manipulations reversed the SGB-induced reduction in conditioned fear memory [n=6-8, F (3, 23) =23.81, P<0.0001; NS + mCherry vs.
NS + ChR2, n = 6-8, P = 0.0004; SGB + mCherry vs. SGB + ChR2, n = 6-7, P < 0.0001; NS 4+ ChR2 vs. SGB + ChR2, n = 6, P = 0.5436]. E Schematic
of the LC pharmacological manipulation experimental timeline. F Schematic of the timeline of BLA pharmacological manipulation
experimental timeline. G Pharmacological inhibition of the LC reduced conditioned fear memory in mice, whereas activation of the LC
reversed the SGB-induced reduction in conditioned fear memory [n=8, F (3, 28) =53.26, P<0.0001; NS -+ Vehicle vs. NS+ Lid, n=38,
P <0.0001; SGB + Vehicle vs. SGB + KA, n=8, P<0.0001]. H Blocking beta receptors in the BLA reduced conditioned fear memory in mice,
whereas activation in the BLA reversed the SGB-induced reduction in conditioned fear memory [n=8, F (3, 28)=9.713, P<0.0001;
NS + Vehicle vs. NS + Prop, n =8, P=0.0134; SGB + Vehicle vs. SGB + NE, n =8, P =0.0049]. The data are presented as the mean + standard
error of the mean (SEM). *p < 0.05, *p < 0.01, ****p < 0.0001, ****p < 0.0001.

mainly on BLA glutamatergic neurons, while GABAergic neurons in the activity and plasticity of excitatory circuits in a spatial and
the BLA also play a crucial role [53]. Local plasticity of excitatory temporal manner. Whether the SGB-induced reduction in fear
BLA neurons is thought to be critical for the establishment of memory involves the interaction of different subtypes of BLA
conditioned fear memory; however, GABAergic neurons control neurons deserves further investigation.
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In conclusion, we found that SGB diminished consolidation of
conditioned fear memory in mice by inhibiting the LCVE-BLA
pathway, which plays an important role in fear memory
consolidation. SGB induced a reduction in the norepinephrine
concentration in the BLA, and regulation of the BLA norepinephr-
ine concentration may be one strategy to prevent PTSD under
certain conditions. In future studies, it will be important to further
clarify the specific mechanisms underlying the effect of SGB on
the LCVE-BLA pathway to develop novel therapeutic strategies in
clinical practice, ultimately leading to better prevention and
treatment for people who have experienced traumatic events.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
authors upon request.
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