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Mechanosensory systems have been implicated in the maintenance of gut homeostasis, but details on the related 
mechanisms are scarce. Recently, we generated a conditional Ca2+ biosensor yellow cameleon 3.60 (YC3.60)-
expressing transgenic mouse model and established a five-dimensional (5D; x, y, z, time, and Ca2+) intravital 
imaging system for investigating lymphoid tissues and enteric epithelial cell responses. To validate this gut-sensing 
system, we visualized responses of enteric nervous system (ENS) cells in Nestin-Cre/YC3.60flox mice with specific 
YC3.60 expression. The ENS, including the myenteric (Auerbach’s) and submucous (Meissner’s) plexuses, could 
be visualized without staining in this mouse line, indicating that the probe produced sufficient fluorescent intensity. 
Furthermore, the myenteric plexus exhibited Ca2+ signaling during peristalsis without stimulation. Nerve endings 
on the surface of enteric epithelia also exhibited Ca2+ signaling without stimulation. Mechanical stress induced 
transient salient Ca2+ flux in the myenteric plexus and in enteric epithelial cells in the Nestin-Cre/YC3.60 and 
the CAG-Cre/YC3.60 lines, respectively. Furthermore, the potential TRPM7 inhibitors were shown to attenuate 
mechanical stress-mediated Ca2+ signaling. These data indicate that the present intravital imaging system can be 
used to visualize mechanosensory Ca2+ signaling in ENS cells and enteric epithelial cells.
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INTRODUCTION

Ingested food and environmental components such as 
microorganisms are digested and recognized in the gut lumen 
via innate receptors, including transient receptor potential (TRP) 
channels [1, 2], purinergic receptors [3], fatty acid receptors 
[4], and taste receptors [5]. Signals received by these receptors 
then stimulate cytokine release, hormone secretion, and neural 
activities that contribute to immune responses, gastrointestinal 
regulation, and energy metabolism. These responses are exerted 
through the intestinal epithelial cells, the enteric nervous system 
(ENS), the central nervous system (CNS), and the gut immune 

systems [6, 7]. In the intestinal tract, the immune, nervous, and 
endocrine systems are highly integrated, and their crosstalk is 
crucial for maintaining physiological activities. Indeed, the ENS 
and CNS influence various functions, including satiety, release of 
digestive enzymes, local blood flow, and immune responses. The 
ENS is the largest branch of the peripheral nervous system and is 
distributed in small ganglia, most of which are classified into two 
plexuses: the myenteric and submucosal plexuses. The myenteric 
plexus forms a continuous network from the upper esophagus to 
the internal anus [8]. The submucosal ganglia and connecting 
fiber bundles form plexuses in the small and large intestines but 
not in the stomach and esophagus.
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When a food bolus approaches the intestine, the gut lumen 
monitors the physiological state of the gut and regulates the 
digestive physiological responses, such as secretions of digestive 
fluid and gut contraction. The physical stimulus of membrane 
stretching is recognized by opening cation-permeable stretch-
activated ion channels [9]. Such physical stimulation of the 
gut lumen leads to serotonin (5-hydroxytryptamine: 5-HT) 
secretions that activate neurons of the ENS [10, 11]. However, 
these processes are among the few that are induced by the entry 
of food in the gut. Furthermore, real-time monitoring of gut 
sensing is limited because of the complexity of the gut-sensing 
system, although intensive in vitro and ex vivo studies have been 
conducted.

To facilitate analyses of the dynamics and signal transduction 
under physiological conditions, we previously established a 
transgenic mouse line that conditionally expresses the Ca2+ 
biosensor yellow cameleon (YC3.60) [12]. YC3.60 is a double-
chromophore indicator that employs Förster/fluorescence 
resonance energy transfer (FRET) between cyan fluorescent 
protein (CFP) and a circularly permutated variant of the yellow 
fluorescent protein (YFP), Venus [13]. YC3.60 can be used 
to monitor Ca2+ signaling by measuring the ratio of YFP and 
CFP (YFP/CFP) under CFP-excited conditions. FRET-based 
ratiometric indicators, including YC3.60, can also be corrected 
for unequal sensor expression and motion-derived changes in 
fluorescent intensities. Therefore, ratiometric sensors such as 
YC3.60 are suitable for in vivo whole-body imaging in mice. 
We previously established a five-dimensional (5D; x, y, z, time, 
and Ca2+ signal) live imaging system for use in lymphoid tissues 
[12]. Using this system for a mouse line ubiquitously expressing 
YC3.60 (CAG-Cre/YC3.60), Ca2+ signaling was detected in 
enteric epithelial cells in vivo, and the gram-positive probiotic 
bacteria Lactococcus lactis and Bacillus subtilis var. natto were 
shown to stimulate epithelial cells in the small intestine [14].

To investigate the gut systems that recognize physical stimuli 
from food ingestion in vivo, we attempted to extend this intravital 
Ca2+ imaging system to the ENS using mice with specific YC3.60 
expression. Neural cell-specific expression of YC3.60 showed 
that Ca2+ signaling can be monitored in ENS cells. Moreover, 
we analyzed mechanical stress-mediated Ca2+ signaling in vivo 
by comparing mice with ubiquitous YC3.60 expression in enteric 
epithelial cells and neural cell-specific YC3.60 expression in the 
ENS.

MATERIALS AND METHODS

Mice
The transgenic mouse model that conditionally expresses 

YC3.60 was described in our previous study [12]. In the present 
study, a floxed YC3.60 reporter (YC3.60flox) mouse line was 
crossed with a Nestin-Cre mouse line [15], resulting in neural 
cell-specific YC3.60 expression in Nestin-Cre/YC3.60flox mice 
due to the loss of the loxP-flanked neomycin cassette. YC3.60flox 
mice were also crossed with CAG-Cre mice that express Cre 
ubiquitously [16]. Mice were maintained in our animal facility 
under specific pathogen-free conditions in accordance with 
the animal care guidelines of the Tokyo Medical and Dental 
University. All animal procedures were approved by the 
Committee for Animal Care of the Tokyo Medical and Dental 
University (no. A2018-432).

Tissue clearing
Intestinal tissue from CAG-Cre/YC3.60flox mice was immersed 

in 4% paraformaldehyde in phosphate-buffered saline (PBS) at 
room temperature for 24 hr. After washing with PBS, the fixed 
tissue was treated with RapiClear 1.52 reagent (SUNJin Lab, 
Hsinchu, Taiwan) according to the manufacturer’s instructions. 
Images were then acquired using a Nikon A1 laser-scanning 
confocal microscope (Nikon, Tokyo, Japan) with a 20× objective 
and NIS-Elements AR software as previously described [12]. 
Using a dichroic mirror (DM488) and a bandpass emission 
filter (540/30), YFP was detected at an excitation wavelength of 
488 nm. The acquired images were analyzed using Nis-Elements 
software (Nikon).

Intravital imaging
After anesthetizing mice, the abdomen was surgically opened. 

The small intestinal tract (jejunum) was then pulled out, partially 
immobilized on a cover glass with an adhesive containing 
cyanoacrylate, covered with a plastic wrap to prevent drying, and 
placed on a microscope stage. Alternatively, the small intestinal 
tract was surgically incised lengthwise, partially immobilized 
on a cover glass with adhesive with the lumenal side down, and 
placed on a microscope stage. The mechanical stimulus for CAG-
Cre/YC3.60flox mice was given by either flushing water between 
the epithelia and cover glass using a micropipette or lifting 2 mm 
of epithelia and placing this segment on the cover glass using 
a pipette tip. For Nestin-Cre/YC3.60flox mice, the mechanical 
stimulus given was prodding of the intestine with a pipette tip. 
Images were then acquired using a Nikon A1 laser-scanning 
confocal microscope with a 20× objective and NIS-Elements 
AR software as previously described [12]. Using a dichroic 
mirror (DM457/514) and two bandpass emission filters (482/35 
for CFP and 540/30 for YFP), YFP/CFP ratios were obtained at 
an excitation wavelength of 458 nm. Using a different dichroic 
mirror (DM488), YFP images were obtained at an excitation 
wavelength of 488 nm. Images were acquired at approximately 
2 sec/frame and were analyzed using Nis-Elements software 
(Nikon).

Immunohistochemistry
The duodenum, jejunum, and ileum were dissected from 

mice and fixed in 4% PFA, cryoprotected in 30% sucrose and 
embedded in Tissue-Tek O.C.T. compound (Sakura Finetek 
Japan, Tokyo, Japan) under liquid nitrogen vapor, and then 
sectioned coronally at a thickness of 4 μm. Sections were 
then incubated in a target retrieval solution (citrate, pH 6.0, 
Dako Japan, Tokyo, Japan) for 30 min at 80°C. Subsequently, 
sections were blocked with 5% donkey serum in PBS (blocking 
solution) and incubated with primary antibodies (1/5000 rabbit 
anti-5HT antibody, #20080, ImmunoStar, Hudson, WI, USA; 
1/2000 rabbit anti-chromogranin A, #20085, Acris Antibodies, 
Herford, Germany; and 1/100 goat anti-TRPM7, #sc-19562, 
Santa Cruz Biotechnology, Dallas, TX, USA) in the blocking 
solution overnight at 4°C. After washing three times in PBS with 
Tween 20 (PBST) and once in PBS, sections were incubated with 
secondary antibodies (1/1,000 donkey anti-goat immunoglobulin 
[Ig] G conjugated with CF488A, #20016, Biotium, Fremont, CA, 
USA) for 30 min, washed three times in PBST and once in PBS, 
and incubated again with secondary antibodies (1/1,000 goat anti-
rabbit conjugated with Alexa Fluor 546, #A-11035, Molecular 
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Probes, Eugene, OR, USA) for 30 min. Finally, sections were 
washed three times in PBST, mounted in FluorSave Reagent 
(Merck Millipore, Billerica, MA, USA), and observed using 
an upright fluorescence microscope (ECLIPSE Ni-U, Nikon). 
Images of the sections were obtained using a digital CCD camera 
and processed by Photoshop (version CS5; Adobe Systems).

RESULTS

Analysis of enteric nervous structure in CAG-Cre/YC3.60flox 
and Nestin-Cre/YC3.60flox mice

To analyze the enteric nervous structure more precisely, 
the optical transparency of gastrointestinal tissues in CAG-
Cre/YC3.60 mice was increased using the mounting reagent 
RapiClear 1.52 [12]. Using confocal microscopy, we identified the 
submucous plexus, which lies in the submucosa of the intestinal 
wall, and the myenteric plexus, which is located between 
longitudinal and circular muscle layers (Fig. 1A and B and 
Supplementary Videos 1 and 2). Furthermore, crypts containing 
Paneth cells, located beneath the submucous plexus, were clearly 
observed. To investigate gut-sensing systems, we established a 
mouse model in which YC3.60 is specifically expressed in neural 
cells by crossing YC3.60flox with Nestin-Cre mice [15]. In this 
transgenic mouse strain, Cre is expressed in the neuronal and 
glial cell precursors, and YC3.60 is expressed in most neural cells 
owing to the resulting genomic recombination. Consequently, the 
myenteric plexus of the ENS can be clearly identified in these 
mice using fluorescent microscopy as described previously [12]. 
Sufficient YC3.60 expression was confirmed in ENS cells in 
Nestin-Cre/YC3.60 mice. The myenteric plexus, mucous plexus, 
nerve fibers in the intestinal villi, and neural cells in the enteric 
epithelium were clearly identified (Fig. 1C).

Intravital imaging of Ca2+ signaling in ENS cells
To determine whether Ca2+ dynamics of ENS cells can be 

detected in vivo, we performed intravital imaging of intestines in 
Nestin-Cre/YC3.60 mice. The results revealed Ca2+ signaling in 
the myenteric plexus without exogenous stimulation (Fig. 2A and 
Supplementary Video 3). Furthermore, Ca2+ signaling was evident 
on the apical ends of ENS cells of the enteric epithelium, again 
in the absence of stimulation (Fig. 2B). In addition, the ENS cells 
along the lining of blood vessels also exhibited Ca2+ signaling 
(Fig. 2C and Supplementary Video 4). Thus, Ca2+ dynamics can 
be detected in ENS cells of Nestin-Cre/YC3.60 mice in vivo.

Intravital imaging of mechanosensory Ca2+ signaling in ENS 
cells and enteric epithelial cells

Although the effects of mechanical stimulation on gut motility 
have been recognized, the mechanisms of mechanical stimulation 
remain poorly understood. To clarify the mechanisms by which the 
gut responds to mechanical stress mediated by entry of ingested 
food and/or fluid into the intestinal tract, mechanosensory Ca2+ 
signaling was visualized in vivo. Water was flushed under the 
intestinal epithelia, and intravital imaging of the response showed 
that transient Ca2+ signaling was induced in the enteric epithelial 
cells of mice with ubiquitous YC3.60 expression (Fig. 3 and 
Supplementary Video 5). Thus, mechanical stimulation induced 
transient Ca2+ signaling. In Nestin-Cre/YC3.60flox mice, the 
myenteric plexus also exhibited transient Ca2+ signaling following 
mechanical stimulation with ingested food and/or fluid (Fig. 4 

Fig. 1. Characterization of the enteric nervous system.
(A) Representative images of intestines from a CAG-Cre/YC3.60flox 
mouse. Intestinal tissue from CAG-Cre/YC3.60flox mice was treated 
with Rapid Clear 1.52 reagent. For Z-stack analysis of epithelial cells in 
the intestinal tract, imaging of small intestinal villi in the jejunum was 
performed using a confocal laser microscope. Yellow fluorescent protein 
(YFP) images (excitation at 488 nm) are shown. Z-stack images at 1-μm 
intervals were obtained to a depth of 39 μm. Only representative images 
are shown. Scale bar, 50 μm. (B) Three-dimensional (3D) structures 
of small intestinal epithelial cells; 3D images were generated from the 
Z-stack images (A) using NIS-Elements software. (C) Representative 
images from a Nestin-Cre/YC3.60flox mouse. Intravital imaging of the 
myenteric and mucous plexuses, neural cells in the intestinal villi, and 
nerve endings in the epithelium in the jejunum are shown. Representative 
results of at least three mice are provided.
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and Supplementary Video 6), as observed in enteric epithelial 
cells. These results indicate that mechanical stress induces Ca2+ 
responses in enteric epithelial cells and the myenteric plexus.

Expression of TRPM7 in intestinal epithelia
TRPM7 is a member of the melastatin subfamily of TRP 

channels and is known to respond to mechanical stress [17–21]. 
We examined the expression of TRPM7 together with serotonin 
(5-HT) produced by a large population of enteroendocrine cells 
and chromogranin A as a marker for enteroendocrine cells [22] 
in the intestine using immunohistochemistry. We observed cell 

populations in which TRPM7 was coexpressed with chromogranin 
A throughout the small intestine (Fig. 5A). Double-labeling with 
5-HT and TRPM7 showed that not all TRPM7-expressing cells 
coexpressed 5-HT (Fig. 5B and Supplementary Fig. 1). These 
data indicate that TRPM7 is expressed in subpopulations of 
enteroendocrine cells and that TRPM7+ cells are preferentially 
localized in the upper intestine (Fig. 5C).

Potential TRPM7 inhibitors suppress mechanical stress-
mediated Ca2+ signaling in enteric epithelial cells

To determine whether TRPM7 is involved in mechanical 

Fig. 2.	 Intravital imaging of Ca2+ signaling in ENS cells of a Nestin-Cre/YC3.60flox mouse.
(A) Representative Ca2+ signaling images of the myenteric plexus in the jejunum from a Nestin-Cre/YC3.60flox mouse. The rainbow parameter indicates 
relative Ca2+ concentrations. Fluorescence ratios of CFP to YFP (Venus) intensities (YFP/CFP) at an excitation wavelength of 458 nm are shown. Frames, 
57. (B) Representative Ca2+ signaling images of neural cells in the enteric epithelium in the jejunum of a Nestin-Cre/YC3.60flox mouse. Magnified images 
are also shown on the right side of each image. (C) Representative Ca2+ signaling images of neural cells along the lining of the blood vessel between the 
longitudinal and circular muscle layers in the jejunum of a Nestin-Cre/YC3.60flox mouse. Frames, 49. Cells showing a high Ca2+ concentration are indicated 
by arrows. Blood streams are indicated by white lines in the leftmost image. Bars, 50 μm. Representative results of at least three mice are provided.
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stress-mediated Ca2+ responses in intestinal epithelial cells, 
we performed experiments with the known lipoxygenase 
inhibitor nordihydroguaiaretic acid (NDGA), which is a known 
inhibitor of TRPM7 [23]. We administered 10 µM NDGA to 
the intestinal lumen side in CAG-Cre/YC3.60 mice, and this 
was followed by incubation for 5 min and intravital imaging of 
enteric epithelial cells. Under these conditions, negligible Ca2+ 
response was observed upon mechanical stimulation (Fig. 6A 
and 6B and Supplementary Video 7). However, washing out of 
the inhibitor resulted in complete restoration of the responses 
of enteric epithelial cells to mechanical stimuli (Fig. 6C and 
6D and Supplementary Video 8), implying that TRPM7 is 
involved in mechanical stress-mediated Ca2+ responses in enteric 
epithelial cells. Furthermore, although flushing water between the 
epithelia and cover glass induced robust Ca2+ signaling, water 
containing NDGA did not induce signaling (Fig. 7A and 7B). 
An additional test involving another potential TRPM7 inhibitor, 
2-aminoethyl diphenyl borate (2-APB) [24], was performed to 
determine whether 2-APB inhibits mechanical stress-mediated 
Ca2+ signaling. Although 2-APB was less effective than NDGA, 
a similar result was obtained (Supplementary Fig. 2).

DISCUSSION

In this study, we visualized the ENS by analyzing neural cell-
specific YC3.60 expression in Nestin-Cre/YC3.60flox mice. Using 
the fluorescent indicator YC3.60 in intravital imaging analyses, 
we successfully monitored Ca2+ dynamics in ENS cells in the 

jejunum in vivo. Furthermore, upon mechanical stimulation, 
enteric neurons and epithelial cells exhibited transient Ca2+ 
responses in vivo. In addition, we confirmed that the mechanical 
sensor TRPM7 is expressed in a subpopulation of enteroendocrine 
cells and showed that transient Ca2+ responses were inhibited by 
the potential TRPM7 inhibitors NDGA and 2-APB.

The mouse model validated in this study was used to 
demonstrate in vivo Ca2+ dynamics in the ENS, which is known to 
regulate gut motility and hormone secretion [25–27]. Previously, 
we developed an intravital imaging system for intestinal epithelial 
cells using CAG-Cre/YC3.60flox mice [14]. The present report 
provides details of the application of this system in Nestin-Cre/
YC3.60flox mice [12] and demonstrates the visualization of 
Ca2+ dynamics in the ENS. Because the neural cells of these 
mice strongly expressed the Ca2+ biosensor YC3.60, the ENS 
cells of the myenteric and submucous plexuses could be clearly 
visualized. Furthermore, we visualized in vivo Ca2+ dynamics in 
ENS cells of the myenteric plexus, in nerve endings on intestinal 
epithelia, and in nerve fibers in intestinal villi.

We also observed mechanical stress-mediated Ca2+ signaling 
in ENS cells and epithelial cells of the intestine in vivo. The 
findings suggest that ingested food and fluid mechanically 
stimulate the gastrointestinal tract. Previous studies have shown 
that mechanical stress stimulates enteric epithelial cells to secrete 
serotonin, which controls gut motility [28, 29]. Furthermore, in 
Drosophila, this mechanosensor has been shown to respond to 
food textures [30].

TRPM7 is expressed in various tissues and clearly plays 

Fig. 3.	 Intravital imaging of Ca2+ signaling following mechanical stress in intestinal epithelial cells of a CAG-Cre/YC3.60flox mouse.
(A) Representative Ca2+ signaling images of the intestinal tract of a mouse with ubiquitous YC3.60 expression. Water was flushed under the epithelium of the 
jejunum at the 20-sec time point. Ratiometric images (YFP/CFP ratio with excitation of 458 nm) are shown. The rainbow parameter indicates relative Ca2+ 
concentrations. Scale bar, 50 μm. (B) Time course of YFP/CFP fluorescence intensities with excitation at 458 nm. Mechanical stimulation was performed at 
the time point indicated by the arrow. Whole images were measured. Frames, 21. Representative results of at least 10 experiments are provided.
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critical biological roles, and its deficiency in mice results in 
embryonic lethality [31]. In the gut, TRPM7 affects the cells of 
Cajal, which control intestinal motility [17, 32, 33]. However, 
we showed that although TRPM7 is expressed in chromogranin 
A+ enteroendocrine cells, this population of cells comprises only 
1–5% of all enteroendocrine cells. In addition, the proportion 
of TRPM7+ cells among 5-HT+ enteroendocrine cells was only 
2–5%. Piezo2 mechanosensitive ion channels have been recently 

identified as epithelial mechanosensors, and they are expressed 
by mouse and human enteroendocrine cells [28]. However, the 
distributions of mechanosensitive ion channels in the intestine 
differed from those of TRPM7. In particular, Piezo2 expression 
was moderately correlated with the presence of 5-HT+ cells, of 
which fewer than half expressed TRPM7. Although the TRPM7+ 
cell populations are small in the intestinal epithelia, the potential 
TRPM7 inhibitors NDGA [32, 33] and 2-APB clearly abrogated 

Fig. 4.	 Intravital imaging of Ca2+ signaling following mechanical stress in intestinal epithelial cells of a Nestin-Cre/YC3.60flox mouse.
(A) Representative Ca2+ signaling images in the intestinal tract of a Nestin-Cre/YC3.60flox mouse; ratiometric images (YFP/CFP ratio with excitation 
at 458 nm) are shown. The intestinal tract of jejunum was prodded with a pipette tip at the 55-sec time point. The rainbow parameter indicates relative 
Ca2+ concentrations. (B) Time course of YFP/CFP fluorescence intensities with excitation at 458 nm. Mechanical stimulation was performed at the time 
point indicated by the arrow; indicated regions were measured. Scale bar, 50 μm; frames, 42. Representative results of at least three mice are provided.
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Ca2+ signaling in response to mechanical stimulation (Fig. 6 and 
Supplementary Fig. 1). These observations imply that TRPM7 
may also be involved in Ca2+ signaling following mechanical 
stress. The intestine possibly recognizes the entry of fluid and 
food via mechanosensitive channels such as TRPM7 and regulates 
transfer, digestion, and absorption of nutrients.

Collectively, the data from our in vivo Ca2+ dynamics 
imaging system describe biological activities of the gut under 

physiological conditions. However, further studies are required to 
clarify the associated neural circuits and epithelial cell functions.
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Fig. 6.	 Intravital imaging of Ca2+ signaling following mechanical stress in potential TRPM7 inhibitor (DNGA)-treated intestinal epithelial cells of a 
CAG-Cre/YC3.60flox mouse.
(A) Representative Ca2+ signaling images in the intestinal tract of a mouse with ubiquitous YC3.60 expression were generated after treatment with 10 µM 
NDGA. After treatment with 10 µM NDGA for 5 min, the jejunum was subjected to mechanical stimulation at the indicated time points. Ratiometric 
images (YFP/CFP ration with excitation at 458 nm) are shown. The rainbow parameter indicates relative Ca2+ concentrations. Scale bar, 50 μm. (B) Time 
course of YFP/CFP fluorescence intensities with excitation at 458 nm. Mechanical stimulation was performed at the time points indicated by arrows. The 
whole field of each image was measured. Frames, 66. (C) Representative Ca2+ signaling images of the intestinal tract of a mouse with ubiquitous YC3.60 
expression after washing out NDGA; the epithelium of the duodenum was flushed with water at the 30-sec time point. Then, 2-mm segments of epithelia 
were lifted and placed on a cover glass at the 80- and 120-sec time points. Ratiometric images (YFP/CFP ratio with excitation at 458 nm) are shown. 
The rainbow parameter indicates relative Ca2+ concentrations. Scale bar, 50 μm. (D) Time course of YFP/CFP fluorescence intensities with excitation 
at 458 nm. Mechanical stimulation was performed at the time points indicated by arrows. The whole field of each image was measured. Frames, 87. 
Representative results of two experiments are provided.
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