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a b s t r a c t
Most imaging studies of the enteric nervous system (ENS) that regulates the function of the gastrointestinal tract are so far performed using preparations isolated from animals, thus hindering the understanding
of the ENS function in vivo. Here we report a method for imaging the ENS cellular network activity in
living mice using a new transgenic mouse line that co-expresses G-CaMP6 and mCherry in the ENS combined with the suction-mediated stabilization of intestinal movements. With confocal or two-photon
imaging, our method can visualize spontaneous and pharmacologically-evoked ENS network activity in
living animals at cellular and subcellular resolutions, demonstrating the potential usefulness for studies
of the ENS function in health and disease.
© 2019 Elsevier B.V. and Japan Neuroscience Society. All rights reserved.

1. Introduction
The enteric nervous system (ENS) consists of layered and interconnected ganglionated networks within the gastrointestinal (GI)
wall and regulates multiple functions of the gut, including its motility, secretion, and sensation (Furness, 2012). The ENS is primarily
organized into two major plexuses, the myenteric plexus (MP, also

Abbreviations: ENS, enteric nervous system; GI, gastrointestinal; MP, myenteric plexus; SP, submucosal plexus; LM, longitudinal muscle; CM, circular muscle;
CNS, central nervous system; ROI, region of interest; MM, muscularis mucosae; 5HT,
serotonin.
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known as Auerbach’s plexus) that resides between the longitudinal
muscle (LM) and circular muscle (CM) layers, and the submucosal
plexus (SP, also known as Meissner’s plexus) within the submucosa. The MP contains many different functional types of neurons,
including intrinsic sensory neurons, ascending and descending
interneurons, and excitatory and inhibitory motor neurons. Each
class is categorized based on their morphological, electrophysiological, and neurochemical features (Furness, 2006; Lomax and
Furness, 2000; Qu et al., 2008). Although the ENS includes full reﬂex
circuits and can control local GI functions independently of the
central nervous system (CNS), it has extensive bidirectional connections with the CNS via the sympathetic and parasympathetic
nervous systems and the ENS works cooperatively with the CNS.
Dysfunctional interactions between the ENS and CNS might underlie functional GI disorders such as irritable bowel syndrome, as

54

Y. Motegi, M. Sato, K. Horiguchi, et al. / Neuroscience Research 151 (2020) 53–60

suggested by the high comorbidity with psychological disorders
such as anxiety and depression (Spiller et al., 2007).
Understanding the ENS network function in vivo requires simultaneous recording of the activity of many enteric neurons in living
animals, in which the connections between the ENS and CNS are
preserved. Although calcium imaging studies using reduced ex vivo
preparations have been extensively conducted (see Boesmans et al.,
2015, 2018 for review), imaging of enteric cells in vivo requires
obtaining a stable imaging plane and reasonable control of intestinal movements. Only a few attempts have been made so far to
address this technical challenge. Goto et al. imaged GFP-labeled
newly generated enteric neurons in an intestine pulled out of the
abdominal cavity and pinned down to a chamber (Goto et al., 2013).
Ritsma et al. imaged GFP-labeled intestinal epithelial stem cells
in the gut glued to a coverslip of an implanted abdominal window (Ritsma et al., 2014). More recently, Rakhilin et al. implanted
a three-dimensional (3D) printed insert into mice to stabilize the
intestine against an abdominal window and recorded the myenteric plexus activity both optically and electrically (Rakhilin et al.,
2016). However, none of these studies have provided imaging of
the activity of myenteric neurons at the individual cell or subcellular levels, indicating the need to further explore high-resolution
in vivo imaging techniques for the ENS.
In this study, we report a simple technique for ENS network
activity imaging in living mice that enables us to visualize activity
of ENS neurons at cellular and subcellular resolutions. The technique consists of the suction-based stabilization of the intestine
together with highly sensitive and reliable quasi-ratiometric calcium imaging using new transgenic reporter mice that co-express
the green ﬂuorescent calcium indicator protein G-CaMP6 and the
red calcium-insensitive ﬂuorescent protein mCherry in ENS neurons. Local drug application during ENS network imaging is also
possible. Finally, the utility of this technique is demonstrated in
imaging of spontaneous and pharmacologically-enhanced MP network activity.

2. Materials and methods
2.1. Mice
All animal experiments were conducted in accordance with the
institutional guidelines and protocols approved by the Saitama
University Animal Experiments Committee. The cDNA encoding
G-CaMP6 (Ohkura et al., 2012) was fused in frame via the 2A peptide sequence from the Foot-and-Mouth Disease Virus (F2A) to
the coding sequence of mCherry, followed by woodchuck hepatitis
virus posttranscriptional regulatory element (WPRE). The resultant G-CaMP6-F2A-mCherry-WPRE fragment was subcloned into
the mouse Thy1.2 expression vector (Caroni, 1997). The entire
transgene fragment containing the Thy1.2 gene-derived sequences
was excised, puriﬁed, and injected into the pronuclei of fertilized
eggs of FVB/N mice using standard techniques. The mice were
genotyped using PCR to amplify DNA samples extracted from ear
tissues. The primers used were 5 -AGCGCGATCACATGGTCCTG-3
and 5 -GAACTTCAGGGTCAGCTTGC-3 , which ampliﬁed a 233-bp
fragment of the G-CaMP6 coding sequence from the DNA samples of transgene-positive mice only. The expression of G-CaMP6
and mCherry in enteric neurons was examined in the offspring
of two independent founder mice and the line with the higher
expression was selected for this study. The resultant transgenic mouse line, called Thy1-G6-2A-mCherry, is available at the
RIKEN BioResource Center (http://www.brc.riken.jp/lab/animal/
en/; stock number RBRC09453). In this study, the original mouse
line in FVB/N background was backcrossed to C57BL/6N inbred
mice at least 10 generations before imaging experiments.

2.2. Analysis of transgene expression
Adult male Thy1-G6-2A-mCherry mice (4–15 months old) were
deeply anesthetized with 4% isoﬂurane and were perfused transcardially with phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde (PFA) in PBS. The entire small intestine was
removed, opened along the mesenteric attachment, and further
ﬁxed in 4% PFA at 4 ◦ C for 2 h. Whole-mount immunoﬂuorescence
labeling was performed essentially as described previously (Suzuki
et al., 2010). Brieﬂy, a segment of ﬁxed intestine was pinned to a
dish ﬁlled with Sylgard elastomer (Dow Corning) and stretched to
1̃50% of the resting length before further ﬁxation with ice-cold acetone for 30 min. The mucosa was removed by sharp dissection. The
musculature was washed with PBS containing 0.3% Triton X-100 for
10 min at 4 ◦ C and incubated in 5% normal donkey serum, 2% bovine
serum albumin, and 0.2% sodium azide in PBS for 20 min at 4 ◦ C.
The specimen was then incubated with rabbit anti-PGP9.5 antibody
(1:5000; Ultraclone), rabbit anti-GFAP antibody (1:1000; DAKO), or
rat anti-c-Kit antibody (1:1000; Invitrogen) diluted in PBS containing 2% bovine serum albumin and 0.2% sodium azide overnight at
4 ◦ C, followed by Alexa Fluor 647-conjugated anti-rabbit (1:1000;
Life Technologies) or anti-rat IgG (1:1000; Jackson ImmunoResearch) diluted in the same buffer at room temperature for 1 h.
Native ﬂuorescence of G-CaMP6 was enhanced by immunolabeling using goat anti-GFP antibody (1:1000; Novus) and Alexa Fluor
488-conjugated anti-goat IgG (1:1000; Life Technologies), whereas
mCherry signals were assessed by their native ﬂuorescence without
immunolabeling. The labeled preparation was mounted on a slide
glass using Fluoroshield Mounting Medium (Abcam). Fluorescence
images were obtained using a Leica TCS-SP2 confocal microscope.
Transgene expression in the brain was examined in parasagittal
sections by acquiring images of native ﬂuorescence of G-CaMP6 and
mCherry using a BZ-9000 ﬂuorescence microscope (Keyence).
2.3. Imaging
Adult male and female Thy1-G6-2A-mCherry mice (2–12
months old, 19–33 g in body weight) were used for imaging experiments. Mice were anesthetized during surgery and imaging with
either 10% urethane in saline (1–1.5 g/kg i.p.) supplemented with
chlorprothixene (1 mg/kg i.p.), isoﬂurane (1.0% in air), or a mixture
of midazolam (4 mg/kg i.p.), medetomidine (0.3 mg/kg i.p.), and
butorphanol (5 mg/kg i.p.) (MMB cocktail). Body temperature was
maintained at 37 ◦ C with a heating pad (BWT-100 A, Bio Research
Center). The anesthetized mouse was then placed under an apparatus designed to stabilize intestinal movements (Olympus; Fig. 1A).
This apparatus consists of an inverted cone-shaped metal chamber supported by a height-adjustable pillar. The top and bottom
diameters of the chamber measure 40 and 10 mm, respectively,
with a depth of about 12 mm. The bottom of the chamber has a
hole of 4 mm in diameter at the center allowing the introduction
of the exposed intestine from below. When used, a round coverslip (12 mm in diameter; 0.17–0.22 mm thickness, Matsunami)
is placed from above to cover the intestine within the chamber
so that the space between the coverslip and the bottom of the
chamber is 2 mm, and negative pressure is applied to the chamber by suction using a small vacuum pump (Linicon LV-125 A, Nitto
Kohki) and a vacuum trap. In this way, a segment of small intestine pulled out through an abdominal incision of the mouse is
ﬂattened and stabilized against the coverslip, providing a suitable
condition for imaging (Fig. 1A–B). When the surgery is performed
properly, the outermost surface of the small intestine is clearly visible through the coverslip without bleeding. To reduce movements
while maintaining the ENS activity, the temperature of the exposed
intestine was maintained lower (at ∼28 ◦ C) than body temperature
during experiments using an aluminum ﬂexible heater (AL-DC-A6-
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Fig. 1. Imaging of the intestinal plexus in living mice. (A) Schematic diagram of the experiment. A segment of the small intestine pulled out through an abdominal incision of
an anesthetized mouse is ﬂattened and pressed against the cover glass via the negative pressure created by suction. The intestinal plexus was imaged through an objective
lens approached from above. Drug was perfused into the chamber via a thin polypropylene tube inserted through the hole at the bottom of the chamber (inlet). (B) Top view
of the imaging chamber holding a segment of small intestine. (C) Schematic diagram of the structure of the mouse small intestine. Non-nerve and nerve tissues are indicated
on the left-hand and right-hand sides, respectively.

30, Heatlab) attached to the chamber. The intestine is kept wet
throughout the experiment by occasional local administration of
PBS (+) containing 137 mM NaCl, 2.68 mM KCl, 10.1 mM Na2 HPO4 ,
1.76 mM KH2 PO4 , 0.33 mM MgCl2 and 0.90 mM CaCl2 . Drug solution or PBS (+) was administered to the outside of the intestine via a
thin polypropylene tube (outer diameter, 0.31 mm; inner diameter,
0.18 mm) inserted through the hole at the bottom of the chamber
(Fig. 1A).
The negative pressure was maintained throughout the experiment, and its strength was kept low enough (−0.12 MPa) to avoid
serious damage to the intestine, although we cannot completely
exclude the possibility that the suction may nonetheless have an
inﬂuence on the ENS activity of the exposed intestine. Great care
was taken so that only a minimum length of intestine was drawn
from the abdominal incision into the chamber. In our preliminary
experiments, a mouse imaged under isoﬂurane anesthesia had fully
recovered from anesthesia with its abdominal wall and skin sutured
and was successfully subjected to multiple imaging sessions over
a period longer than a month, indicating that the suction did not
severely impair the functionality of the intestine.
Imaging of G-CaMP6-labeled neurons was achieved using an
upright laser-scanning microscope (A1MP dual, Nikon) equipped
with a 16× water dipping objective lens (NA 0.8, LWD, Nikon)
as described previously with modiﬁcation (Sato et al., 2017). A
tunable femtosecond-pulsed Ti:Sapphire laser with a secondary
output at 1040 nm (Chameleon Discovery, Coherent) was used as
a light source for two-photon excitation. In two-photon imaging,
G-CaMP6 and mCherry were excited separately and sequentially
at 910 and 1040 nm, respectively. After G-CaMP6 and mCherry
ﬂuorescence signals were separated by a 560 nm dichroic mirror, G-CaMP6 signals were further extracted through a 525/50 nm
bandpass ﬁlter and mCherry signals through a 575/25 nm bandpass ﬁlter. In confocal imaging, G-CaMP6 and mCherry were excited
separately and sequentially at 488 and 561 nm, respectively. After
G-CaMP6 and mCherry ﬂuorescence signals were separated by a
560 nm dichroic mirror, G-CaMP6 signals were further extracted

through a 525/50 nm bandpass ﬁlter, and mCherry signals by a
595/50 nm bandpass ﬁlter. Images were acquired in 512 × 512 pixels using a galvo-resonant scanner at a frame rate of 15–30 frames
per second. Before starting imaging, we conﬁrmed that the intestine in the ﬁeld of view did not show vigorous movements that
could prevent stable imaging. Imaging sessions lasted 2–10 min.
The exposed intestines could be imaged for at least 6 h after the
beginning of the surgery. We imaged both the jejunum (5–14 cm
from the pylorus) and ileum (2–5 cm from the cecum) of the intestine, and the data presented in Fig. 4 were obtained from the
jejunum, and those in Fig. 5 from the ileum. In addition, we found
that the transgenic mice, apparatus, and procedure described above
can also be used for calcium imaging of G-CaMP6-labeled MP of
the stomach and that of the colon in anesthetized mice (data not
shown).
In our preliminary experiments, we examined the effects of
different anesthetics on the activity of enteric neurons. Imaging of activity of the ENS was performed individually under the
three kinds of anesthetics described above in two-photon imaging. With isoﬂurane and MMB cocktail, spontaneous nerve activity
was observed only occasionally in a part of the outermost layer
of the intestine (i.e., serosa), but the activity of neurons in MP
and SP was overall very low (data not shown). Under urethane
anesthesia, however, serosal nerves showed very high spontaneous
activity and a relatively high degree of activity was also observed
in neurons in MP and nerve ﬁbers within the CM layer. Thus, we
focused on imaging of MP layer neurons in this study and used
urethane for all the subsequent experiments. Imaging of urethaneanesthetized mice was performed as acute experiments. Some of
the mice anesthetized with isoﬂurane or MMB cocktail recovered
from anesthesia for later repeated imaging, although obtaining the
same ﬁelds of view without the aid of speciﬁc labeling was difﬁcult,
and different areas were imaged in each session. Upon total completion of the experiments, mice were euthanized by deep anesthesia
with isoﬂurane followed by cervical dislocation.
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Fig. 2. Neuronal expression of the transgene in Thy1-G6-2A-mCherry mice. (A–D), Expression of G-CaMP6 (G6) (A), mCherry (B), and the pan-neuronal marker PGP9.5 (C) in
the MP. An overlay of these three images is shown (D). Examples of large neurons, medium-sized cells at the periphery of ganglia, and small isolated cells are indicated by a
large arrow, a small arrow, and an arrowhead, respectively. (E–H), Expression of G6 (E), mCherry (F), and the glial marker GFAP (G) in the MP. An overlay of these three images
is shown (H). Examples of transgene-negative glial cells are indicated by open arrowheads. (I–L), Expression of G6 (I), mCherry (J), and the marker for the interstitial cell of
Cajal (ICC) KIT (K) in the MP. An overlay of these three images is shown (L). Examples of KIT-negative G-CaMP6-expressing cells and G-CaMP6-negative ICCs are indicated by
solid and open arrows, respectively. Scale bar, 50 m.

Serotonin (serotonin hydrochloride, S0370, Tokyo Chemical
Industry) was dissolved in PBS (+) and was applied through the
thin polypropylene tube connected to a reservoir syringe driven by
gentle manual pressure.
2.4. Image analysis
Image analysis was performed using NIS Analysis v4.00 (Nikon).
Acquired time-lapse image sequences were smoothed by a 3 × 3
spatial average ﬁlter followed by a pixel-wise 3-point moving
average along the time axis. The regions of interest (ROIs) that represented cell bodies and cell ﬁbers were deﬁned as polygons or
circles by manual inspection of images so that they did not spatially overlap with each other. The classiﬁcation of large cells within
myenteric ganglia, medium cells at the periphery of myenteric ganglia and small cells located isolatedly from myenteric ganglia was
conducted by visual inspection. When necessary, image motion
was corrected by tracking the same cells automatically or manually across frames using the NIS Analysis software. The shape and
size of each ROI was kept constant throughout the analysis of the
entire image sequences. To compensate for potential artifactual
changes in G-CaMP6 ﬂuorescence signals elicited by movement of
the intestine, the ﬂuorescence intensity values of G-CaMP6 were
normalized pixel-wise against those of mCherry and the values for
pixels within an ROI in each frame of image sequences were averaged to obtain the quasi-ratiometric cellular signal R for that cell at
that time. The normalized time-varying change of R was calculated
using the following formula:



R
=
R

R−R
R



where R represents the time-average of R across the entire image
sequence.
For detection of calcium transients, the number of transient
R/R increases that exceeded three standard deviations of baseline
noise was counted. The frequency of cellular activity was calculated
as the number of calcium transients divided by the length of time
of the image sequences analyzed. Cells that showed no signiﬁcant
R/R increases were excluded from the analysis. To avoid possible
artifacts in 5HT experiments, the 15-s periods during which 5HT
or vehicle was administered were not included in the analysis, and
frequencies during the 45-s periods immediately after administration were analyzed. Baseline frequencies were determined using
the 60-s periods immediately after the start of image acquisition.
The cell body sizes of G-CaMP6-expressing cells were determined
using NIS Analysis and Image J (National Institutes of Health) as
the diameters of the circles whose areas are equivalent to those of
cellular ROIs that were used for measurement of time-lapse ﬂuorescence signals. Statistical tests were performed using GraphPad
Prism Version 7 (GraphPad Software, Inc.).
3. Results and discussion
3.1. Generation and characterization of Thy1-G6-2A-mCherry
transgenic mice
To perform imaging of the network activity in the enteric plexus,
we generated a new transgenic mouse line. The mice, called Thy1G6-2A-mCherry, are a new addition to transgenic reporter lines
of improved G-CaMPs (Ohkura et al., 2012; Sato et al., 2015), and
co-express the highly sensitive green ﬂuorescent calcium indicator protein G-CaMP6 and the red ﬂuorescent protein mCherry
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Fig. 3. Multi-layered intestinal tissues imaged at different depths using two-photon and single-photon excitation of ﬂuorescent reporter proteins. Images of two-photon
sequential excitation of G-CaMP6 (G6) and mCherry at 910 and 1040 nm (2P(910 + 1040), A–H) and confocal images of single-photon sequential excitation of G6 and mCherry
at 488 nm and 561 nm (Conf, I–P) are shown. The depths at which each image was acquired represent the depths from the outer surface of the small intestine and are indicated
at the top right corner of the images. MP: Myenteric plexus, SP: Submucosal plexus, MM: muscularis mucosae. Scale bar, 200 m.

under the Thy1 promoter. The calcium-insensitive ﬂuorescence of
mCherry provides an additional marker for transgene-expressing
cells and can be used to compensate for the motion artifact of
changes in G-CaMP6 ﬂuorescence by serving as the denominator
of quasi-ratiometric imaging of G-CaMP6 and mCherry.
Neuronal expression of G-CaMP6 and mCherry in Thy1-G6-2AmCherry mice was examined by whole-mount immunoﬂuorescence microscopy of ﬁxed intestines (Fig. 2). G-CaMP6 and mCherry
are co-expressed in MP neurons that are immunopositive for the
pan-neuronal marker PGP9.5 (Fig. 2A–D). The G-CaMP6-expressing
cells include not only large neurons within myenteric ganglia but
also medium-sized cells at the periphery of myenteric ganglia
and small cells located isolatedly from myenteric ganglia. In contrast, GFAP-positive glial cells were devoid of transgene expression
(Fig. 2E–H). These ﬁndings collectively suggest that multiple subtypes of PGP-9.5-positive neuronal cells with different soma sizes
and locations are primarily labeled with G-CaMP6 and mCherry in
the MP of these mice.
We further sought to characterize the identity of the isolated GCaMP6-expressing cells. The interstitial cells of Cajal (ICCs) in the
intestine are mesoderm-derived cells that form a network nearby
the myenteric ganglia in MP (Takaki et al., 2010), raising the possibility that ICCs might also express G-CaMP6. Immunolabeling using
an antibody against the ICC marker KIT, however, revealed mutu-

ally exclusive expression of G-CaMP6 and KIT, demonstrating that
ICCs lack discernible G-CaMP6 expression (Fig. 2I–L). We also recognized weak G-CaMP6 expression in morphologically non-neuronal
cells, such as a subset of smooth muscle ﬁbers (e.g., see Supplementary movie 4). While Thy1 promoter-driven transgene expression
in Thy1-G6-2A-mCherry mice shows evident neuronal preference,
the actual expression of G-CaMP6 within the intestinal wall appears
rather heterogenous, extending to other cell types. A full identiﬁcation of the distribution and types of G-CaMP6-expressing cells
remains to be elucidated in future studies.
Outside the GI tract, Thy1-G6-2A-mCherry mice express GCaMP6 and mCherry also in the brain, most notably the cerebral
cortex and hippocampus (Supplementary Fig. 1). Thus, these mice
will be useful for calcium imaging in the brain as well.
3.2. Comparison of different excitation wavelengths
Control of intestinal movements using the suction-based apparatus provided a sufﬁciently stable platform for high-resolution
ﬂuorescence imaging of the ENS (Fig. 1; See 2.3 Imaging for details).
Unlike imaging of thick granulation tissues after gut transection
and reanastomosis (Goto et al., 2013), MP and SP in normal intestine are typically located within a depth of about 50 m from the
outermost surface, which is superﬁcial enough for imaging using
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a confocal laser-scanning microscope and visible light lasers. To
deﬁne the optimum condition for in vivo dual-color imaging, we
imaged MP neurons co-labeled with G-CaMP6 and mCherry using
different excitation wavelengths. Fluorescence images of G-CaMP6
and mCherry were acquired at two different conditions: separate
and sequential two-photon excitation of G-CaMP6 and mCherry at
910 and 1040 nm (2 P(910 + 1040)), or sequential confocal imaging
of single-photon-excited G-CaMP6 and mCherry at 488 and 561 nm
(Conf). When 2 P(910 + 1040) was compared to Conf, Conf provided
more distinct images of G-CaMP6 and mCherry ﬂuorescence than
2 P(910 + 1040) (Fig. 3; Supplementary movies 1 and 2). Notably, the
shapes of the ﬁne nerve ﬁbers in the MP and SP were more evidently
visualized in Conf (Fig. 3C–F, K–N). Although the ﬂuorescence signals of Conf became weaker than those of 2 P(910 + 1040) as the
focal plane reached the muscularis mucosae (MM) around 64 m
and deeper (Fig. 3O–P), we chose the Conf condition hereafter for
imaging enteric cells in the MP.
3.3. Imaging the spontaneous activity of MP
We next imaged the spontaneous activity of G-CaMP6-labeled
MP neurons under urethane anesthesia. To control intestinal movements, the ﬂuorescence signals of G-CaMP6 were normalized
against those of mCherry. The results revealed that MP neurons
with relatively large round cell bodies (cell body size, 20.0 ± 4.2 m
[mean ± SD]; n = 37 cells from three mice) (ROIs 1–4 of Fig. 4A)
rarely changed their G-CaMP6 ﬂuorescence intensities (Fig. 4B–D),
whereas spontaneous calcium responses were more frequently
observed in cells with small- and medium-sized cell bodies (cell
body size, 15.9 ± 6.1 m [mean ± SD]; n = 69 cells from three mice)
and in the ﬁbers running within and outside the MP layer than
in cells with large-sized cell bodies. More speciﬁcally, active cells
and ﬁbers include those extending their ﬁbers in the vicinity of the
MP layer (ROI 6), cells located at the periphery of myenteric ganglia (ROIs 5, 7 and 8), and ﬁbers within the neighboring CM (ROIs
9–12) and LM layers (ROIs 13–16) (Fig. 4B–D; Supplementary movie
3). Bidirectional propagation of spontaneous calcium responses
between cell bodies and processes of G-CaMP6-expressing cells
was observed in some cases (Supplementary movie 4). Together,
these ﬁndings indicate that smaller cells are more spontaneously
active than large neurons under urethane anesthesia and demonstrate that our imaging procedures can delineate cell-type speciﬁc
activity and subcellular compartment-speciﬁc calcium dynamics of
enteric cells at a high spatiotemporal resolution.
3.4. Imaging calcium response to serotonin administration
One of the advantages of our method is the possibility to administer pharmacological agents locally to the ENS network during
imaging through a thin plastic tube introduced into the imaging
window. We tested the imaging feasibility of pharmacologicallyevoked changes of MP network activity in vivo. In particular, we
examined the effect of serotonin (5HT), a neurotransmitter contained in enterochromafﬁn cells in the intestinal epithelium and
a subset of interneurons in the ENS (Gershon, 2005; Mawe and
Hoffman, 2013; Smith et al., 2014). Images of G-CaMP6-labeled cells
and ﬁbers were visualized in the MP layer and adjacent CM layers
before, during and after 15 s of local 5HT applications (10 M). 5HT
markedly increased the frequency of transient calcium responses
in the small and medium-sized cells (cell body size, 18.1 ± 2.7 m
[mean ± SD]; n = 69 cells from three mice) at the periphery of myenteric ganglia (ROIs 4 and 5) and ﬁbers within the CM layer (ROIs 6
and 7) compared to the baseline period (Fig. 5A–D), whereas no signiﬁcant increase was observed in these cells in response to PBS (+).
5HT did not substantially enhance the activity frequency of large
MP neurons (cell body size, 21.5 ± 3.6 m [mean ± SD]; n = 13 cells

Fig. 4. Spontaneous activity of MP. (A) ROIs deﬁned to measure ﬂuorescence intensity changes. Different colors indicate putative different cell types. Red: MP neurons
with large and round cell bodies (Large cells). Brown: MP cells that possess small and
medium-sized cell bodies (Small and medium cells). Green: ﬁbers running within
the CM layer (CM ﬁbers). Blue: ﬁbers running within the LM layer (LM ﬁbers). Scale
bar, 200 m. (B) Example confocal images of the spontaneous activity of MP neurons.
Fluorescence images of G-CaMP6 (G6), mCherry. and images that represent the ratio
of signals of G6 and mCherry (Ratio) are shown from top to bottom. Time stamps
are shown at the top right corners of G6 images. Arrowheads indicate examples of
cells with increased G6 ﬂuorescence and quasi-ratiometric signals. (C) Time-varying
changes in the ﬂuorescence intensity ratio of G6 and mCherry of the 16 ROIs shown
in A. “Field” represents the average of ratios of the entire ﬁeld of view. Dashed
lines indicate the time points at which the images shown in B were acquired. (D)
Summary data showing frequencies of spontaneous calcium transients in different
cell types. Each gray dot represents the value of an individual ROI. Data represent
mean ± SEM (***P < 0.001 vs. Large cells, *P < 0.05 vs. Large cells, one-way ANOVA
with Holm-Sidak’s post-hoc multiple comparisons, n = 22–69 ROIs from three mice).
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from three mice). These results indicate that a subpopulation of
cells in the MP network respond to 5HT by increases of frequency
of transient calcium responses rather than sustained elevations of
intracellular calcium ions. Interestingly, the movement of the intestine appeared to be suppressed in response to 5HT application in
the example shown in Supplementary movie 5. Although the mechanisms underlying 5HT-evoked enhancement of the MP network
activity and suppression of intestinal movements need to be elucidated in further studies, our ﬁndings demonstrate that the present
method can visualize pharmacologically-evoked ENS activity and
changes of intestinal movements.
4. Conclusions
In this study, we report a method for ENS network activity imaging in anesthetized mice. The combinatorial use of transgenic mice
that express a highly sensitive ﬂuorescent calcium indicator protein
in ENS neurons, suction-based stabilization of the highly mobile
intestine, and quasi-ratiometric calcium imaging using confocal
microscopy allowed us to visualize cell-type-speciﬁc spontaneous
MP network activity and its pharmacologically-evoked changes
with the sensitivity and resolution that was not achieved before
in vivo (Rakhilin et al., 2016). Local drug application in our method
will allow us and others to dissect mechanisms underlying the ENS
function of interest and to test the efﬁcacy of pharmacological compounds in future studies. While relatively gentle stabilization of
the intestine in this study was beneﬁcial for estimating changes
of intestinal movements and altered MP network activity, it could
increase the burden of image analysis when trying to identify these
same cells in motion-containing time-lapse movies. While this was
performed manually in our small-scale data analysis, use of automated cell tracking algorithm will increase the throughput of data
analysis in future studies (Hennig et al., 2015). The simple and
straightforward technique described in this study should be highly
useful for imaging studies of ENS function in health and disease,
including studies using mouse models of enteric neuropathies, neurogenesis, and functional GI disorders (Furness, 2012; Goto et al.,
2013; Mayer et al., 2008).
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