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Gastric pain has limited treatment options and the mechanisms within the
central circuitry remain largely unclear. This study investigates the central

circuitry in gastric pain induced by noxious gastric distension (GD) in mice.
Here, we identified that the nucleus tractus solitarius (NTS) serves as the first-
level center of gastric pain, primarily via the vagus nerve. The prelimbic cortex
(PL) is engaged in the perception of gastric pain. The lateral parabrachial
nucleus (LPB) and the paraventricular thalamic nucleus (PVT) are crucial
regions for synaptic transmission from the NTS to the PL. The glutamatergic
tetra-synaptic NTS-LPB-PVT-PL circuitry is necessary and sufficient for the
processing of gastric pain. Overall, our finding reveals a glutamatergic tetra-
synaptic NTS-LPB-PVT-PL circuitry that transmits gastric nociceptive signal-
ing by the vagus nerve in mice. It provides an insight into the gastric pain
ascending pathway and offers potential therapeutic targets for relieving visc-

eral pain.

Gastric pain is a highly prevalent gastrointestinal symptom with a
complex etiology. Functional dyspepsia, gastric ulcers, gastric cancer,
and gastroparesis are associated with painful sensations in the
stomach'. Patients with gastric pain have impaired food intake,
leading to weight loss and low quality of life**. Traditionally, it has been
suggested that the occurrence of gastric pain is associated with
abnormal gastric dynamics, visceral hypersensitivity, and psychoso-
matic factors, but the specific pathogenesis remains unclear, and there
is a lack of specific therapies in the clinic. In recent years, research on
visceral pain has made significant strides®. However, studies on gas-
tric pain predominantly focus on the peripheral nervous system, with
limited investigation into central nervous system mechanisms. There is
a pressing clinical need for the development of novel, specific ther-
apeutic approaches targeting gastric pain. Early studies have provided
preliminary mappings of brain nuclei anatomically connected to the
stomach'®", However, which nuclei can respond to gastric pain stimuli
and how they form neural circuits to transmit gastric pain signals
remain unclear.

Vagal and spinal afferents are the two major primary afferents that
convey sensory information with different natures from the upper
gastrointestinal tract to the central nervous system®”. It has been
commonly assumed that vagal afferents convey predominantly phy-
siological information while spinal afferents process nociception®.
Although existing electrophysiological evidence reveals that vagal
afferents respond to gastric distension (GD) in the noxious range (up
to 60 mmHg)®, there is no conclusive evidence so far to show that
vagal afferents include nociceptors that initiate pain due to the lack of
high-threshold mechanosensitive afferent fibers (putative nocicep-
tors). Despite the lack of evidence as a nociceptor, a considerable body
of evidence indicates vagal afferents as pain modulators. For example,
subdiaphragmatic vagotomy enhances visceromotor responses to
colorectum distension', a region beyond the innervation of vagal
afferents. Sensitization of vagal afferents causes changes in the
amygdala, resulting in suppression of nociceptive signals conveyed by
gastric spinal afferents via the descending pain modulatory pathway®.
In addition, vagus nerve stimulation (VNS) reduces different forms of
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somatic pain or visceral pain'*"”, although some other studies
report no effect or dual effect’*”". The nucleus tractus solitaries (NTS)
is a principal nucleus that receives afferent projections from the vagus
nerve, and is responsible for relaying information from various organs
within the body**. Studies have reported that noxious GD induces
significantly more c-Fos expression in the NTS than in the thoracic
spinal cord®. This suggests that the vagus nerve may play a more
pivotal role in the transmission of gastric pain. However, the entire
ascending neural circuit of vagal afferent-conveyed nociceptive sig-
naling has not been mapped out in the brain, particularly at the cor-
tex level.

As such, this study aims to investigate the ascending neural cir-
cuits that transmit gastric pain signals from the stomach to the cortex,
and whether via the vagal afferents. This would be achieved by com-
bining a variety of approaches, including virus-based tracing and
mapping, in vivo neuronal activity recording, and functional manip-
ulation of neuronal activities by optogenetics and chemogenetics.
Moreover, this study would enrich the mapping of the stomach-brain
axis, help in understanding the ascending neural circuits mediating
gastric pain, and provide therapeutic strategies for the clinical man-
agement of gastric pain.

Results

The vagus-nucleus tractus solitarius pathway initiates the
transmission of gastric pain signals

Gastric pain was induced by performing gastric balloon implantation
surgery on 6-week-old mice. Postoperatively, no abnormalities were
observed in mouse body weight, food intake, motor skills, or emo-
tional states (Fig. SIA-E). The acromiotrapezius muscle electromyo-
graphic (EMG) recordings were conducted to assess the gastric pain
behavior*> . A behavioral test was conducted one week after the
surgical recovery. The increase in the area under the curve (AUC) was
positively correlated with the increase in distention pressure both in
male (Fig. SIF, G, R=0.8217, P< 0.0001, n =8 mice) and female mice
(Fig. SIH-1, R*= 0.9074, P < 0.0001, n = 8 mice). To explore brain nuclei
involved in the gastric pain, whole-brain c-Fos staining was employed
after anoxious GD at 60 mmHg (Fig. 1A). The expression levels of c-Fos
in the nuclei of the NTS, lateral parabrachial nucleus (LPB), para-
ventricular nucleus of the thalamus (PVT), and prelimbic cortex (PL)
were the highest regions both in male and female mice
(Figs. 1B, C and S2, 'P<0.05, "P<0.01, "P< 0.001, two-way repeated
measure ANOVA, n=3 male and 3 female mice). Since there are no
significant differences in EMG activities and c-Fos expression levels
between male and female mice, our study mainly focused on male mice
unless otherwise stated.

The NTS serves as a prominent hub for visceral sensory trans-
mission, however, its influence on gastric pain signaling remains
uncertain®®>2, Therefore, an anterogradely trans-polysynaptic type 1
herpes simplex virus (HSV-1) H129 strain expressing enhanced green
fluorescent protein (HSV-EGFP) was injected into the gastric wall
(Fig. 1D). Subsequently, we observed neurons labeled with EGFP in the
gastric wall post-viral injection, confirming a successful infection by
HSV (Fig. S3A). Moreover, EGFP-positive neuronal expression was
observed in both the nodose ganglion (NG) and the spinal cord (SC).
The brain regions with the highest HSV expression included the NTS,
LPB, PVT, PL, dorsal nucleus of the middle suture (DRN), para-
ventricular nucleus of the hypothalamus (PVH), dorsomedial hypo-
thalamic nucleus (DMH), bed nucleus of the stria terminalis (BNST) and
lateral hypothalamus (LH) (Fig. 1IE and S3B). The NTS receives con-
duction from both the vagus nerve and the spinal nerve. To investigate
whether the NTS gastric-origin signals are mainly transmitted via the
vagus nerve or the spinal nerve, subdiaphragmatic vagotomy (SDx) or
thoracic spinal cord transection at the T5 level (T5x) was performed in
mice. The EGFP expression in the NTS was nearly absent in SDx group
of mice, while a substantial amount of EGFP signals were still observed

in T5x group of mice (Fig. 1F). Additionally, there was almost no
expression of c-Fos in the NTS after SDx whereas mice continued to
exhibit abundant c-Fos expression in the NTS after T5x (Fig. 1G,
“P<0.01, t-test, n=3 mice). These preliminary data suggest that the
NTS responds to gastric pain stimuli via the vagus nerve, laying the
foundation for identifying the ascending pathways of gastric pain
signals.

Identification of a glutamatergic tetra-synaptic connectivity
pathway from the NTS to the PL

Based on HSV expression and c-Fos staining, we first determined
whether the synaptic transmission signals conveyed from the NTS to
the PL represent a direct or indirect projection. The anterograde tra-
cing virus AAV2/9-vglut2-EGFP was injected into the NTS. There was no
neural terminal expression observed in the PL (Fig. 2A). To further
validate this result, retrograde tracing virus AAV2/Retro-mCherry
was injected into the PL. There was not mCherry-positive neuron in the
NTS (Fig. 2B). These data indicated no direct projection from the NTS
to the PL. Then we determined how many synapses existed from the
NTS to the PL. Injection of the anterograde tracing virus AAV2/9-
vglut2-EGFP into the NTS led to a significant expression of EGFP* fibers
in the LPB and the PVT (Fig. 2C). Additionally, injection of the retro-
grade tracing virus AAV2/Retro-mCherry into the PL led to a significant
number of mCherry-positive neurons in the PVT but not in the
LPB (Fig. 2D).

We proceed with the step-by-step identification of the neural
circuitry. The NTS-LPB neural pathway was initially identified by
employing an anterograde monosynaptic tracking strategy. After
injection of a scAAV2/1-hsyn-Cre virus into the NTS and an AAV2/9-
DIO-Ypet-mGFP virus into the LPB, we observed EGFP* neurons in the
LPB, which predominantly exhibited positive staining for glutamater-
gic neurons, as opposed to GABAergic neurons (Fig. 2E). Having
identified the NTS-LPB synapse, we looked for the targets downstream
of the LPB to complete the pathway. An exciting discovery was made
that a dense labeling of mGFP-positive axonal terminals existed in the
PVT (Fig. 2F). To further delineate this neural connectivity, ante-
rograde tracing virus AAV2/9-vglut2-EGFP was injected into the LPB,
resulting in the observation of significant fiber terminals in the PVT
(Fig. 2G). AAV2/Retro-mCherry was injected into the PVT, resulting in
the observation of a significant number of neurons in the LPB (Fig. 2H).
Collectively, these data indicate that neurons projecting from the NTS
to the LPB exhibit anterograde projections to the PVT. Then, utilizing a
dual-virus strategy involving scAAV2/1-hsyn-Cre and AAV2/9-DIO-Ypet-
mGFP, injected separately into the LPB and the PVT, respectively, a
significant abundance of mGFP-positive signals was observed in the
PVT. The mGFP-positive neuronal markers exclusively represent glu-
tamatergic neurons within this circuitry (Fig. 2I). Meanwhile, we
observed robust expression of neuronal terminals in the PL (Fig. 2J). To
further delineate this pathway, AAV2/9-vglut2-EGFP was injected into
the PVT, resulting in the observation of significant fiber terminals of
neuronal in the PL (Fig. 2K). scAAV2/1-hsyn-Cre and AAV2/9-DIO-Ypet-
mGFP injected into PVT and PL, respectively, an abundance of mGFP-
positive signals indicating considerable expression of neurons were
observed in the PL. The identification of neurons expressing mGFP
revealed that the majority were glutamatergic neurons (Fig. 2L). To
further determine the synaptic connections of the stomach to the NTS,
LPB, PVT, and PL, the expression of HSV-EGFP was observed at dif-
ferent time points. HSV expression in the NTS, LPB, PVT, and PL
exhibited a time-dependent pattern. At 3 days post-HSV injection,
EGFP expression was observed only in the NTS and there is no
expression detected in other brain regions. At 5 days post-HSV injec-
tion, EGFP expression was observed not only in the NTS but also in the
LPB. However, the EGFP expression in the PVT and the PL remained
minimal. At 7 days post-HSV injection, EGFP expression was extended
to the PVT and the PL (Fig. S4A). These data suggested the presence of
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Fig. 1| Identification of the stomach-vagus-NTS neural pathway. A Schematic
representation of GD and c-Fos staining in mice. B Heatmap illustrating the changes
of c-Fos expression in the NTS, LPB, PVT, PL, DRN, LC, DMH, LH, PVH, and the BNST
following GD stimulation (n = 3 mice). C Representative images of c-Fos expression
in the NTS, LPB, PVT, and PL in male and female mice. D Schematic diagram of
gastric wall injection of HSV-EGFP. E From left to right, representative images
depict neurons labeled with EGFP in the NTS, NG, and SC following HSV-EGFP
injection into the gastric wall. F Schematic diagram of mouse gastric wall injection
with HSV-EGFP with SDx and T5x, respectively procedures (left). After SDx and T5x,
representative images of the NTS expressing HSV-EGFP (right). G Schematic dia-
gram of GD with SDx and T5x, respectively procedures (left). After SDx and T5x,
representative images and statistical analysis of c-Fos expression in the NTS under
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the same distension pressure (middle and right, n =3 mice, P=0.0014). GD gastric
distension, EMG electromyographic, AUC the area under the curve, NTS the solitary
nucleus, LPB lateral parabrachial nucleus, PVT paraventricular thalamic nucleus, PL
prelimbic cortex, DRN dorsal nucleus of the middle suture, LC locus coeruleus,
DMH dorsomedial hypothalamic nucleus, LH lateral hypothalamus, PVH para-
ventricular nucleus of the hypothalamus, BNST bed nucleus of the stria terminalis,
NG nodose ganglion, SC spinal cord, SDx subdiaphragmatic vagotomy, T5x thor-
acic spinal cord transection at the TS5 level. Scale bar=100 pm in all Fig. Sig-
nificance was assessed by two-way repeated-measure ANOVA in (B) and two-sided
Student’s t-test in (G). "P<0.01, “P< 0.001 All data are presented as mean

values + SEM. Similar results were obtained in three independent experiments and
the data shown were from one representative experiment in (E, F).

synaptic progression among these four brain regions, supporting a
glutamatergic tetra-synaptic NTS-LPB-PVT-PL circuitry.

The NTS glutamatergic neurons play a crucial role in responding
to gastric pain behaviors in mice

To further identify the neuronal types associated with gastric pain in
the NTS, staining was performed using neuronal markers. Notably,
the upsurge in c-Fos positive cells activated in the NTS following GD
was primarily attributed to glutamatergic neurons other than
GABAergic neurons (Fig. 3A, B). An in vivo fiber-optic calcium ima-
ging recording experiments showed that the application of diverse
pressure stimuli to the stomach resulted in calcium activity and

triggered the activation of calcium fluorescence in the NTSCM
(Figs. 3C-E and S5A-C, 'P<0.05, "P<0.001, two-way repeated
measure ANOVA, n =6 mice). Furthermore, to investigate whether
the NTS®" response to GD stimulation occurs via the vagus nerve or
the spinal nerves, we employed fiber-optic calcium imaging record-
ing coupled with SDx or T5x exploration. A notable decrease in
NTSC" calcium activity was observed when exposed to comparable
gastric pressure stimuli compared to the pre-SDx state. Conversely,
there was no significant change in NTS®" calcium activity after T5x
(Fig. 3F, G, "P < 0.001, t-test, n = 6 mice). To explore the regulation of
the NTS®M in gastric pain responses, optogenetics was employed to
manipulate the NTS®™ and an EMG recording was utilized to assess
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Fig. 2 | Identification of a glutamatergic tetra-synaptic connectivity pathway.
A Schematic of the anterograde virus tracing strategy. Typical images of virus
injection sites within the NTS and expression in the PL (n =3 mice). B Schematic of
the retrograde virus tracing strategy. Typical images of virus injection sites within
the PL and expression in the NTS (n =3 mice). C Typical images of AAV2/9-vglut2-
EGFP injection sites within the NTS and viral expression in the LPB and the PVT
(n=3 mice). D Typical images of AAV2/Retro-mCherry injection sites within the PL
and viral expression in the LPB and the PVT (n=3 mice). E, F Identification of the
NTS-LPB-PVT neural circuit. E Schematic of the anterograde trans-synaptic tracing
(left). Representative images of viral expression in the LPB (middle). Representative
images and quantification analysis showing the EGFP-labeled neurons in the LPB
traced from the NTS colocalized with Glutamate and GABA antibody (right, n=6
mice). F Image of the NTS-innervated LPB neurons and their axonal terminals in the
PVT. G Typical images of AAV2/9-vglut2-EGFP injection sites within the LPB and

viral expression in the PVT (n =3 mice). H Typical images of AAV2/Retro-mCherry
injection sites within the PVT and viral expression in the LPB (n =3 mice).

1, J Identification of the LPB-PVT-PL neural circuit. I Schematic of the anterograde
trans-synaptic tracing (left). Representative images of viral expression in the PVT
(middle). Representative images and quantification analysis showing the EGFP-
labeled neurons in the PVT traced from the LPB colocalized with glutamate and
GABA antibody (right, n = 6 mice). J Image of the LPB-innervated PVT neurons and
their axonal terminals in the PL. K Typical images of AAV2/9-vglut2-EGFP injection
sites within the PVT and viral expression in the PL (n =5 mice). L Left: schematic of
the anterograde trans-synaptic tracing. Middle: representative images of viral
expression in the PL. Right: representative images and quantification analysis
showing the EGFP-labeled neurons in the PL traced from the LPB colocalized with
glutamate and GABA antibody (n = 6 mice). Scale bar =50 um in all figures.

gastric pain. Light-sensitive proteins containing glutamatergic neu-
ron promoters were injected into the NTS (Fig. 3H-J). The application
of 589 nm yellow light to inhibit the NTS®" led to a substantial
reduction in gastric pain sensitivity (Fig. 3K, “P<0.001, two-way
repeated measure ANOVA, n =6 mice). Using 473 nm blue light at a
frequency of 10 Hz to activate the NTS®" exacerbated gastric pain

behavior (Fig. 3L). Furthermore, following SDx with blue light at the
same time, there was a significant reduction in the gastric pain
response (Fig. 3L, P<0.05, "P<0.001, two-way repeated measure
ANOVA, n=6 mice). These data indicated the NTS glutamatergic
neurons play a crucial role via the vagus nerve in the perception of
gastric pain behavior in mice.
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The LPB and the PVT are crucial regions for synaptic transmis-
sion from the NTS to the PL

Next, the roles of the LPB and the PVT in responding to gastric pain
signals were explored. To further identify the neuronal types asso-
ciated with gastric pain in the LPB, staining was performed using
neuronal markers. Notably, the upsurge in c-FOS positive cells acti-
vated in the LPB following GD stimulation was primarily attributed to
glutamatergic neurons (Fig. S6A). An in vivo fiber-optic calcium ima-
ging recording experiments showed that the application of diverse
pressure stimuli to the stomach resulted in calcium activity and trig-
gered the activation of calcium fluorescence in the LPB®
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(Figs. 4A-C and S6B, C, 'P<0.05, "P<0.001, two-way repeated mea-
sure ANOVA, n=6 mice). To explore the regulation of the LPB®" in
gastric pain responses, optogenetics was employed to manipulate the
LPB®" and an EMG recording was utilized to assess gastric pain. Light-
sensitive proteins containing glutamatergic neuron promoters were
injected into the LPB (Fig. 4D, E). Using 473 nm blue light at a frequency
of 10Hz to activate the LPB®" exacerbated gastric pain behavior
(Fig. 4F, "P<0.01, "P<0.001, two-way repeated measure ANOVA,
n=6 mice). The application of 589 nm yellow light to inhibit the LPB®"
led to a substantial reduction in gastric pain sensitivity (Fig. 4G,
"P<0.01, "P<0.001, two-way repeated measure ANOVA, n =6 mice).
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Fig. 3 | The NTS®" regulates gastric pain behavior by the vagus nerve.

A Representative images of co-expressed c-Fos neurons (red), glutamatergic neurons
(green), and DAPI (blue) (left) and the percentage of co-expression in the NTS (right,
n=6 slices from 3 mice). B Representative images of co-expressed c-Fos neurons
(red), GABA neurons (green), and DAPI (blue) in the NTS (left). The percentage of co-
expression in the NTS (right, n = 6 slices from 3 mice). C Schematic of AAV-vglut2-
GCaMPés injection and optic fiber implantation in the NTS (left). Expression of
GCaMPés in the NTS (right). D Heatmap and average Ca?®* transients of the NTS®
under GD stimulation. E Averaged peak AF/F of calcium activity of the NTS®™ under
GD stimulation (n = 6 mice, P=0.0248 in 40 mmHg, P=0.0005 in 60 mmHg,
P=0.0001 in 80 mmHg). F Heatmap of the NTS®" pre and post-SDx in GD stimula-
tion, respectively (left). Average Ca** transients of the NTS®" under GD stimulation at
60 mmHg for Pre and SDx, respectively (middle). Averaged peak AF/F of calcium
activity of the NTS®® pre and post-SDx in GD stimulation (right, n = 6 mice,
P=0.0002). G Heatmap, average Ca*" transients, and averaged peak AF/F of calcium

activity of the NTS®" pre and post-T5x in GD stimulation (n = 6 mice). H Experimental
procedure of optogenetic manipulation of NTS®", I Schematic of the EMG recording
setup, including the implantation of two electrodes in the acromiotrapezius muscle,
and the insertion of a balloon into the stomach. EMG recordings were conducted one
week after recovery. J Expression of virus in the NTS. K Representative EMG traces
and the AUC statistics under eNpHR-stimulation (1 = 6 mice, P=0.0004 in 40 mmHg,
P=0.0001 in 60 mmHg and 80 mmHg). L Representative EMG traces and SDx
administration of the AUC statistics under ChR2-stimulation (n = 6 mice, P=0.0237 in
40 mmHg vs light off, P=0.0214 in 60 mmHg vs light off, P=0.0001 in 80 mmHg vs
light off). AM acromiotrapezius muscle. Scale bar =100 pm in (A-C, and }), scale
bar =20 pm in zoomed image in (A, B). Significance was assessed by two-way repe-
ated-measure ANOVA in (E, K, and L), and two-sided Student’s t-test in (F, G).
'P<0.05,"P<0.001, n.s., not significant. All data are presented as mean values + SEM.
Similar results were obtained in six independent experiments and the data shown
were from one representative experiment in (C, J).

Similarly, the types of neurons in the PVT activated by gastric pain
stimuli were investigated. Notably, the upsurge in c-Fos-positive cells
activated in the PVT following GD was primarily attributed to gluta-
matergic neurons (Fig. S7A). An in vivo fiber-optic calcium imaging
recording experiments showed that the application of diverse pres-
sure stimuli to the stomach resulted in calcium activity and triggered
the activation of calcium fluorescence in the PVT" (Figs. 4H-J and S7B,
C, "P<0.001, two-way repeated measure ANOVA, n=6 mice). To
explore the regulation of the PVT®" in gastric pain responses, opto-
genetics was employed to manipulate the PVT®™, and an EMG
recording was utilized to assess gastric pain (Fig. 4K, L). Using 473 nm
blue light at a frequency of 10 Hz to activate the PVT®" exacerbated
gastric pain behavior (Fig. 4M, 'P<0.05, "P < 0.001, two-way repeated
measure ANOVA, n = 6 mice). The application of 589 nm yellow light to
inhibit the PVT®" led to a substantial reduction in gastric pain sensi-
tivity (Fig. 4N, 'P<0.05, “"P<0.001, two-way repeated measure
ANOVA, n = 6 mice). These data indicated the LPB®" and the PVT" play
a crucial role in the perception of gastric pain behavior in mice.

The PL glutamatergic neurons perceive gastric pain signals

The majority of neurons activated by GD stimulation were glutama-
tergic neurons other than GABAergic neurons in the PL (Fig. 5A, B).
Injection of AAV-vglut2-GCaMP6S in the PL combined with fiber pho-
tometry validated the activation of the PL°" in response to GD stimuli
of varying pressures (Figs. 5C-E and SS8A-C, "P<0.001, two-way
repeated measure ANOVA, n=6 mice). Similarly, utilizing optoge-
netics in conjunction with EMG recordings, it was observed that acti-
vation of the PL°" increased the AUC of EMG and inhibition of the PL"
reduced the AUC of EMG (Fig. 5F-1, 'P<0.05, "P<0.001, two-way
repeated measure ANOVA, n=6 mice), indicating the role of PL°" in
gastric pain. To investigate whether the gastric pain signal in the PL is
conveyed through the vagus nerve, NTS, LPB, and PVT, a stepwise
verification was conducted. A significant decrease in the PL®" calcium
activity in response to GD stimuli was observed after SDx, whereas
there was no noticeable alteration in the PL" calcium activity after T5x
(Fig. 5J, K, "P< 0.01, t-test, n = 6 mice). Activation of the AAV2/9-vglut2-
hM4Di (Gi) in the NTS by clozapine N-oxide (CNO, 3.3 mg/kg) led to a
significant decrease in c-Fos expression in the PL (Fig. 5L, 'P<0.05, t-
test, n=3 mice). Compared to the saline-injected group, the PL°" cal-
cium signals significantly decreased under equivalent pressure sti-
mulation after CNO injection in the NTS (Fig. 5M, "P<0.001, t-test,
n=3 mice). Additionally, inhibition of the LPB neurons with CNO sig-
nificantly reduced c-Fos expression (Fig. S9A, B, 'P<0.05, t-test, n=3
mice) and glutamatergic neurons calcium signals (Fig. S9C, D,
“P<0.01, t-test, n = 6 mice) in the PL during GD stimulation compared
with the saline group. Similarly, inhibition of the PVT neurons with
CNO significantly also reduced c-Fos expression (Fig. S10A, B,
"“P<0.001, ttest, n=3 mice) and glutamatergic neurons calcium

signals (Fig. S10C, D, “"P<0.01, t-test, n=6 mice) in the PL during GD
stimulation compared with the saline group. These data suggest that
the gastric pain signal travels through the vagus nerve to the NTS, LPB,
and PVT and reaches the PL°" to perceive gastric pain response.

The tetra-synaptic glutamatergic NTS-LPB-PVT-PL pathway
regulates gastric pain behavior in mice

Next, we investigated whether this glutamatergic NTS-LPB-PVT-PL
circuitry (NTS®“-LPB®“-PVT®"-PL®") could regulate gastric pain
behavior. Since this is a tetra-synaptic connectivity pathway, we
determined their functions one synapse by one synapse between two
nuclei. We initially determined the role of the NTS®" neural terminals
projecting to the LPB in the modulation of gastric pain. Optogenetic
activation of NTS®™ neural axon terminals projecting to the LPB sig-
nificantly increased the AUC of EMG while optogenetic silencing of the
NTS®" neuronal axon terminals projecting to the LPB significantly
reduced the AUC of EMG (Fig. 6A-D, 'P<0.05, “P<0.001, two-way
repeated measure ANOVA, n =6 mice for ChR2 group, n=35 mice for
eNpHR group). We next determined the role of the LPB®" neural
terminals projecting to the PVT in the modulation of gastric pain.
Optogenetic activation of LPB™ neural axon terminals projecting to
the PVT significantly increased the AUC of EMG while optogenetic
silencing of the NTS®™ neuronal axon terminals projecting to the LPB
significantly reduced the AUC of EMG (Fig. 6E-H, "P< 0.01, "P< 0.001,
two-way repeated measure ANOVA, n =6 mice). We next determined
the role of the PVT®™ neural terminals projecting to the PL in the reg-
ulation of gastric pain. Activation of the PVT®" neuronal axon terminals
projecting to the PL significantly increased the AUC of EMG, and
inhibition of the PVT®™ neuronal axon terminals projecting to the PL
significantly reduced the AUC of EMG (Fig. 61-L, "P<0.01, "P<0.001,
two-way repeated measure ANOVA, n = 6 mice). These data suggest the
function of the NTS-LPB, LPB-PVT, and PVT-PL neural circuits in reg-
ulating gastric pain. We also determined the role of the NTS-PVT neural
circuit in the regulation of gastric pain. Whether activating or inhibit-
ing the NTS-PVT neural pathway, it did not alter the AUC of EMG
(Fig. SI1A-E, P> 0.05, two-way repeated measure ANOVA, n =6 mice).
Moreover, the circuit-tracing techniques showed that there were nei-
ther direct projections from NTS to PL nor from LPB to PL
(Figs. 2A, B and S12A, B).

Since this is a tetra-synaptic connectivity pathway, we then
determined their functions as two synapses by two synapses among
three nuclei using cre-dependent chemicalgenetics virus strategy and
microinjection combined with EMG recordings (Fig. 7A-C). Inhibiting
of the NTS-LPB-PVT circuit with cannula administration of CNO into
the PVT significantly reduced the AUC of EMG response to GD when
compared with the saline-injected group (Fig. 7D, "P<0.0l,
"P<0.001, two-way repeated measure ANOVA, n =6 mice). Similarly,
inhibiting of the LPB-PVT-PL circuit with cannula administration of
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Fig. 4 | The LPB and the PVT are crucial regions for synaptic transmission from
the NTS to the PL. A Schematic of AAV-vglut2-GCaMPés injection and optic fiber
implantation in the LPB (left). Expression of GCaMPé6s in the LPB (right). B Heatmap
and average Ca** transients of the LPB®" under GD stimulation. C Averaged peak
AF/F of calcium activity of the LPB® pre and post-GD stimulation (n =6 mice,
P=0.0407 in 40 mmHg, P=0.0001 in 60 mmHg and 80 mmHg). D Experimental
procedure of optogenetic manipulation of LPB®" (left). Schematics of the EMG
recording setup (right). E Expression of virus in the LPB. F, G Representative EMG
traces and the AUC statistics under ChR2-stimulation or eNpHR-stimulation (n=6
mice; P=0.0011 in 40 mmHg, P=0.0001 in 60 mmHg and 80 mmHg under ChR2-
stimulation; P=0.0021 in 60 mmHg, P=0.0003 in 80 mmHg under eNpHR-sti-
mulation). H Schematic of AAV-vglut2-GCaMPés injection and optic fiber implan-
tation in the PVT (left). Expression of GCaMP6s in the PVT (right). I Heatmap and
average Ca*' transients of the PVT®" under GD stimulation. J Averaged peak AF/F of

calcium activity of the PVT®" (n=6 mice, P=0.0001 in 40 mmHg, 60 mmHg, and
80 mmHg). K Experimental procedure of optogenetic manipulation of PVT" (left).
Schematics of the EMG recording setup (right). L Expression of virus in the PVT.
M, N Representative EMG traces and the AUC statistics under ChR2-stimulation or
eNpHR-stimulation (n =6 mice; P=0.0105 in 40 mmHg, P=0.0133 in 60 mmHg,
P=0.0003 in 80 mmHg under ChR2-stimulation; P=0.0149 in 40 mmHg,
P=0.0001 in 60 mmHg and 80 mmHg under eNpHR-stimulation). AM acromio-
trapezius muscle. Scale bar=100 pum in (A, E, H, and L), scale bar =20 pm in
zoomed image in (A, L). Significance was assessed by two-way repeated-measure
ANOVAin (C,F, G,J, M, and N). P<0.05, "P<0.01, "P< 0.001, n.s., not significant.
All data are presented as mean values + SEM. Similar results were obtained in six
independent experiments and the data shown were from one representative
experiment in (E, I).
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Fig. 5| The PL®" perceives gastric pain signals. A, B Representative images of co-
expressed c-Fos (red), glutamatergic neurons or GABA neurons (green), and DAPI
(blue) in the PL (left). The percentage of co-expression in the PL (right, n =4 mice).
C Schematic of AAV-vglut2-GCaMPé6s injection and fiber implantation in the PL
(left). Expression of GCaMPés in the PL (right). D Heatmap and average Ca®* tran-
sients of the PL®" receiving GD stimulation. E Averaged peak AF/F of calcium
activity of the PL" (right, n= 6 mice, P=0.0001 in 40 mmHg, 60 mmHg, and

80 mmHg). F Experimental procedure of optogenetic manipulation of the PL"
(left). Schematic of the EMG recording setup (right). G Representative images
expression of virus in the PL. Similar results were obtained in six independent
experiments and the data shown were from one representative experiment.

H Representative EMG traces and statistical graph of EMG recordings AUC
responses to GD under normal conditions or upon ChR2-stimulation (n =6 mice,
P=0.0004 in 40 mmHg, P=0.0001 in 60 mmHg and 80 mmHg). I Representative
EMG traces and statistical graph of EMG recordings AUC responses to GD under
normal conditions or upon eNpHR-stimulation (n = 6 mice, P=0.0235 in 40 mmHg,
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P=0.0001 in 60 mmHg and 80 mmHg). J Heatmap and average Ca*" transients of
the PL®" in pre and post-receiving SDx in GD stimulation, respectively (left).
Averaged peak AF/F of calcium activity of the PL°" in pre and post-receiving SDx in
GD stimulation (right, n =6 mice, P=0.0058). K Heatmap and average Ca*" tran-
sients and averaged peak AF/F of calcium activity of the PL°" in pre and post-
receiving T5x in GD stimulation (n =6 mice). L Schematic of AAV injection in the
NTS (left). Decreased c-Fos expression in the PL after CNO injection compared with
the saline group (middle). Statistical graph of c-Fos* cells number (right, n =3 mice,
P=0.0177). M Schematic of AAV injection in the NTS, AAV, and optic fiber
implantation in the PL (left). Heatmap of the PL" in receiving saline or CNO in GD
stimulation (middle) and averaged peak AF/F of calcium activity of the PL" (right,
n=6 mice, P=0.0002). AM acromiotrapezius muscle. Scale bar =100 pm in

(A-C, G, and L), scale bar =20 pm in zoomed image in (A, B, and G). Significance
was assessed by two-way repeated-measure ANOVA in (E, H, and I), and two-sided
Student’s -test in (J-M). P< 0.05, “P< 0.01, “P< 0.001, n.s. not significant. All data
are presented as mean values + SEM.
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Fig. 6 | The NTS-LPB, LPB-PVT, and PVT-PL pathways are crucial for the reg-
ulation of gastric pain. A Experimental timeline of optogenetic manipulation of
the NTS-LPB neural pathway. B Schematic showing injection of virus into the NTS
and implantation of optical fiber into the LPB. And representative image showing
the axonal terminals from NTS®" in the LPB. C Representative EMG traces and
statistical graph of AUC of EMG recordings under normal conditions or upon ChR2-
stimulation (n =6 mice, P=0.0001 in 40 mmHg and 60 mmHg, P=0.0185 in
80 mmHg). D Representative EMG traces and statistical graph of AUC of EMG
recordings under normal conditions or upon eNpHR-stimulation (n =5 mice,
P=0.0002 in 40 mmHg, P=0.0001 in 60 mmHg and 80 mmHg). E Experimental
timeline of optogenetic manipulation of the LPB-PVT neural pathway. F Schematic
showing injection of virus into the LPB and implantation of optical fiber into the
PVT. And representative image showing the axonal terminals from LPB®" in the PVT.
G, H Representative EMG traces and a statistical graph of the AUC of EMG
recordings from mice under normal conditions, as well as during ChR2-stimulation
and eNpHR-stimulation (n =6 mice; P=0.0001 in 40 mmHg, 60 mmHg and

Distension pressure (mmHg)

ol
AW

80 mmHg under ChR2-stimulation; P=0.0046 in 40 mmHg, P=0.0001 in

60 mmHg and 80 mmHg under eNpHR-stimulation). I Experimental timeline of
optogenetic manipulation of the PVT-PL neural pathway. J Schematic showing
injection of virus into the PVT and implantation of optical fiber into the PL for
optogenetic manipulations. And representative image showing the axonal term-
inals from PVT" in the PL. K, L Representative EMG traces and a statistical graph of
the AUC of EMG recordings under normal conditions, as well as during ChR2-
stimulation and eNpHR-stimulation (n = 6 mice; P=0.0020 in 40 mmHg,
P=0.0002 in 60 mmHg, P=0.0009 in 80 mmHg under ChR2-stimulation;
P=0.0002 in 40 mmHg, P=0.0001 in 60 mmHg and 80 mmHg under eNpHR-
stimulation). Scale bar =100 um in (B, F, and G). Significance was assessed by two-
way repeated-measure ANOVA in (C, D, G, H, K, and L). 'P<0.05, "P<0.01,
"P<0.001, n.s. not significant. All data are presented as mean values + SEM. Similar
results were obtained in six independent experiments and the data shown were
from one representative experiment in (B, F, and J).
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CNO into the PL significantly reduced the AUC of EMG response to GD
when compared with the saline-injected group (Fig. 7E-H, "P<0.01,
P <0.001, two-way repeated measure ANOVA, n = 6 mice). These data
suggest that the NTS-LPB-PVT and the LPB-PVT-PL neural circuit play a
role in the modulation of gastric pain.

Due to the pivotal role of glutamatergic neurons in this circuit, a

fluorescent probe combined with chemicalgenetics was used to

manipulate the tetra-synaptic neural circuit and detect glutamate
release during GD. scAAV2/1-hsyn-Cre was injected into the NTS, AAV2/
Retro-vglut2-DIO-hM4Di-EGFP was injected into the PVT, AAV2/9-hsyn-
iGluSnFR was injected into the PL, and a cannula was implanted in the
LPB. Specific inhibition of the circuit was achieved by injecting CNO
into the LPB. The glutamate release decreased significantly during GD
stimulation compared with the saline group (Fig. 7I-M, "P<0.01,
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Fig. 7 | The NTS-LPB-PVT and LPB-PVT-PL pathways are important for the
regulation of gastric pain. A Experimental timeline of chemogenetics manipula-
tion of the NTS-LPB-PVT neural pathway. B Schematic showing virus injection into
the NTS and the LPB, and implantation of cannula into the PVT. C The expression of
hM4Di in the LPB and axonal terminals in the PVT. D Representative EMG traces and
statistical graph of AUC of EMG recordings under saline or CNO stimulation (n=6
mice, P=0.0035 in 40 mmHg, P=0.0001 in 60 mmHg and 80 mmHg).

E Experimental timeline of chemogenetics manipulation of the LPB-PVT-PL neural
pathway. F Schematic showing virus injection into the LPB and the PVT, and
implantation of cannula into the PL. G The expression of hM4Di in the PVT and
axonal terminals in the PL. H Representative EMG traces and statistical graph of
AUC of EMG recordings under saline or CNO stimulation (n = 6 mice, P=0.0004 in
40 mmHg, P=0.0015 in 60 mmHg, P=0.0064 in 80 mmHg). I Experimental time-
line of chemogenetics manipulation of the LPB-PVT-PL neural pathway and fiber
photometry recording glutamate release in the PL. ] Schematic showing injection of

scAAV2/1-Cre into the NTS, AAV2/R-vglut2-DIO-hM4Di into the PVT, implantation
of the cannula into the LPB for chemogenetics manipulations. And injection of
iGluSnFR into the PL, implantation of optical fiber into the PL. K Representative
images of iGluSnFR expression in the PL and hM4Di expression in the LPB.

L Heatmap and average glutamate release transients in saline and CNO group
receiving GD stimulation in male mice. M Averaged peak AF/F of glutamate release
in saline and CNO in male mice (n=6 mice, P=0.0001). N Heatmap and average
glutamate release transients in saline and CNO group in female mice. O Averaged
peak AF/F of glutamate release in saline and CNO in female mice (n =5 mice,
P=0.0017). Scale bar =100 um in (C, G, and K). Significance was assessed by two-
way repeated-measure ANOVA in (D, H), and two-sided Student’s ¢-test in (M, O),
"P<0.001, n.s. not significant. All data are presented as mean values + SEM. Similar
results were obtained in six independent experiments and the data shown were
from one representative experiment in (C, J, and K).

"“P<0.001, t-test, n=6 mice). Similar results were obtained from
female mice (Fig. 7N, O, "P<0.01, t-test, n=>5 mice), indicating there
was no statistical difference detected between male and female mice.
These results further support the notion that glutamatergic neurons
play a vital role in transmitting GD-induced gastric pain signals through
the tetra-synaptic NTS-LPB-PVT-PL neural circuit from the stomach
to the brain. Thus, our data demonstrated that the glutamatergic
NTS-LPB-PVT-PL circuitry is necessary and sufficient for the mod-
ulation of gastric pain.

Discussion

The study investigated the entire ascending pathway of gastric pain
signal transmission. Results revealed that GD stimulation induced
gastric pain in mice, resulting in a significant increase in the number of
activated neurons in the NTS, LPB, PVT, and PL. Functional studies
further demonstrated enhanced calcium activity in glutamatergic
neurons within the NTS, LPB, PVT, and PL. Importantly, this study
identified the NTS-LPB-PVT-PL glutamatergic tetra-synaptic neural
circuit as sufficient and necessary for regulating gastric pain. Through
in-depth exploration, this study discovered that the NTS-LPB-PVT-PL
glutamatergic tetra-synaptic neural circuit primarily regulates the
transmission of gastric pain signals through the vagal afferent pathway
(Fig. 8). This study identifies that there is a visceral pain ascending
pathway using gastric pain as an example. The research will provide
insight into the stomach-brain axis, particularly the signaling pathway
for the perception of gastric pain, and offer potential therapeutic
targets.

One of the most important findings is that vagus-NTS" initiates
the gastric pain signal transmission. While the NTS in the brainstem has
been reported to participate in food intake®, the emesis*** and
encoding the fundamental organizational features of gastrointestinal
sensory input®, it remains unclear whether it regulates gastric pain. As
GD combined with EMG recording is a well-established method for
assessing gastric pain behavior>* %, we employed this approach to
investigate the central mechanisms of gastric pain. The first and fore-
most step was to identify a projection relationship between the sto-
mach and the brain through neurospecific polysynaptic anterograde
tracing virus HSV which was different from conventional tracer label-
ing techniques. While previous studies have explored brain regions
structurally connected to the stomach'®", advancements in technol-
ogy have led to the discovery of newly connected nuclei, such as the
PVT and the PL. However, consistent with prior research, the NTS
remains the region with the highest expression abundance. This pro-
ject pathway was also supported by the c-Fos study since the NTS
neurons were activated by noxious GD stimulation. Previous studies
have shown that the NTS received dual projections from both the
vagus nerve and the spinal nerve**”” and the noxious GD induces sig-
nificantly more c-Fos expression in the NTS than in the thoracic spinal
cord®. Notably, in the present study, GD stimulation primarily

activates glutamatergic neurons in the NTS. Upon subdiaphragmatic
vagotomy, the response of NTS®" to GD vanished, whereas the thor-
acic spinal cord transection at the T5 level did not impede the calcium
activity of the NTS®™. These findings suggest that the vagus nerve plays
a crucial role in the transmission of gastric pain signals to the NTS®".

Another important finding is that we confirmed that the PL is a
center for the perception of gastric pain induced by GD stimulation
using anterograde trans-synaptic viral tracing techniques and immu-
nofluorescent staining. Some studies have reported that decreased
neuronal activity in the PL in both neuropathic and inflammatory pain
animal models, and activation of the PL neurons has been shown to
ameliorate the pain hypersensitivity phenotype in chronic pain
mice®® ¥, The PL has various types of neurons, including glutamatergic
and GABA neurons**, we reveal that GD stimulation predominantly
activated glutamatergic neurons in the PL by immunofluorescent
staining combined with fiber photometry recordings. Furthermore,
extensive experimental data indicates that activation of the PL®M
increases gastric pain behavior, while inhibition of the PL®" sig-
nificantly alleviates gastric pain behavior in mice. We speculate that
this may be associated with different neuronal types or signals
incoming from upstream brain regions, or even different types of pain.
The PL may play different roles and assume different roles in various
circumstances. In clinical study, functional magnetic resonance ima-
ging (fMRI) evidence suggests a close association between the pre-
frontal cortex and gastric sensation, particularly evident in increased
blood oxygen saturation during GD****5, Due to the limitations of
clinical research, it is difficult to identify the subregion, and the neu-
ronal types of the prefrontal cortex involved in gastric pain processing,
our findings localize the perception of gastric pain to the PL within the
cerebral cortex. These findings may potentially contribute to imple-
menting different treatment approaches, including repetitive tran-
scranial magnetic stimulation (rTMS) of the PL for patients
experiencing various types of gastric pain in clinical settings.

The discovery of the endogenous ascending pain transmission
system has played a very important role in the basic research and
clinical treatment of somatic pain**~.. One important reason why the
treatment of chronic visceral pain is currently very difficult in clinical
practice is that people are very unclear about the mechanism of visc-
eral pain®’. In particular, the endogenous gastric pain ascending
pathway was not discovered. Despite accumulating evidence depicting
the neural signaling pathways between the stomach and the
brain****>’, the intact ascending neural circuits that encode gastric
pain remain elusive. Our data highlight the existence of an
NTSCU-LPBC-PVTCU-PL®" pathway that is specifically involved in
gastric pain. To exclude the possibility of other circuits in gastric pain
processing, we showed that there were no direct projections from NTS
to PL. The NTS has projects to PVT, yet the NTS-PVT pathway does not
regulate gastric pain and likely regulates overeating disorders as
reported previously®. Using labeled retrograde viruses, we also
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Fig. 8 | A working model showing the vagus nerve dominant ascending path-
way for gastric pain processing. GD induces an increased c-Fos expression in
brain regions, including the NTS, LPB, PVT, and PL. The formed glutamatergic
NTS-LPB-PVT-PL circuitry holds crucial significance in the transmission of gastric
pain. Moreover, the transmission of noxious information from the stomach

primarily travels through this pathway via the vagus nerve to convey signals to the
cortical regions, resulting in an increase in EMG activity and pain perception. GD
gastric distension, NG nodose ganglion, NTS the solitary nucleus, LPB lateral
parabrachial nucleus, PVT paraventricular thalamic nucleus, PL prelimbic cortex,
Glu glutamatergic neurons, EMG electromyographic.

showed that there were no direct projections from LPB to PL. Impor-
tantly, we provided evidence to show that the circuit mainly involved
projections from glutamatergic neurons. Therefore, the present study
discovered a structurally identified tetra-synaptic pathway from the
stomach to the brain and enriched the connotation of the
stomach-brain axis. To confirm this tetra-synaptic pathway is suffi-
cient and necessary for gastric pain processing, we developed a
strategy. This included employing multiple viral vectors coupled with
optogenetics and chemogenetics. In addition, a one-synapse-to-one-
synapse and two-synapses-to-two-synapse approaches were also uti-
lized to delineate the anatomical and functional roles of this tetra-
synaptic pathway. Therefore, our study demonstrated that the
NTSC-LPBCM-PVTCU-PLM ascending pathway was engaged in reg-
ulating gastric pain behaviors and enriched the denotation of the
stomach-brain axis. We observed consistency in the key results across
both female and male mice, indicating that the conclusion applies to
both sexes. Of note is that this strategy would be expected to be widely
applied in the exploration of multiple synaptic circuits of other brain
functions and disorders such as anxiety and depression in addition to
employing it to confirm the multiple synaptic circuits in gastric pain.
Since current viral strategies for multi-synaptic neural circuit regula-
tion are limited, future research needs to explore new methods and
technologies to directly study tetra-synaptic connectivity. Another
point is that we did not further investigate the downstream pathways
of the signal in this study. However, a potential mechanism is that the
PL projects to the motor cortex, which subsequently influences the

thalamus and rostral ventromedial medulla (RVM), leading to projec-
tions to the spinal cord segments innervating the acromiotrapezius
muscle to modulate its activity’* . This requires further investigation.

Previous studies have indicated the role of the spinal cord in the
response of gastric pain® . However, our research has identified a
tetra-synaptic pathway based on the vagus nerve. Through extensive
investigation, we demonstrated that calcium activity in the NTS®" and
the PL®Y, significantly activated during noxious GD stimulation, which
can be disrupted by subdiaphragmatic vagotomy but not by thoracic
spinal cord transection at the T5 level. Additionally, optogenetic acti-
vation of the NTS®" increased gastric pain in mice, yet this gastric pain
behavior can be significantly alleviated upon reactivation of NTS"
after subdiaphragmatic vagotomy. There is substantial evidence sug-
gesting the crucial contribution of the vagus nerve to gastric pain
signals™?**%, providing large support for our study. The observed
shift in the time-to-peak calcium activity of the PL°" following T5x
(Fig. 5K). The changes in time-to-peak noted may suggest a role for
spinal signaling in the transmission of gastric pain signals. Further
research is warranted to explore the entire spinal ascending neural
pathways that mediate gastric pain behavior.

In clinic, patients suffering from gastric pain exhibit comorbid
psychiatric disorders or eating disorders®*“, However, due to the
unclear nature of the stomach ascending neural pathway, treatment
strategies are very limited. The present study identified a complete
ascending neural pathway mediated by the vagus nerve, encompassing
the NTS, LPB, PVT, and PL, which transmits gastric pain signals.
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Therefore, intervening in either the gastric-vagus nerve or the PL holds
the potential to offer assistance to patients suffering from gastric pain
accompanied by psychiatric or eating disorders.

To sum up, this study identified a neural circuit from the stomach
to the cortex. The NTSC“-LPB-PVTCU-PL " circuit is sufficient and
necessary for processing gastric pain signals. These findings reveal a
visceral pain ascending pathway and enrich the connotation and
denotation of the stomach-brain axis. Since the vagus nerve and the PL
are two important parts of the endogenous visceral pain ascending
pathway and are easy to manipulate, VNS or targeting the PL by rTMS
or electric stimulation might provide an effective strategy for the
clinical management of gastric pain in patients.

Methods

Animals

Male and female C57BL/6) mice aged 6-8 weeks were obtained from
the Animal Research Center of Soochow University and housed under
astandard environment (24 + 2 °C, 40 to 60% relative humidity, and 12/
12-h light/dark cycle) with free access to food and water. The handling
of the animals was approved by the Soochow University Institutional
Animal Care and Use Committee and was carried out in strict accor-
dance with the guidelines of the International Association for the Study
of Pain.

Stomach-brain virus tracing

Neurospecific polysynaptic anterograde tracing was performed using
type 1 herpes simplex virus (HSV-1) strain H129 (BrainVTA, Wuhan,
China) along with a titer of 2.0E+09 PFU/mL. Bortezomib (Sell-
eckchem, Houston, USA) was injected intraperitoneally (0.1 mg/mL) to
aid HSV infection prior to virus injection®**’. The mice were deeply
anesthetized with isoflurane and the abdominal cavity was opened to
expose gastro. Three microliter (3 uL) HSV was injected in three dif-
ferent locations on the gastric wall using a Hamilton microsyringe,
during which the wall was kept moist using 0.9% saline. The incision
was closed using a 4-0 silk suture, and the fluorescent signals were
observed 7 days after viral expression. To deduce primary, secondary,
etc. synaptic connections from the injection site, an equal amount of
HSV was injected at the same location in the gastric wall. EGFP fluor-
escence expression in the NTS, LPB, PVT, and PL was then observed at
3,5, and 7 days post-injection.

Gastric pain measurement

The assessment of gastric pain behavior involves gastric distension
(GD) coupled with EMG recordings of the acromiotrapezius muscle,
adapted from a well-established paradigm®>?’,

The procedure for gastric intragastric balloon implantation is
outlined briefly as follows. Mice were deeply anesthetized with iso-
flurane and the surgical area was shaved and sterilized with iodophor.
The abdominal cavity was opened to expose the stomach using sterile
surgical instruments, and a small puncture was made on the bottom of
the greater curvature of the stomach with microscopic scissors to
insert the balloon. The catheter was sutured onto the gastric wall with
the other end threaded under the skin and stuck out from the neck.
After surgery, mice were provided with liquid food to avoid distending
the stomach from solid food.

To record EMG activities, two electrodes were implanted in the
acromiotrapezius muscle>” . In brief, the mouse was deeply anes-
thetized with isoflurane. After making a transverse incision with ster-
ilized scissors, blunt dissection was performed to expose the muscles.
Nickel-chromium electrodes were implanted approximately 0.5cm
from the midline on each side of the neck. One end of each sterile
nickel-chromium electrode was inserted into the acromiotrapezius
muscle, with the other end exposed through the skin at the back
incision. The incision was closed with 4-0 sutures, and the exposed
electrodes were wrapped with sealing film to prevent the mouse from

biting them. The mouse was housed individually post-operation. On
day seven after surgery, the gastric pain response was assessed using
GD stimulation combined with EMG recordings.

Gastric pain was determined by GD and EMG. The mouse was
deeply anesthetized with isoflurane. The balloon tubing was con-
nected to the modified blood pressure monitor. Prior to the gastric
pain behavioral test, the mice were allowed to be accommodated in a
transparent resin box for 30 min to minimize the impact of the
environment on behavioral testing. Mice received a series of graded
GD stimulation, each lasting 20 s with 2 min intervals between dis-
tensions. EMG was continuously recorded by the Biopac Data Acqui-
sition Systems with an EMG-150C amplifier (Biopac Systems, Inc,
Goleta, CA, USA). The EMG traces were analyzed using Acknowledge
software (Biopac Systems, Inc., Goleta, CA, USA). The response to GD
was defined as an increase in EMG activity above baseline during the
20 s GD period. Data were reported as the area under the curve (AUC)
of the integrated EMG after baseline subtraction. The tests were con-
ducted in a blind manner.

Subdiaphragmatic vagotomy

Mice were given liquid food to reduce solid content in the stomach
during the experiment one day prior to vagotomy. Mice were deeply
anesthetized with isoflurane and placed on a surgical heating pad. The
abdomen was shaved, sterilized using iodophor, and opened with
sterile instruments. The stomach was gently taken from the cavity and
kept moist with 0.9% saline throughout the procedure. The esophagus
was gently lifted, and the anterior branch of the vagus nerve was cut off
with microscopic scissors at the base of the esophagus'®**7°”!,

Thoracic spinal cord transection at the T5 level

The highest spinal cord segment corresponding to the gastric inner-
vation of visceral afferent nerve connections is found at thoracic level 5
(T5), where the spinal transection was performed’. Mice for surgery
were prepared as described above. T13 was confirmed by its dorsal
spinous process and T5 was confirmed by counting 8 ribs upwards. A
skin incision was made at segments T4-T8 along the dorsal midline.
Muscle and adipose tissue were bluntly peeled off from the dorsal
plate of the spinal cord to expose the region of the T5 vertebrae. The
spinal process of the T5 vertebrae was then clamped, and ophthalmic
scissors were inserted along the edges of the vertebral plates to cut
open the conical plates on both sides, and the plates were carefully
removed to completely expose the spinal cord. A small incision was
made on the surface of the spinal cord on both sides, a scalpel was
inserted into the incision to the ventral base, and a forceful cut was
made to completely sever the spinal cord. The incision on the muscle
and skin was closed with a suture. The hind limb paralysis of the mice
after this procedure indicated successful transection.

Immunofluorescence staining

Mice were deeply anesthetized using isoflurane and intracardially
perfused with 0.9% saline followed by 4% PFA. Brain tissue was col-
lected and fixed in 4% PFA at 4 °C for 6 h, and then gradient dehydrated
with 10%, 20%, and 30% sucrose. Coronal sections of the brain (30 pm)
were cut using a Cryostat microtome (Leica, CM1950) at —20 °C. The
sections were washed three times with PBS and blocked with blocking
solutions (7% normal donkey serum, 0.3% Triton X-100 and 0.05%
sodium aside) for 1 h at room temperature, and then incubated over-
night at 4 °C with appropriate primary antibodies diluted in blocking
buffer. The primary antibodies used were rabbit anti-c-Fos (Cell sig-
naling, 22508, 1:300), mouse anti-c-Fos (Santa Cruz, sc-271243, 1:500),
c-Fos Guinea pig pAb (Asis Biofarm, OB-PGP080, 1:600), rabbit anti-
Glutamate (Sigma, G6642, 1:400), and rabbit anti-GABA (Sigma, A2052,
1:400). The remaining unblinded primary antibodies were removed by
washing three times with PBS prior to incubation with appropriate
secondary antibodies for 1h at room temperature. The secondary
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antibodies used were donkey anti-rabbit Alexa Fluor 488 (Invitrogen,
A21206, 1:500), donkey anti-mouse Alexa Fluor 555 (Invitrogen,
A31507, 1:500), donkey anti-mouse Alexa Fluor 488 (Invitrogen,
A31507, 1:400), and donkey anti-rabbit Alexa Fluor 555 (Invitrogen,
A31572, 1:500). Following another three PBS wash, sections were
mounted in medium containing 40, 6-diamidino-2-phenylindole,
dihydrochloride (DAPI, Abcam, AB104139).

Stereotaxic injection

Adult mice aged 6-8 weeks were deeply anesthetized using isoflurane
and mounted on a stereotactic frame (RWD, 71000-M, Shenzhen,
China). Virus suspensions were loaded into a 10 pL syringe (Gaoge,
Shanghai, China) connected to a glass micropipette with a tip, and
200 nL was injected with a speed of 20 nL/min into the targeting
regions (NTS: AP=-74mm, ML=0.5mm, DV=4.5mm; LPB: AP=
=53 mm, ML=15mm, DV=3.5mm; PVT: AP=-1.3 mm, ML=0 mm,
DV =3.2mm; PL: AP=2.2mm, ML=0.2 mm, DV=2.2mm) based on a
stereotaxic atlas™. At each injection site, the micropipette was left
in situ for 10 min after the completion of the injection to allow the viral
spread and was subsequently withdrawn slowly. Because bilateral
injections might cause more damage to the brain tissue, the unilateral
injection (right hemisphere) was performed in the present study. The
precision of the injection site was examined after experiments and
animals with off-target injections were excluded. All experiments were
randomized according to numbers.

For fiber photometry, 200nL AAV2/9-vglut2-GCaMP6s-EGFP
(BrainVTA, Wuhan, China, titer: 2.94E+12vg/mL) was unilaterally
injected into the NTS, LPB, PVT, and PL.

For local selective activation or inhibition of the NTS, LPB, PVT,
and PL glutamatergic neurons, the NTS, LPB, PVT, and PL were uni-
laterally injected with AAV2/9-vglut2-ChR2-EGFP, AAV2/9-vglut2-
eNpHR-EGFP, AAV2/9-vglut2-hM4Di-mCherry, AAV2/9-vglut2-hM3Dq-
mCherry, AAV2/9-vglut2-EGFP, AAV2/1-hsyn-Flp, AAV-hsyn-DIO-
eNpHR-EYFP, AAV-hsyn-DIO-ChR2-EGFP, and AAV2/Retro-hsyn-fDIO-
Cre-mCherry (BrainVTA, Wuhan, China, titers: 2-5.5E +12 vg/mL).

For neural circuit tracing, AAV2/9-vglut2-EGFP, scAAV2/Retro-
hsyn-mCherry, scAAV2/1-hsyn-cre, AAV2/9-EF1a-DIO-Ypet-2A-mGFP,
and AAV2/Retro-DIO-EGFP (BrainVTA, Wuhan, China, titers:
2-5.5E +12 vg/mL) were used.

For NTS-LPB-PVT-PL glutamatergic neural circuit functional
exploring, AAV2/9-vglut2-ChR2-EGFP, AAV2/9-vglut2-eNpHR-EGFP,
AAV2/9-vglut2-hM4Di-mCherry, AAV2/9-vglut2-hM3Dg-mCherry,
AAV2/1-hsyn-Cre, and AAV-vglut2-DIO-hM4Di-EGFP  (BrainVTA,
Wuhan, China, titers: 2-5.5E +12 vg/mL) were used.

For detecting the neural circuit glutamate release in response to
the GD, AAV2/9-hsyn-iGluSnFR-EGFP (BrainVTA, Wuhan, China, titer:
4.5E+12 vg/mL) was injected into PL, scAAV2/1-hsyn-Cre and AAV2/
Retro-vglut2-DIO-hM4Di-EGFP  (BrainVTA, Wuhan, China, titers:
2-5.5E +12 vg/mL) were injected into the NTS and the PVT separately.

Fiber photometry recordings

Fiber photometry (ThinkerTech, Nanjing, China) was utilized to record
calcium activity in the NTS, LPB, PVT, and PL 3 weeks after transfection
of a virus containing a calcium indicator. Detection methods were as
described earlier and are briefly described below®. A low-
autofluorescence 200-pum-core, 0.37-NA fiber optic (ThinkerTech,
Nanjing, China) was implanted 0-100 pm above the virus injection site
and affixed to the skull with dental cement. The fluorescence signal was
acquired at a sampling frequency of 100 Hz via the data acquisition
system including the amplifier (C7319, Hamamatsu) and the photo-
multiplier tube. Data were classified based on behavioral events in
individual experiments, and each stimulus was repeated eight times to
ensure the accuracy and authenticity of the data. Fiber-optic recording
data were analyzed using custom-written MATLAB (MATLAB R2021a,
MathWorks, USA) code using AF/F 2s before stimulation as a baseline.

The value of AF/F = (F - F0)/FO characterizes the change in fluorescence
intensity around the event. Experimental records were analyzed and
visualized using Prism 8 GraphPad (GraphPad Software, San Diego, CA,
USA) and the ThinkerTech fiber photometric analysis software package.

Behavioral tests

Mouse motor function was measured by the rotarod test. Prior to the
formal test, mice were trained at constant speeds (10 r/min, 20 r/min,
and 30 r/min) every day until the mice were able to exercise for 5 min
on the bar rotator at a constant speed of 30 r/min. During the formal
test, mice were given a constant speed of 30 r/min, and their time on
the rotating bar was recorded to evaluate their motor performance.
Anxiety levels were assessed by the open-field test (OFT). In the OFT,
mice were placed in a corner of a square field whose side was 40 cm
with sufficient illumination. The movement of mice was recorded
without interruption for 10 min. The time that each mouse spent in
different areas was analyzed by Anymaze (ANY-maze 2024, Stoelting,
USA) software to evaluate anxiety levels.

Statistical analyses

All data are expressed as mean + standard error with n indicating the
number of animals. Statistical analyses were performed using Graph-
Pad Prism 8 (GraphPad Software, San Diego, CA, USA) with appropriate
inferential methods. The normal distribution of data was analyzed
using the Kolmogorov-Smirnov test. Unless indicated otherwise, data
were analyzed using either the two-sided Student’s ¢-test or the two-
way repeated-measure ANOVA. P<0.05 was considered statistically
significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data needed to evaluate the conclusions in the paper are present in
the paper and/or the supplementary materials. Source data are pro-
vided as a Source Data file. Source data are provided with this paper.
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