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In vivo imaging of vagal-induced myenteric
plexus responses in gastrointestinal tract
with an optical window

Longjie Jiang 1,2, Jie Yang 1,2, Xiujuan Gao 1,2, Jiangfeng Huang 1,2,
Qian Liu 3 & Ling Fu 1,2,3,4,5

The vagus nerve (VN) extensively innervates the gastric enteric nervous system
(ENS), but its influence on gastric ENS functionality and motility in vivo
remains unclear due to technical challenges. Here we describe a method for
stable, long-term observation of gastric ENS activity and muscle dynamics at
cellular resolution, which can also be extended to intestinal applications. This
method involves ENS-specific labeling and the implantation of an abdominal
wallwindow for optical recording inmalemice. In vivo calcium imaging reveals
a linear relationship between vagal stimulation frequency and myenteric
neuron activation in gastric antrum. Furthermore, the motility of gastric
antrum is significantly enhanced and shows a positive correlation with the
intensity and number of activated myenteric neurons. While vagal stimulation
also activates proximal colonic myenteric neurons, this activation is not
frequency-dependent and does not induce proximal colonic motility. The
method and results provide important insights into VN-ENS interactions
in vivo, advancing our understanding of gastrointestinal motility regulation.

The enteric nervous system (ENS), embedded within the gastro-
intestinal (GI) wall, encompasses both the myenteric plexus (MP) and
the submucosal plexus (SMP)1. The MP is crucial in regulating the GI
tract’s muscular layers—circular and longitudinal—which in turn
orchestrate GI motility2. Moreover, the central nervous system (CNS)
extends extrinsic neural inputs, notably through the vagus nerve, to
finely tune GI motility3. As a critical element of the parasympathetic
nervous system, the vagus nerve supplies essential innervation to the
GI tract. Notably, the stomach exhibits the highest concentration of
vagal afferent fibers, a density that diminishes progressively towards
the colon4. The vagus nerve is instrumental inmonitoring gastric status
and modulating its motility. In contrast, the extrinsic regulation of
colonic motility primarily relies on the sympathetic and sacral para-
sympathetic nerves5–7. However, in vivo recording of the ENS activity
and GImuscular movements presents significant challenges, including

spontaneous GI movements and the absence of a stable surface for
affixing recording apparatus8. Consequently, there is a limited under-
standing of the real-time effects of the vagus nerve on the gastric ENS
in live animals.

Intravital microscopy, achieved by the surgical implantation of an
optical window, allows for long-term, in vivo imaging of multiple tis-
sues and organs9, including the skin10, brain11, spinal cord12, small
intestine8, colon13, lung14, liver15, embryos16, among others. This
method enables the monitoring of the activity of ENS in the mouse’s
small intestine and colon8,13. However, it is primarily used for
researching the lower GI tract, which has a lower density of vagal
innervation than the upper GI tract17. Nevertheless, to date, there is no
stabilized, long-term, and cellular-resolution in vivo imaging approach
specifically designed for gastric ENS in mice. This is due to the ana-
tomical position of the stomach below the rib cage and partially
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covered by the liver18, the high variability in stomach volume, and the
motion artifacts caused by gastric peristalsis, cardiac pulsations, and
respiratory movements19. These factors present significant challenges
to in vivo investigations of the dynamics of the gastric ENS and its
complex interactions with the vagus nerve. This highlights a critical
area for future research advancements.

In this study, we present a pioneering method for in vivo imaging
of gastric and colonicMP, which involves designing anoptical window,
its surgical implantation, and specifically labeling ENS. This approach
guarantees the mice’s long-term viability post-surgery and mitigates
tissue displacement during live imaging via an external stabilizing
fixture. Marking a significant advancement, we have successfully
attained stable, long-term, and cellular-resolution in vivo imaging of
the stomach and colon inmice. The standardized design of the optical
window, coupled with uniform implantation procedures and ENS
labeling, greatly enhances the in vivo investigation of the ENS across
the GI tract. Using this technique. we observed the influence of vagal
stimulation on the activity of myenteric neurons within both the sto-
mach and colon, in vivo, through confocal calcium imaging of gastric
and colonic MP. This exploration also extended to the structural and
functional relationships between the vagus nerve and ENS in vivo. The
optical window implementation has allowed for the first in vivo doc-
umentation of the gastric ENS, expanding ENS research from the lower
to the upper gastrointestinal tract. Our method enables stable and
reproducible examination of the ENS, mirroring in vivo imaging stra-
tegies used for the CNS. This capability is critical for capturing the
impact of external neural inputs, such as the vagus nerve, on the ENS
dynamics. Furthermore, the window’s stability is instrumental for
effectively documenting GI muscular movements triggered by exter-
nal stimuli. The technique developed in this research is a valuable tool
for exploring the ENS and understanding the modulation of ENS
dynamics and gastric motility by the vagus nerve in real-time.

Results
In vivo imaging in the mouse stomach
To achieve in vivo stable imaging of themouse stomach, we developed
an experimental procedure and a confocal imaging system (Fig. 1a and
Online Methods). The experimental procedure involves three steps:
labeling of ENS in the wild-type mouse, then an optical window
implanted above the stomach, and in vivo optical recording of the
stomach14. Recombinant adeno-associated viruses (rAAV) are fre-
quently utilized to specifically label the nervous system in vivo,
enabling the study of neuronal activity and dynamics in real-time20,21.
Injection of rAAV into GI wall allows for more precise, efficient, and
targeted labeling of ENS than intravenous injection into the tail vein20

(see Supplementary Fig. 1). Injecting directly into the wall of GI tract is
more challenging than injecting into the brain due to the lack of the
support in the GI tract compared to the skull. Additionally, the wall of
GI tract is thin in mice. To prevent penetration of the GI wall, it is
necessary to sharpen the tip of the injection glass tube (about 35μm
outside diameter) to less than 30° (see Supplementary Fig. 2). To avoid
affecting digestive function inactivation at the injection site, injections
must avoid blood vessels in the GI tract wall and not penetrate into the
mucosal layer (see Online Methods). Our investigation of direct
injection of rAAV into the GI wall (the muscle layer) successfully
labeled neurons and glial cells within the ENS (see Supplementary
Fig. 2). The study indicates that the injection of rAAV into the GI wall to
label ENS, combined with optical windows, can effectively and accu-
rately record the structure and function of ENS in vivo.

Previous studies have demonstrated that confocal imaging can
penetrate from the serosal layer of the intestine to the MP22. In vivo
imaging confirmed that gastric MP, when labeled with rAAV-hSyn-
EGFP, can also be observed using confocal imaging (see Supplemen-
tary Fig. 3 and Supplementary Movie 1). A common image acquisition
rate for recording neuronal activity in the ENS is 0.5–10 frames

per second (fps)23–26. The risetimes and duration of calcium transients
in gastric myenteric neurons were compared at image acquisition
speeds of 2 fps and 20 fps in vivo, where neuronal activity is induced
by gastric electrical stimulation (GES). The results showed no sig-
nificant difference in risetimes (2 fps, 1.3 ± 0.2 seconds; 20 fps,
1.6 ± 0.1 seconds, p = 0.09) and duration (2 fps, 8.5 ± 0.6 seconds; 20
fps, 8.3 ± 0.6 seconds, p =0.56) of calcium transients between the two
acquisition speeds (see Supplementary Fig. 4). Therefore, the acqui-
sition rate of the confocal imaging system for ENS recording is set at 2
fps. The imaging system’s excitation light sources are 488 nm
and 561 nm, allowing for simultaneous imaging of MP and vasculature,
as well as neurons and glial cells in the stomach (see Supplemen-
tary Fig. 3).

Design of an optical window with the fixturing platform
Non-invasive fluorescence imaging using Red-to-NIR fluorescent
probes has an excellent biocompatibility and stability and allows
observation of gastric motility, but not ENS activity27. Intravital ima-
ging has been utilized for imaging intestinal ENS at a cellular-
resolution13,28 but not the gastric ENS. For the first time, we have
engineered an optical window designed for cell-resolution imaging of
the stomach in livemice. Thewindow consists of a window groove and
two scaffolds, all made from titanium alloy for smoothness and bio-
compatibility, with a total weight of approximately 0.7 g (Fig. 1b and
see Supplementary Fig. 5). Thewindow groove includes three grooves.
The groove 1 is designed tofit with a cover glassof 12mmdiameter and
uses a circlip to secure the glass cover for easy replacement. The
groove 2 is implanted in the muscle and skin layers and fixed with
sutures. The groove 3 convolutes into the gastric scaffold providing
necessary support (Fig. 1c). The gastric scaffold is devised for easy
passage from the lesser curvature of the stomach to the base
(Fig. 1d, e), providing support for the gastric antrumat thewindow and
would not affect the digestive movement of the stomach (see Supple-
mentary Fig. 6). To ensure stable imaging, we developed an external
fixation platform that minimizes tissue movement during imaging
sessions (Fig. 1h, see Supplementary 7 and Supplementary Movie 2).
Furthermore, the design of the intestinal scaffold enables easy repla-
cement, thereby extending imaging capabilities to the intestine
(Fig. 1i–k). The scaffold and fixation platform configurations are
detailed in supplementary Fig. 5.

Surgical procedures for implanting the gastric window ensure
prolonged survival of mice
We developed a protocol (Fig. 1f, see Supplementary Fig. 6) for
implanting an optical window in the stomach without impairing its
digestive function. The method for implanting the window groove into
the adjacent abdominal wall refers to the description by previous
studies29. It is important to note that part of the fixed window groove is
placed on the left ribs to prevent lateral displacement of the stomach
during subsequent use of the gastric scaffold. After implanting the
windowgroove, the gastric scaffold is guided through thewindow to the
underside of the gastric antrum (the supine view of a mouse), providing
structural support to the antrum (see Supplementary Movie 3). It is
crucial to avoid damaging the pancreas to prevent any negative impact
on the survival of mice. Postoperatively, mice are treated with wound
disinfection and anti-inflammatory medication. If the procedure is per-
formed correctly, this window can ensure that the mouse’s movement
and digestive function is almost unaffected (see Supplementary
Movie 4). Additionally, it allows for observation of the same part of the
stomach for up to 14 days (Fig. 1g), without causing gastric injury (see
Supplementary Fig. 6). Themaximum recorded survival time for mice is
31 days because the windows fell out. If the coverslip is left in contact
with the stomach formore than 6 days, a thin layer of tissue will grow at
the contact point, which can affect observation16. This issue can be
resolved by replacing the coverslip before imaging.
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Fig. 1 | Intravital imaging of mouse stomach with an optical window. a Left,
Schematic illustration of the steps for in vivo imaging of mouse stomach, with
experimental timeline. Right, dual-channel confocal in vivo imaging of gastric MP
and blood vessels, using a 488 nm laser, with detection centered at 520 nm and a
561 nm laser, with detection centered at 625 nm. The inset shows an example of a
confocal image of EGFP expression (MP) and dextran labeling (vasculature). Scale
bar is 100μm. b–e Illustration of (b) the top view and side view of the gastric
window, all dimensions are listed inmillimeters. (c, d) The titanium optical window
and gastric scaffold, (e) 3D view of the window with gastric scaffold is used for

in vivo imaging of mouse stomach. f Overview of the surgical protocol. g Gastric
window implanted in a mouse for up to 14 days, day 0 refers to the day of surgical
implantation, and yellow dashed circles show the stomach. h Representative ima-
ges of the blood vessels (TRITC-Dextran, red) of mouse stomach within 6 seconds
without gastric window and with window. All scale bars are 100 μm. i–k Optical
window used for the (i) stomach, (j) small intestine and (k) colon. The typical
structure of rAAV-hSyn-GCaMP6s-labeled gastric, small intestinal, and colonic
myenteric neurons (green) is also shown. All scale bars are 50μm.
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Long-term and stable recording of gastric MP
We performed confocal imaging to observe the stomach in vivo
through the implanted optical window in C57BL/6J mice. During the
imaging sessions, themicewere kept under respiratory anesthesia.We
were able to simultaneously visualize neurons of the MP labeled with
rAAV-hSyn-EGFP (green) and the vasculature marked by TRITC-
Dextran (red) within the same optical section using a dual-channel
confocal imaging system. Imaging sessions were conducted on days 2,
4, 6, and 8 post-window implantation (with day 0 being the day of
implantation), allowing one day of recovery for the mice after
each session (Fig. 2a–d). Additionally, we successfully recorded the
spontaneous calcium activity of the same MP neurons labeled

with GCaMP6s on days 2 and 4 (Fig. 2e, f and see Supplementary
Movie 5, 6). The results demonstrate that the window canmaintain the
same position of the stomach for a long time. Consequently, this
approach allows for the long-term stable imaging of gastric MP at a
fixed location.

The vagus nerve innervation of gastric myenteric plexus and
regulation of gastric motility
Studies investigating the role of the vagus nerve in regulating gastric
motility have highlighted its direct connection to gastric MP30, yet the
underlying mechanisms remain largely unexplored. Utilizing cervical
vagus nerve stimulation (VNS) at frequencies of 20 and 30Hz, we
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Fig. 2 | Chronic confocal imaging of gastric MP within the window.
a–d Representative single channel and merge confocal images of stomach in the
same position on days 3, 5, 7, and 9 after window implantation (day 0). Neurons
(white arrows) of MP are labeled with rAAV-hSyn-EGFP (green), and vasculature
(yellow arrows) is labeled with TRITC-Dextran (red) in C57BL/6J mice.

e–f Spontaneous calcium activity recordings from the same gastric neurons (rAAV-
hSyn-GCaMP6s labeling) at different times (recordings on day 2 and day 4). The
yellow line indicates a ganglion of the myenteric plexus, and the white arrow
indicates a nerve cell. All scale bars are 50μm.
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assessed its impact on gastric emptying in C57BL/6J mice through
gastric gavage31, revealing a significant (p <0.05, n = 5mice per group)
enhancement in emptying rates (Fig. 3a, b and see Supplementary
table 1). The robust stability of our implanted optical windows facili-
tated in vivo observations of gastric MP responses and tissue move-
ment post-VNS (Fig. 1h and see Supplementary Fig. 8). The nerve fibers
originating in the nodose ganglion supply the gastrointestinal
organs32. To delineate the vagal neural pathways involved, we
employed cholera toxin B subunit 555 (CTB-555) to retrogradely trace
vagal fibers and neurons innervating the stomach (Fig. 3c). Both right

and left vagal nodose ganglia exhibited significant labeling, affirming a
direct vagal neural linkage to the stomach (Fig. 3d), consistent with
prior studies33. VNS, typically applied to the left vagus nerve at a range
of 1–30Hz34,35, was conducted following the establishment of optical
windows post-21 days of viral expression (rAAV-hSyn-GCaMP6s) and
prior electrode implantation for VNS at the left esophagus (Fig. 3e).
Subsequent stimulation led to notable alterations in calcium fluores-
cence intensity within myenteric neurons, indicative of neuronal acti-
vation (Fig. 3f, g and see Supplementary Movie 7). This stimulation,
applied thrice at 20Hz with intervals of approximately 30 seconds,
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correlated with significant shifts in calcium intensity across all regions
of interest (ROI). Gastric tissue displacement in the x- and y- axes was
directly correlatedwith circular and longitudinalmuscle contraction36.
Wedecomposed themovement of ganglia (ROI) into x and ydirections
after VNS (Fig. 3h), tissue movement equal to the square root of the
sum of the squares of x and y coordinates (Fig. 3i). Analysis of gastric
tissue movement, revealing a near-simultaneous occurrence of cal-
cium intensity changes in ganglia with tissue movement (Fig. 3j). Our
findings highlight the real-time interaction between the vagus nerve
and the gastric MP, in which the vagus nerve activates myenteric
neurons, subsequently inducing gastric tissue motility and enhancing
gastric peristalsis. These data suggest that this optical window can be
used for stable real-timeobservation of the activity of theMP aswell as
the gastric tissue motility induced by vagal activation.

Comparing the activity evoked by different frequencies of VNS
on the gastric MP and motility
To study the effect of VNS at varying frequencies on gastricMP activity
and motility, our study explores a range of frequencies (5, 10, 20, and
30Hz) commonly employed in both pre-clinical and clinical settings to
modulate vagal afferents and efferents for the treatment of various
disorders37. Despite the widespread use of these frequencies, the dif-
ferential effects on gastric function remain poorly understood. To
investigate this question, we performed in vivo imaging in mice
receiving VNS at the above frequencies and closely monitored the
activity of gastric myenteric neurons. Before VNS, the MP activity was
monitored at rest for approximately 60 seconds. Stimulations were
applied in ascending order of frequency, with each frequency applied
three times, separated by 30-second intervals between stimulations
and approximately 60-second intervals between different frequencies.
Our observations revealed frequency-dependent changes in calcium
intensity within myenteric neurons, with distinct patterns emerging at
each frequency (Fig. 4a–d, see Supplementary Fig. 7 and Supplemen-
tary Movie 8). There was a notable increase in ganglionic calcium
intensity changes (ΔF/F0), the percentage of responsive neurons (ΔF/
F0 > 50%) within each ganglion, and the extent of tissue movement in
response to increasing stimulation frequencies (p < 0.0001, n = 5 for
both ΔF/F0 and the percentage of responsive neurons, and p =0.01,
n = 3 for tissuemovement). The results are shown in Fig. 4e, indicating
changes in ΔF/F0 at different frequencies (5Hz: 0.4 ± 0.1, 10Hz:
0.8 ± 0.3, 20Hz: 1.2 ± 0.2, 30Hz: 1.5 ± 0.3). Additionally, Fig. 4f details
the percentage of responsive neurons (5 Hz: 38 ± 9.8%, 10Hz:
55.2 ± 14.8%, 20Hz: 67.4 ± 12.4%, 30Hz: 78.0 ± 9.7%), and Fig. 4g
depicts the maximal tissue movement observed (5Hz: 20 ± 10 μm,
10Hz: 28 ± 7μm, 20Hz: 42 ± 8μm, 30Hz: 55 ± 13μm). Furthermore,
linear regression analysis revealed a positive correlation between sti-
mulation frequency and changes in calcium intensity (R2 =0.78), per-
centage of responsive neurons (R2 =0.57), and maximum observed
tissue movement (R2 = 0.66), as shown in Fig. 4h–j. These results sug-
gest a frequency-dependent enhancement of gastric motility through
vagal activation, characterized by increased ganglionic ΔF/F0 and a
greater number of activated myenteric neurons. Importantly, the

enhancement of gastric motility was positively correlated with both
changes in calcium intensity and the number of activated neurons
(Fig. 4k, l), supporting the potential of frequency modulated VNS as a
therapeutic strategy to modulate gastric motility.

Effects of VNS and GES on the activity of the same gastric MP
Gastric electrical stimulation (GES) is used clinically to improve
symptoms related to impaired gastric motility38. GES refers to the
electrical stimulation of the surface of the stomach or the vagus nerve
branches on the surface of the stomach39. To analyze whether VNS
differs from GES in enhancing gastric motility, we perform in vivo
imaging at the same location to visualize gastric MP activated by VNS
and GES, consecutively (Fig. 5a). During our experiments, we found
that GES activated almost all neurons and nerve fibers in imaged
ganglia when the stimulation frequency reached 10Hz. Therefore, we
opted for a stimulation frequency of 10Hz for both VNS and GES. Each
stimulation was repeated thrice, with VNS preceding GES by approxi-
mately90 seconds.Weobserved that bothVNSandGES stimulated the
gastricMPat the same location (Fig. 5b).However, neurons andganglia
activated by VNS showed significantly weaker changes in calcium
intensity compared to those activated by GES (Fig. 5c, d and see Sup-
plementary movie 9), and localized tissue movement induced by VNS
was less pronounced than that induced byGES (Fig. 5e).We performed
this experiment in three mice and found that the risetime of the cal-
cium transient was faster in GES-activated gastric myenteric neurons
compared to VNS-activated ones (p =0.0131). (Fig. 5f). Nonetheless,
the number of neurons activated by VNS within the same ganglia was
noticeably fewer (p <0.01) than that in GES-activated (Fig. 5g). This
difference in number may be since VNS activates neurons innervated
by the vagus nerve, whereas GES activates not only vagus nerve40 but
also sympathetic nerves and intrinsic nerve fibers41 (Fig. 5h), which in
turn activate more neurons. These results demonstrate the ability of
our method to observe in real time the effects of two different sti-
mulation methods on the activity of the same gastrointestinal myen-
teric plexus in vivo.

The vagus nerve innervation of colonic MP
The vagus nerve’s innervation of the GI tract terminates in the colon42,
contributing to approximately 16% of the myenteric ganglia innerva-
tion in the descending colon17. Despite its established role, the vagus
nerve’s influence on colonic motility remains a subject of debate. In
this study, we replaced the gastric scaffold with an intestinal scaffold
for in vivo colonic imaging to investigate the effects of vagal activation
on the colonic MP and motility. In particular, the colon is pre-
dominantly innervated by the right vagus nerve of the neck43. CTB-555
was administered to the proximal colon (5 sites, 400 nL each) to trace
the vagus nerve that innervates the colon (Fig. 6a). A limited number of
neurons were observed in the right nodose ganglion (Fig. 6b). There-
fore, we chose to stimulate the right vagus nerve, facilitating observe
myenteric activity in the proximal colon (Fig. 6c). Because of the pre-
dominant influence of the right vagus nerve on the sinus node, sti-
mulationof the right vagus nervedecreasedheart rate44.We found that

Fig. 3 | In vivo calcium imaging of the gastric myenteric plexus in response
to VNS. a Steps for the gastric emptying rate test in C57BL/6J mice. b VNS sig-
nificantly increases the rate of gastric emptying. Control 1 refers to the group of
mice without implanted electrodes and Control 2 refers to the group of mice
implantedwith electrodes but noVNS (n = 5micepergroup). Control 1 vs Control 2,
p =0.6262; Control 1 vs 20Hz, p =0.0009; Control 1 vs 30Hz, p <0.0001; Control 2
vs 20Hz, p = 0.0008;Control 2 vs 30Hz, p <0.0001; 20Hzvs 30Hz, p =0.0299. ns:
p >0.05, *p <0.05, ***p <0.001, ****p <0.0001, unpaired student t-test (two-tailed).
c Cartoon depiction of a strategy for tracing the vagus nerves from the stomach.
d Native fluorescence whole-map analysis of left- and right- ganglion and vagus
nerves (white arrow) after gastric infection with CTB-555 in C57BL/6J mice. All
scale bars are 200μm. e Schematic of in vivo imaging of mouse stomach. The blue

box shows a detail of electrode implantation for left VNS and the purple box shows
a detailed view of the gastric window during imaging. f Frames were captured from
in vivo confocal imaging of myenteric neurons expressing GCaMP6s during 20Hz
VNS. All scale bars are 50μm. g Changes in calcium intensity from (f) ganglia and
cells (white arrow) in response to 20Hz VNS (red arrow, 3 times). The longitudinal
coordinates of the curves for ganglia and cells 1, 2, and 3 are ΔF/F0 = 100% and cells
4, 5, and 6 are ΔF/F0 = 300%. h Myenteric ganglia displacement (blue, longitudinal
muscle axis; purple, circularmuscle axis) to 20HzVNS (3 times). iTissuemovement
to 20Hz VNS of the stomach. j Calcium intensity traces of responsive myenteric
ganglia (dark red) and resulting tissue movement (dark blue) to 20Hz VNS (red
arrow) of the stomach. All data are mean ± s.e.m.
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mice died of bradycardia after stimulation at frequencies higher than
15Hz during our experiments. Therefore, we chose 5, 10, and 15Hz as
the stimulation frequencies. Following stimulation at these fre-
quencies (three repetitions per frequency, with intervals of approxi-
mately 30 seconds for the same frequency and 60 seconds between
different frequencies), significant changes in calcium intensity were

observed in proximal colonicMP ganglia and neurons (ROI) (Fig. 6d, e
and see SupplementaryMovie 10). However, no significant differences
in calcium intensity changes (ΔF/F0) were found between stimulations
(Fig. 6f). In addition, no stimulus-related changes in colonic tissue
movement were detected during the nine stimulations (Fig. 6f, h), with
the observed tissue movements considered to be spontaneous
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(see Supplementary Fig. 10). Analysis revealed no significant differ-
ences inΔF/F0 (5Hz: 1.9 ± 0.9, 10Hz: 1.8 ± 0.8, 15 Hz: 1.9 ± 0.9, p =0.99,
n = 4 mice), the percentage of responsive neurons per ganglion (5Hz:
6.5 ± 2.0%, 10Hz: 6.5 ± 2.0%, 15Hz: 6.5 ± 2.0 %, n = 4mice) and themax
movement of tissue (5Hz: 2 ± 1μm, 10Hz: 2 ± 2μm, 15Hz: 5 ± 4μm,
p =0.23, n = 3mice) after VNS at different frequencies (Fig. 6i–l). These
results indicate that right VNS activates a minimal number of colonic
myenteric neurons (approximately 6%), in stark contrast to its effect
on gastric myenteric neurons. Furthermore, the level of activation was
not dependent on stimulus frequency, and right VNS did not induce
theproximal colonicmotility, suggesting that the right vagusnervehas
a limited effect on colonic motility due to its limited innervation.

Discussion
In this study,wedeveloped anovelmethod that enables cell-resolution
imaging of the stomach in living mice for the first time. This technique
significantly reduces motion artifacts caused by extrinsic movements
such as breathing and heartbeat. As a result, it allows more accurate
analysis of ENS activity andmuscle layer movements. Furthermore, by
simply replacing the gastric scaffold with an intestinal scaffold, this
method can be adapted for in vivo imaging of the intestine. By
injecting rAAV into theGIwall to label the ENS, our studydemonstrates
that the structure and activity of the MP in the GI tract can be stably
imaged in vivo over extended periods of time. We found that the
higher the stimulation frequency (5–30Hz), the greater the number of
gastric myenteric neurons activated by VNS, leading to more vigorous
movements of gastricmuscle tissue and a faster gastric emptying rate.
In contrast, VNS activates few colonicmyenteric neurons and does not
induce colonic tissue movement. There is no significant difference in
the response of the colonic MP to stimuli of different frequencies.
These results highlight a strong contrast between the effects of VNS on
colonic and gastricmyenteric neurons, with only a minimal number of
colonic myenteric neurons (approximately 6%) being activated.

The ENS is located in the intestinal wall and can autonomously
control digestive functions45. Structural and functional studies of the
ENS in live animals using optical imaging methods have been chal-
lenging due to the location and motion of the GI tract8,13. A previous
study successfully achieved optical recording of the ENS in livingmice.
This was accomplished by using two distinct implantable windows
tailored for the small intestine and colon, respectively8,13. Despite these
advances, the application of these methods has been predominantly
limited to the lower GI tract. In contrast, imaging of the upper GI tract,
particularly the stomach, is complicated by obstructions from sur-
rounding tissues such as the sternum and liver, as well as the highly
variable volume of the stomach, making in vivo imaging of the gastric
ENS particularly challenging. The method we developed overcomes
these obstacles and facilitates in vivo imaging of the stomach. This
innovation allows, for the first time, prolonged and stable optical
recording of gastric ENS activity and tissue motion. Furthermore, we
have confirmed that this method can be extended to optical record-
ings of the small intestine, cecum, and colon using a similar approach.

The ENS consists of two ganglionated plexuses: the myenteric
plexus (MP) and the submucosal plexus (SMP), the latter is rarely

found in the stomach46. The vagus nerve, as one of the direct bridges
between the ENS and the CNS, begins in the brainstem and directly
innervates the ENS. It particularly innervates almost 100% of ganglia in
the gastric ENS17. Additionally, vagal preganglionic efferents interact
predominantly with both nNOS+ and nNOS- gastric myenteric
neurons47. Previous studies have investigated the structural connec-
tions between the vagus nerve and the MP using nerve tracers47–49.
Additionally, they assessed the responseofmyenteric neurons to vagal
activation using Fos as a marker50–54. Researchers have also evaluated
the effect of stress on colonic motility in awake mice using the non-
invasive solid-state manometry method55 and the effect of VNS on
gastric motility using magnetic resonance imaging (MRI)56. But little is
known about how the real-time activity of myenteric neurons and
motility of gastric antrum are affected by the vagus nerve. By com-
parison, a sampling rate of 2 fps was sufficient for in vivo recording of
myenteric neuronal activity23, and thus we chose a 2 fps sampling rate
to obtain better image quality (see supplementary Fig. 4). For pro-
longed in vivo calcium imaging, we chose the GCaMP6s indicator to
obtain a higher signal-to-noise ratio of calcium signals. We recorded
the activity of gastricmyenteric neurons expressingGCaMP6s through
in vivo calcium imaging, following the injection of rAAV into GI wall.
Our results show that a large number of gastric myenteric neurons
respond to vagal activation, consistent with previous results obtained
using electrophysiology and immunohistochemistry in vitro57,58. We
also observed that vagal activation induces local gastric tissue move-
ment, consistent with previous studies in vivo using MRI techniques
that VNS enhances gastric motility59. However, our approach found
that the response of gastricmyenteric neurons and the activity of local
gastric tissue occur almost simultaneously and reach a resting state at
the same time, suggesting vagal activity activates gastric motor neu-
rons that innervate the smooth muscle layers and regulate motility4,28.
In addition, the number of activated neurons and maximum move-
ment of gastric tissue increased with the frequency of vagal stimula-
tion (5-30Hz). This observation highlights the need for further
research to resolve the variability observed at different stimulation
frequencies. The vagus nerve contains approximately 80% afferent and
20% efferent fibers2. Stimulation of the cervical vagus nerve activates
both afferent and efferent nerves. However, 2 fps was only able to
record all the gastric myenteric neurons activated by the vagus nerve.
It was unable to differentiate between activations caused by afferent
and efferent nerves. This is because the slow sampling rate cannot
determinewhether the observed effect is direct ormediated through a
reflex pathway following vagus nerve activation. Differences between
them can be discriminated later in real time by using the methods we
have developed in combination with fast calcium imaging or selective
photoactivationof vagal afferents and efferents60. Future studies could
explore faster sampling rates, the optimization of stimulation para-
meters, selective stimulation of vagal fibers, and distinct labeling of
neurons based on their functional roles to improve our understanding
of the vagal influence on gastric motility.

The use of GES as a therapeutic tool is being trialed in an
increasing range of human diseases, including gastric motility dis-
orders. It has been reported that GES partially activates almost all

Fig. 4 | Response of the gastric MP to VNS at different frequencies.
a Representative images of GCaMP6s-expressing gastric myenteric neurons at 0,
65.5, 178, 293.5, and 410 seconds, both before and after 5, 10, 20, and 30HzVNS. All
scale bars are 50 μm. b Changes in the calcium intensity (ΔF/F0) from a (indicated
by a yellow box and white arrows) in response to 5 (olive arrow), 10 (brown arrow),
20 (blue arrow) and 30 (purple arrow) HzVNS (3 stimulations per frequency). c The
detail view shows theΔF/F0 of the ganglion in b aftermagnification by a factor of 4.
d Changes in calcium intensity during 20 seconds before and after the first sti-
mulation at 5, 10, 20, and 30Hz. e Amplitude of ΔF/F0 increased with increasing
frequency (F2.1, 8.6 = 50.78, p <0.0001, n = 5 mice). f Percentage of responsive
neurons per ganglion increased with increasing frequency (F2.2, 8.9 = 55.21,

p <0.0001, n = 5 mice). g Tissue max movement increased with increasing fre-
quency (F1.4, 2.8 = 33.33, p =0.01, n = 3 mice). ns: p >0.05, *p <0.05, ****p < 0.0001,
RMone-wayANOVA, Tukeypost hoc test (e–g).h–j Linear regressionanalysis of the
distribution of ΔF/F0 of the ganglion (h), percentage of responsive neurons per
ganglion (i) and tissue max movement (j) under different frequency stimulations.
k, l Linear regression analysis of the distribution of ΔF/F0 of the ganglion, and
percentage of responsive neurons per ganglion to tissue max movement. X num-
bers with error values to plot horizontal error bars. h–l The solid line refers to the
linear regression equation. All data are mean ±s.e.m Dashed lines indicate 95%
confidence band.

Article https://doi.org/10.1038/s41467-024-52397-0

Nature Communications |         (2024) 15:8123 8

www.nature.com/naturecommunications


neural elements within the gastric musculature38, whereas VNS acti-
vates the gastric myenteric neurons innervated by vagal fibers61. Our
method allowed in vivo recordings of the effects of VNS and GES on
myenteric neuronal activity and tissuemovement in the samemice.We
found that, in the area about 1mm from the gastric stimulation elec-
trode, the changes in calcium intensity, the number of activated neu-
rons, and the movement of tissues were significantly weaker for VNS
than for GES. Possible reasons for these differences are that GES pro-
duces more action potentials in the activation of myenteric neurons in

the gastric antrum compared to VNS, and that the neural circuit acti-
vated by GES and VNS are not the same, activating different numbers
of neurons with varying functions (inhibitory and excitatory). The
faster risetime of the calcium transient in neurons activated by GES
compared to those activatedbyVNS is likelydue to the two stimulation
methods having different neuro-modulatorymechanismsor activating
different calcium channels. In our study, The location of the MP being
recorded was within approximately 1mm of the electrode, because of
the maximum movement of gastric tissue varies with the distance
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Fig. 5 | Differences in activation of gastric myenteric neurons by VNS and GES.
a Schematic of the response to VNS andGESby in vivo imaging at the same location
of gastric MP. The schematic shows electrode implantation for GES in a detailed
view depicted inside a purple box, and the connection of the electrode and cov-
erslip via dental cement illustrated inside a blue box. b Acquired images during
in vivo confocal imaging: before stimulation, 58.5 seconds after vague nerve sti-
mulation, and 201.5 seconds after gastric electric stimulation. Yellow boxes are
ganglion of interest, and white arrows are neurons of interest. All scale bars are
50μm. c Changes in calcium intensity (ΔF/F0) from b ganglion and neurons
responds to 10Hz VNS and GES. Three times for both VNS (purple arrows) and GES

(blue arrows). d Calcium intensity of ganglion changed during 30 seconds before
and after the first stimulation at 10Hz VNS and GES. e Tissue movement of the
stomach after GES and VNS. f Difference in risetime of calcium transients induced
by 10Hz VNS and GES. (t2 = 9, *p <0.5, n = 3 mice). g Percentages of responsive
neurons per ganglion after 10Hz VNS and GES (t2 = 14.42, p = 0.005, n = 3 mice).
Star indicates a significant difference between VNS and GES. f, g paired Student
t-test (Two-tailed), *p <0.05, **p <0.01. h Schematic representation of the differ-
ences between VNS and GES activation of ENS. LM, longitudinal muscle, CM, cir-
cular muscle, and SM, submucosal muscle. All data are mean ± s.e.m.
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between the recording point and the electrode position on the surface
of the stomach. As a result, there are difficulties in quantitatively
analyzing the difference between the effects of VNS versus GES on the
GI motility.

Vagal innervation of the GI tract terminates within the colon,
where the innervation density of colonic neurons is less than 20%17.

The role of vagal activation in modulating colonic motility remains
controversial, underscored by the divergent observations that vagal
stimulation elicits different contractile responses in different colonic
segments in anesthetized rats62. Some studies in anesthetized cats
propose that vagal stimulation induces contraction throughout the
entire colon63, while others demonstrate contraction confined to the
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mid and distal colon, with the proximal colon remaining
unresponsive64. A recent study has found that electrical stimulation of
the abdominal vagus nerve in anaesthetized pigs enhances the
dynamics of the entire colonic region65. In our study, wemonitored the
responses of myenteric neurons in the proximal colon to in vivo vagal
stimulation at different frequencies. Upon evaluating local colonic
tissuemovement, we found that vagal stimulation activated a relatively
small subset of neurons in the MP, with a nearly consistent count
across different stimulation frequencies. Notably, we did not observe
significant colonic movements in response to varying stimulation fre-
quencies (5-15 Hz). Unlike the digestive movements of the stomach,
which are mainly controlled by vagovagal reflexes, the colon primarily
dependent on the sympathetic and sacral parasympathetic reflexes5–7.
This differential reliance suggests a broader difference in the func-
tional innervation of the GI tract by the vagus nerve. Whether the
above differences between the proximal colon and stomach are rela-
ted to the activation of vagal afferents and efferents remains to be
further investigated. Our findings argue for a deeper exploration of
these differences, which may provide new insights into the complex
relationship between the vagus nerve and the ENS5.

In this study, we introduced a novel method capable of stably
observing gastric myenteric neuron activity and tissue movement in
live mice. This technique extends its application to in vivo imaging of
the small intestine, cecum, and colon, thereby overcoming the chal-
lenges associated with studying the ENS in vivo and expanding the
scope of ENS research across different GI sites. By providing a direct
optical window into the gastric MP and colon, our method illuminates
the structural dynamics and responses to vagal activation within these
regions. Our results reveal a positive correlation between increased
gastric motility and both the strength and number of neurons acti-
vated by vagal stimulation. Interestingly, while vagal stimulation acti-
vates colonic myenteric neurons, it does not induce colonic motility.
This distinction demonstrates the potential of our method to explore
the influence of the vagus nerve on ENS activity and gastrointestinal
motility, deepening our understanding of the complex interplay
between the vagus nerve and the ENS.Moreover, ourmethodpromises
to providing a path for further investigation of the complex gut-brain
neural connectivity.

Methods
Experimental animals
All mice were C57BL/6J male, and 2-month-old to 4-month-old mice
were used for all experiments. Mice were placed in a temperature-
controlled (20 °C) room in 12-hour light-dark cycles, Mouse feeding
chow was SPF-F02-003 (SiPeiFu Biotechnology (Beijing)). All animal
procedures were approved by the Hubei Provincial Animal Care and
Use Committee and followed the experimental guidelines of the Ani-
mal Experimentation Ethics Committee of Huazhong University of
Science and Technology. At the end of the experimental cycle, all mice
were euthanized using cervical dislocation.

Gastrointestinal rAAV and CTB-555 injection
All surgeries were performed under aseptic conditions. We used
Avertin (0.625 g Tribromoethanol and 1.25ml 2-Methyl-2-butanol) at a
concentration of 1.25% for general anesthesia, and all animals were
injected subcutaneously at a volume of 0.5ml per 25 g of mouse body
weight. The stomach or intestine was accessed through an anterior
median incision. The bowel to be injected was pulled out of the
abdominal cavity or a sterilized swab was used to move the liver
upwards and expose the full extent of the gastric antrum. We injected
rAAV five times (200 nL each time and 100 nL/min) in the region of the
gastric antrum or intestine (the ileum or colon) through a polished
pulled-glass pipette (Pulled Glass 1.14 OD, World Precision Instru-
ments) with an Ultra Micropump controller (World Precision Instru-
ments). After injection, the muscle layer of the abdominal incision is
sutured once, then the skin is sutured to close the wound, and the
wound is treated with iodophor29. This was followed by anti-
inflammation via one subcutaneous injection of penicillin sodium. All
mice injected with rAAV in the gastrointestinal wall underwent a three-
week waiting period before window implantation to allow for full
expression of rAAV in the gastrointestinal tract. CTB-555 (1 µg/µl),
rAAV-hSyn-EGFP (5.09E + 12 vg/ml), rAAV-GFaABC1D-mCherry
(5.00E + 12 vg/ml), rAAV-hSyn-hChR2-EYFP (5.61E + 12 vg/ml), rAAV-
CMV-GCaMP6s (5.00E + 12 vg/ml) and rAAV-hSyn- GCaMP6s
(5.00E + 12 vg/ml) were expressed by direct injection into the GI wall.
The CTB-555 was used for retrograde tracing of the VN. rAAV-hSyn-
EGFP and rAAV-GFaABC1D-mCherry were used for labeling the struc-
ture of neurons and glial cells in the ENS, respectively. rAAV-hSyn-
hChR2-EYFP was used for exploring the delivery of light-sensitive
proteins in the ENS. rAAV-CMV-GCaMP6s and rAAV-hSyn-GCaMP6s
were used to label Ca2+ in enteric neurons. rAAV-CMV-EGFP (5.00E + 12
vg/ml) was administered via tail vein injection, with each mouse
receiving a dose of 200 microliters20, also waited 3 weeks for
expression.

Surgical procedure for gastric window implantation
The abdominal hair of the mice was removed using depilatory cream
before surgery. The depilated areas were then disinfected using ster-
ilized alcohol (70%) and povidone-iodine solution (1%). During surgery
mice were anesthetized using isoflurane (4% induction, 2% main-
tenance), eyes were kept moist using eye ointment, and body tem-
perature was maintained at 37 °C using a heating pad. The mice were
then placed on their left side and the stomach was exposed by cutting
approximately 3mm in diameter with surgical scissors near the sto-
mach (covered by the liver and ribs). A loop (purse-string) was incised
using amedical suture to set the skin andmuscle tissue into the second
slot of the gastricwindow, and the suturewas tightened andknotted to
secure the window. The gastric scaffold is placed into the abdominal
cavity through the window, and after guiding the scaffold through the
bottom of the gastric sinus using pointed forceps (top view), the
scaffold is rotated to support the stomach through the third slot

Fig. 6 | In vivo calcium imaging of colonic MP in response to VNS. a Cartoon
depiction of a strategy for tracing the vagus nerve from the colon. b Native fluor-
escence whole-map analysis of left- and right- ganglion and vagus nerves (white
arrow) after colonic infection with CTB-555 in C57BL/6J mice. The yellow arrows
point to infected neurons. All scale bars are 200 μm. c Schematic of in vivo imaging
ofmouse colon, the purple box shows a detailed view of the intestinalwindow after
implantationand theblue showselectrode implantation for the rightVNS.d Frames
captured during in vivo confocal imaging of colonic myenteric neurons expressing
GCaMP6s at 59, 184.5, and 311.5 seconds after 5, 10, and 15HzVNS. All scale bars are
50 μm. e Changes in calcium intensity (ΔF/F0) after VNS at different frequencies in
the region of interest (ganglion and neurons) in (d). Each of the three different
frequencies was stimulated 3 times, with an interval of approximately 30 s between

stimulation at the same frequency and 60 s between stimulation at different fre-
quencies.ΔF/F0 = 200% for the vertical coordinates of cells 4 and 5, and 50% for the
others. f The calcium intensity of ganglion changed during 30 seconds before and
after the first stimulation at 5, 10, and 15Hz VNS. g Changes in colonic tissue
movement throughout vagal stimulation. h Tissue movement and Ca2+ intensity of
ganglion changes over a 30-second period before and after 5, 10, and 15Hz VNS.
The red lines refer to tissue movement and the blue refer to calcium intensity of
ganglion. i The calcium intensity of cells changed (ΔF/F0) after 5, 10, and 15 Hz VNS
(F1.1, 3.2 = 0.74, p =0.57, n = 4). j Percentages of responsive neurons per ganglion
after 5, 10, and 15Hz VNS did not change (n = 4). (k) Tissue maxmovement after 5,
10, and 15Hz VNS (F1.0, 2.0 = 2.9, p =0.23, n = 3). i–k *P <0.05, RM one-way ANOVA,
Tukey post hoc test, Multiple comparisons. All data are mean ± s.e.m.
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by aligning the scaffold with the two “ears” of the gastric window.
The coverslip and C-ring were then placed into the first slot one at a
time (Supplementary Movie 3). Povidone-iodine is applied around the
wound, and anti-inflammatory drugs and painkillers are injected sub-
cutaneously. Mice were released from anesthesia. Window implanta-
tion of the intestine was performed in the same steps as for window
implantation except that the surgical location was in the mid-
abdominal region (Supplementary Movie 3). Daily intraperitoneal
injections of anti-inflammatory drugs (two days in total).

Vagus nerve stimulation (VNS) and Gastric electrical
stimulation (GES)
Mice were anaesthetized with 4% isoflurane for induction and main-
tained at 1.5% during surgery and stimulation. Eye ointment was
applied to the eyes to reduce dryness. Throughout the surgery, the
body temperature of the mice wasmaintained at 37 0C using a heating
pad. The right or left cervical vagus nerve was exposed through a
midline incision in the neck. The vagal trunk was then carefully dis-
sected from the carotid sheath under a stereomicroscope and a cuff
electrode (KD-cuff, Kedou BC) was wrapped around the nerve. To
stimulate the vagus nerve, the electrode was connected to both a sti-
mulation isolator (Exiso, DL Naturegene Life Sciences) and a pulse
generator (Model). VNS was performed using a pulse wave with para-
meters of 5-30Hz, 15 V, and 500 µs duration for 5 seconds. Before
conducting the GES experiments, we prepared the coverslips. First, we
drilled holes (0.8mm in diameter) in the coverslips. Then, we inserted
twoplatinumwires, each0.5mm indiameter, through these holes. The
ends of the wires that contact the gastric surface were positioned
about 3mm apart. Finally, we used a UV-cured adhesive to secure the
wires in the slits of the holes on the coverslips (see Fig. 5a). The cover
slips with electrodes were replaced before GES, and the stimulation
method was the same as that of VNS.

In vivo confocal imaging
The dual-channel confocal imaging system built was an orthogonal
imaging system. The excitation light was 488 nm and 561 nm (OBIS,
50mW), and the output power of the objective lenswas approximately
1mW. Scanning (512 pixels * 512 pixels) was performed using XY Gal-
vanometer Sets (Cambridge Technology). Cells were observed in vivo
using a 20x, water, NA =0.5 objective (Nikon). 50 μm pinhole (Thor-
labs) was used to filter non-focal signals, and PMT (R3896, Hama-
matsu) was used to collect excited fluorescence signals. Z-axis
scanning was performed using a Microscope Objective Nano-
positioning System (Edmund Optics) (scanning range of 100 μm in 1
μm steps). The samples were positioned using a displacement stage
(M-562F-XYZ, Newport). Images were acquired using an acquisition
rate of 2 fps, and the images were captured as 16-bit grayscale maps.
During imaging,mice were placed on a heating pad tomaintain a body
temperature of 37 °C, and anesthesia was maintained using isoflurane
(4% induction, 1.5-2% maintenance). The window was held in place
using a fixationdevice tominimizemotion artifacts during the imaging
process. To quantitatively analyze the suppression of motion artifacts
during imaging and facilitate rapid localization of the same spot during
prolonged imaging, we injected 0.1ml of TRITC-Dextran (5mg/ml,
Sigma) into the tail vein to label the blood vessels. Each mouse was
imaged only once per day and every other day, allowing it to recover
for one day.

Gastric emptying rate test
The rateofgastric emptying inmicewas testedusing a semi-nutritional
solid paste. This paste was prepared by dissolving 2.4 g of sodium
carboxymethyl cellulose (CMC-Na) in 50mL of distilled water. Then,
3.2 g of milk powder, 1.6 g of sugar, and 1.6 g of water-soluble starch
were added. The mixture was formulated into a semi-solid paste and

refrigerated. It was removed from the refrigerator 2 hours prior to use
to allow it to return to room temperature. The mice were fasted and
dehydrated for 14 hours before the experiment. Each mouse was
gavaged 0.2ml per 10 g of body weight and waited for 5minutes after
gavage. This was followed by induction anesthesia using isoflurane at a
concentration of 4% and continuous anesthesia at a concentration of
1.5%. Electrode implantation (left vagus nerve) and the procedure time
was controlled to 15minutes. The vagus nerve stimulation was per-
formed using a pulse wave with parameters of 20 and 30Hz, 15 V, and
500 µs duration for 30 seconds. Each stimulation session was followed
by a 60-second pause, and the total duration of stimulation was
30minutes. At the end of stimulation, the electrodes were removed,
and the mice were euthanized after waiting 30minutes (awake state)
to remove the stomach. The stomachs of mice were removed by
ligating the cardia and pylorus with a thin wire, and cutting the eso-
phagus and duodenum close to the ligated wire. The stomach was
weighed on a balance, then the wall of the stomach was cut open, the
stomach contents were washed with PBS solution, the water was
blotted out with filter paper, and the net weight of the stomach was
weighed again. Gastric emptying rat = 1 − [weight of semi-solid paste -
(totalweight of stomach - netweight of stomach)]/weight of semi-solid
paste × 100%.

Imaging data analysis
Optical data were processed in ImageJ software. Image jitter was
removed using the plugins Image Stabilizer and Template Matching in
ImageJ. The neuronal region of interest (ROI) was manually selected
and the mean gray value was calculated for the ROI region. The mean
gray valuewasproportional to the amount of GCaMP fluorescence and
was used to determine the relative level of activity during the optical
recording. The output files corresponding to the ROIs were stored as
an xlsx file. Then import the data into MATLAB (R2022a) for further
processing. All data were normalized using the following function: ΔF/
F0 = (F − F0)/F0. Fluorescence intensity (F) is the mean gray value of
each neuronal ROI. F0 is the fluorescence signal in the baseline period
and was determined by calculating the average of fluorescence signals
in the 20 seconds before the start of the stimulus. ΔF/F0 curves were
detrended to eliminate effects such as limit drift caused by photo-
bleaching. Tissue movement in response to VNS and GES was deter-
mined using a Template Matching (Align Slices in Stack) in ImageJ,
which quantifies the ganglion movement along the x- and y- axes,
representing the circular and longitudinal muscles, respectively. The
profile of tissuemovement is obtained by calculating the change in the
axial coordinates of the ganglion in the acquired sequence images. In
vitro imaging of nodose ganglion was performed using a Nikon Ni-E
microscope (10x objective, NA =0.4, air). 2 fps vs 20 fps difference
analysis was performed using an Olympus BX51WI microscope (20x
objective, NA = 1.0, water), and image acquisitionwas performed using
a CMOS camera (C13440-20CU, Hamamatsu).

Statistical analysis
All summary data are presented as means ± s.e.m. Data for different
frequencies of stimulation were obtained on the same ganglion of
the same mouse. Differences in gastric emptying rate (%) evoked
by VNS were compared by the unpaired Student t-test (two-tailed).
Differences in responses to different frequency stimuliwere compared
by RM one-way ANOVA with Tukey post hoc test for multiple com-
parisons. Differences in responses to VNS and GES were compared
by the paired Student t-test (two-tailed). Differences between 2 fps and
20 fps acquisition rates in acquiring activity of gastric neurons acti-
vated by the GES were compared by the paired Student t-test (two-
tailed). Significance was defined as p <0.05. ns means no statistical
difference. All statistical analyzes were performed using GraphPad
Prism 9.
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Statistics and Reproducibility
The experiments on the effectiveness of the optical window in cor-
recting motion artifacts were repeated five times (Fig. 1h and Supple-
mentary Fig. 7). Experiments for in vivo optical recordings of the
stomach were repeated over 30 times (Fig. 1i), over 10 times for
recordings of the small intestine (Fig. 1j), and over 30 times for
recordings of the proximal colon (Fig. 1k). Prolonged optical record-
ings of the structure of the gastric MP were repeated three times
(Fig. 2a–d), and prolonged optical recordings of calcium activity in
gastric myenteric neurons were repeated three times (Fig. 2e, f). Ret-
rograde tracing experiments from the stomach (Fig. 3d) and proximal
colon (Fig. 6b) to the nodose ganglia were repeated five times each. In
vivo recordings of the response of the gastric MP and the proximal
colonic MP to vagal activation were repeated five times (Fig. 3f) and
four times (Fig. 6d), respectively. Experiments activating the same
gastric MP by gastric electrical stimulation and vagal stimulation were
repeated three times. All experiments used different mice for each
repetition.

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

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information files.
The data in Fig. 2e, f; Fig. 3b, g–j; Fig. 4b, d–g; Fig. 5c–g; Fig. 6e–k;
Supplementary Fig. 4b–g; Supplementary Fig. 6b; Supplementary
Fig. 7b; Supplementary Fig. 8b, d; Supplementary Fig. 10b, c, e, f. have
associated source data. Source data are provided as a Source Data file.
The Source Data generated in this study have been deposited in the
Science Data Bank under accession code https://doi.org/10.57760/
sciencedb.08864, https://www.scidb.cn/s/ji6bau. Source data are
provided with this paper.

Code availability
The authors declare that the custom code used for calcium signal data
processing and analysis in this study is available in the Science Data
Bank repository66 https://www.scidb.cn/s/7JJni2, https://doi.org/10.
57760/sciencedb.08902. The data in Fig. 2e, f; Fig. 3g; Fig. 4b;
Fig. 5c; Fig. 6e and Supplementary Fig. 10b, e have associated cus-
tom code.
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