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Most  imaging  studies  of  the  enteric  nervous  system  (ENS)  that regulates  the  function  of  the gastrointesti-
nal  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  com-
bined  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
wo-photon microscopy
onfocal microscopy

n vivo imaging
enetically-encoded calcium indicator
ransgenic mice
ut

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.
erotonin

. Introduction

The enteric nervous system (ENS) consists of layered and inter-
onnected ganglionated networks within the gastrointestinal (GI)

all and regulates multiple functions of the gut, including its motil-

ty, secretion, and sensation (Furness, 2012). The ENS is primarily
rganized into two major plexuses, the myenteric plexus (MP, also

Abbreviations: ENS, enteric nervous system; GI, gastrointestinal; MP,  myen-
eric plexus; SP, submucosal plexus; LM, longitudinal muscle; CM,  circular muscle;
NS, central nervous system; ROI, region of interest; MM,  muscularis mucosae; 5HT,
erotonin.
∗ Corresponding authors.

E-mail addresses: masasato@mail.saitama-u.ac.jp, msato@brain.riken.jp
M.  Sato), mtakaki@naramed-u.ac.jp (M.  Takaki), jnakai@mail.saitama-u.ac.jp
J. Nakai).

ttps://doi.org/10.1016/j.neures.2019.02.004
168-0102/© 2019 Elsevier B.V. and Japan Neuroscience Society. All rights reserved.
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 submu-
cosa. 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, electrophysi-
ological, 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 con-
nections 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 under-
lie functional GI disorders such as irritable bowel syndrome, as

https://doi.org/10.1016/j.neures.2019.02.004
http://www.sciencedirect.com/science/journal/01680102
http://www.elsevier.com/locate/neures
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neures.2019.02.004&domain=pdf
mailto:masasato@mail.saitama-u.ac.jp
mailto:msato@brain.riken.jp
mailto:mtakaki@naramed-u.ac.jp
mailto:jnakai@mail.saitama-u.ac.jp
https://doi.org/10.1016/j.neures.2019.02.004
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uggested by the high comorbidity with psychological disorders
uch as anxiety and depression (Spiller et al., 2007).

Understanding the ENS network function in vivo requires simul-
aneous recording of the activity of many enteric neurons in living
nimals, in which the connections between the ENS and CNS are
reserved. Although calcium imaging studies using reduced ex vivo
reparations have been extensively conducted (see Boesmans et al.,
015, 2018 for review), imaging of enteric cells in vivo requires
btaining a stable imaging plane and reasonable control of intesti-
al movements. Only a few attempts have been made so far to
ddress this technical challenge. Goto et al. imaged GFP-labeled
ewly generated enteric neurons in an intestine pulled out of the
bdominal cavity and pinned down to a chamber (Goto et al., 2013).
itsma et al. imaged GFP-labeled intestinal epithelial stem cells

n the gut glued to a coverslip of an implanted abdominal win-
ow (Ritsma et al., 2014). More recently, Rakhilin et al. implanted

 three-dimensional (3D) printed insert into mice to stabilize the
ntestine against an abdominal window and recorded the myen-
eric plexus activity both optically and electrically (Rakhilin et al.,
016). However, none of these studies have provided imaging of
he activity of myenteric neurons at the individual cell or subcel-
ular levels, indicating the need to further explore high-resolution
n vivo imaging techniques for the ENS.

In this study, we report a simple technique for ENS network
ctivity imaging in living mice that enables us to visualize activity
f ENS neurons at cellular and subcellular resolutions. The tech-
ique consists of the suction-based stabilization of the intestine
ogether with highly sensitive and reliable quasi-ratiometric cal-
ium imaging using new transgenic reporter mice that co-express
he green fluorescent calcium indicator protein G-CaMP6 and the
ed calcium-insensitive fluorescent protein mCherry in ENS neu-
ons. Local drug application during ENS network imaging is also
ossible. Finally, the utility of this technique is demonstrated in

maging of spontaneous and pharmacologically-enhanced MP  net-
ork activity.

. Materials and methods

.1. Mice

All animal experiments were conducted in accordance with the
nstitutional guidelines and protocols approved by the Saitama
niversity Animal Experiments Committee. The cDNA encoding
-CaMP6 (Ohkura et al., 2012) was fused in frame via the 2A pep-

ide sequence from the Foot-and-Mouth Disease Virus (F2A) to
he coding sequence of mCherry, followed by woodchuck hepatitis
irus posttranscriptional regulatory element (WPRE). The resul-
ant G-CaMP6-F2A-mCherry-WPRE fragment was subcloned into
he mouse Thy1.2 expression vector (Caroni, 1997). The entire
ransgene fragment containing the Thy1.2 gene-derived sequences
as excised, purified, and injected into the pronuclei of fertilized

ggs of FVB/N mice using standard techniques. The mice were
enotyped using PCR to amplify DNA samples extracted from ear
issues. The primers used were 5′-AGCGCGATCACATGGTCCTG-3′

nd 5′-GAACTTCAGGGTCAGCTTGC-3′, which amplified a 233-bp
ragment of the G-CaMP6 coding sequence from the DNA sam-
les of transgene-positive mice only. The expression of G-CaMP6
nd mCherry in enteric neurons was examined in the offspring
f two independent founder mice and the line with the higher
xpression was selected for this study. The resultant trans-
enic mouse line, called Thy1-G6-2A-mCherry, is available at the

IKEN BioResource Center (http://www.brc.riken.jp/lab/animal/
n/; stock number RBRC09453). In this study, the original mouse
ine in FVB/N background was backcrossed to C57BL/6N inbred

ice at least 10 generations before imaging experiments.
oscience Research 151 (2020) 53–60

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 tran-
scardially 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 ace-
tone 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 contain-
ing 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 ImmunoRe-
search) diluted in the same buffer at room temperature for 1 h.
Native fluorescence of G-CaMP6 was  enhanced by immunolabel-
ing 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 exper-
iments. 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 appara-
tus designed to stabilize intestinal movements (Olympus; Fig. 1A).
This apparatus consists of an inverted cone-shaped metal cham-
ber 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 cov-
erslip (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 cham-
ber by suction using a small vacuum pump (Linicon LV-125 A, Nitto
Kohki) and a vacuum trap. In this way, a segment of small intes-
tine 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 vis-

ible 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-

http://www.brc.riken.jp/lab/animal/en/
http://www.brc.riken.jp/lab/animal/en/
http://www.brc.riken.jp/lab/animal/en/
http://www.brc.riken.jp/lab/animal/en/
http://www.brc.riken.jp/lab/animal/en/
http://www.brc.riken.jp/lab/animal/en/
http://www.brc.riken.jp/lab/animal/en/
http://www.brc.riken.jp/lab/animal/en/
http://www.brc.riken.jp/lab/animal/en/
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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
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n  anesthetized mouse is flattened and pressed against the cover glass via the nega
ens  approached from above. Drug was perfused into the chamber via a thin polypro
f  the imaging chamber holding a segment of small intestine. (C) Schematic diagram
n  the left-hand and right-hand sides, respectively.

0, Heatlab) attached to the chamber. The intestine is kept wet
hroughout the experiment by occasional local administration of
BS (+) containing 137 mM NaCl, 2.68 mM KCl, 10.1 mM Na2HPO4,
.76 mM KH2PO4, 0.33 mM MgCl2 and 0.90 mM CaCl2. Drug solu-
ion or PBS (+) was administered to the outside of the intestine via a
hin polypropylene tube (outer diameter, 0.31 mm;  inner diameter,
.18 mm)  inserted through the hole at the bottom of the chamber
Fig. 1A).

The negative pressure was maintained throughout the experi-
ent, and its strength was kept low enough (−0.12 MPa) to avoid

erious damage to the intestine, although we cannot completely
xclude the possibility that the suction may  nonetheless have an
nfluence on the ENS activity of the exposed intestine. Great care

as taken so that only a minimum length of intestine was  drawn
rom the abdominal incision into the chamber. In our preliminary
xperiments, a mouse imaged under isoflurane anesthesia had fully
ecovered from anesthesia with its abdominal wall and skin sutured
nd was successfully subjected to multiple imaging sessions over

 period longer than a month, indicating that the suction did not
everely impair the functionality of the intestine.

Imaging of G-CaMP6-labeled neurons was achieved using an
pright laser-scanning microscope (A1MP dual, Nikon) equipped
ith a 16× water dipping objective lens (NA 0.8, LWD, Nikon)

s described previously with modification (Sato et al., 2017). A
unable femtosecond-pulsed Ti:Sapphire laser with a secondary
utput at 1040 nm (Chameleon Discovery, Coherent) was  used as

 light source for two-photon excitation. In two-photon imaging,
-CaMP6 and mCherry were excited separately and sequentially
t 910 and 1040 nm,  respectively. After G-CaMP6 and mCherry
uorescence signals were separated by a 560 nm dichroic mir-
or, G-CaMP6 signals were further extracted through a 525/50 nm
andpass filter and mCherry signals through a 575/25 nm band-

ass filter. In confocal imaging, G-CaMP6 and mCherry were excited
eparately and sequentially at 488 and 561 nm, respectively. After
-CaMP6 and mCherry fluorescence signals were separated by a
60 nm dichroic mirror, G-CaMP6 signals were further extracted
ressure created by suction. The intestinal plexus was imaged through an objective
e tube inserted through the hole at the bottom of the chamber (inlet). (B) Top view
e structure of the mouse small intestine. Non-nerve and nerve tissues are indicated

through a 525/50 nm bandpass filter, and mCherry signals by a
595/50 nm bandpass filter. Images were acquired in 512 × 512 pix-
els using a galvo-resonant scanner at a frame rate of 15–30 frames
per second. Before starting imaging, we confirmed that the intes-
tine 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 intes-
tine, 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. Imag-
ing of activity of the ENS was performed individually under the
three kinds of anesthetics described above in two-photon imag-
ing. 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 urethane-
anesthetized 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 comple-
tion 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
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arge  arrow, a small arrow, and an arrowhead, respectively. (E–H), Expression of G6 (
s  shown (H). Examples of transgene-negative glial cells are indicated by open arro
ajal  (ICC) KIT (K) in the MP.  An overlay of these three images is shown (L). Example
olid  and open arrows, respectively. Scale bar, 50 �m.

Serotonin (serotonin hydrochloride, S0370, Tokyo Chemical
ndustry) was dissolved in PBS (+) and was applied through the
hin polypropylene tube connected to a reservoir syringe driven by
entle manual pressure.

.4. Image analysis

Image analysis was performed using NIS Analysis v4.00 (Nikon).
cquired time-lapse image sequences were smoothed by a 3 × 3
patial average filter followed by a pixel-wise 3-point moving
verage along the time axis. The regions of interest (ROIs) that rep-
esented cell bodies and cell fibers were defined as polygons or
ircles by manual inspection of images so that they did not spa-
ially overlap with each other. The classification of large cells within

yenteric ganglia, medium cells at the periphery of myenteric gan-
lia and small cells located isolatedly from myenteric ganglia was
onducted by visual inspection. When necessary, image motion
as corrected by tracking the same cells automatically or man-
ally across frames using the NIS Analysis software. The shape and
ize of each ROI was kept constant throughout the analysis of the
ntire image sequences. To compensate for potential artifactual
hanges in G-CaMP6 fluorescence signals elicited by movement of
he intestine, the fluorescence intensity values of G-CaMP6 were
ormalized pixel-wise against those of mCherry and the values for
ixels within an ROI in each frame of image sequences were aver-
ged to obtain the quasi-ratiometric cellular signal R for that cell at
hat time. The normalized time-varying change of R was  calculated
sing the following formula:
�R
R

=

(
R − R

)

R

herry (F), and the glial marker GFAP (G) in the MP. An overlay of these three images
s. (I–L), Expression of G6 (I), mCherry (J), and the marker for the interstitial cell of

IT-negative G-CaMP6-expressing cells and G-CaMP6-negative ICCs are indicated by

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 administra-
tion 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 fluo-
rescence 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 Thy1-

G6-2A-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 indi-
cator 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
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equential excitation of G-CaMP6 (G6) and mCherry at 910 and 1040 nm (2P(910 + 1
t  488 nm and 561 nm (Conf, I–P) are shown. The depths at which each image was ac
t  the top right corner of the images. MP:  Myenteric plexus, SP: Submucosal plexus

nder the Thy1 promoter. The calcium-insensitive fluorescence of
Cherry provides an additional marker for transgene-expressing

ells and can be used to compensate for the motion artifact of
hanges in G-CaMP6 fluorescence by serving as the denominator
f quasi-ratiometric imaging of G-CaMP6 and mCherry.

Neuronal expression of G-CaMP6 and mCherry in Thy1-G6-2A-
Cherry mice was examined by whole-mount immunofluores-

ence microscopy of fixed intestines (Fig. 2). G-CaMP6 and mCherry
re co-expressed in MP  neurons that are immunopositive for the
an-neuronal marker PGP9.5 (Fig. 2A–D). The G-CaMP6-expressing
ells include not only large neurons within myenteric ganglia but
lso medium-sized cells at the periphery of myenteric ganglia
nd small cells located isolatedly from myenteric ganglia. In con-
rast, GFAP-positive glial cells were devoid of transgene expression
Fig. 2E–H). These findings collectively suggest that multiple sub-
ypes of PGP-9.5-positive neuronal cells with different soma sizes
nd locations are primarily labeled with G-CaMP6 and mCherry in
he MP  of these mice.

We further sought to characterize the identity of the isolated G-
aMP6-expressing cells. The interstitial cells of Cajal (ICCs) in the
ntestine are mesoderm-derived cells that form a network nearby
he myenteric ganglia in MP  (Takaki et al., 2010), raising the possi-
ility that ICCs might also express G-CaMP6. Immunolabeling using
n antibody against the ICC marker KIT, however, revealed mutu-
–H) and confocal images of single-photon sequential excitation of G6 and mCherry
 represent the depths from the outer surface of the small intestine and are indicated

 muscularis mucosae. Scale bar, 200 �m.

ally exclusive expression of G-CaMP6 and KIT, demonstrating that
ICCs lack discernible G-CaMP6 expression (Fig. 2I–L). We  also recog-
nized weak G-CaMP6 expression in morphologically non-neuronal
cells, such as a subset of smooth muscle fibers (e.g., see Supplemen-
tary 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 identifi-
cation 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 G-
CaMP6 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 appa-
ratus 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 intes-
tine 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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Fig. 4. Spontaneous activity of MP.  (A) ROIs defined to measure fluorescence inten-
sity  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)
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 confocal laser-scanning microscope and visible light lasers. To
efine the optimum condition for in vivo dual-color imaging, we

maged MP  neurons co-labeled with G-CaMP6 and mCherry using
ifferent excitation wavelengths. Fluorescence images of G-CaMP6
nd mCherry were acquired at two different conditions: separate
nd sequential two-photon excitation of G-CaMP6 and mCherry at
10 and 1040 nm (2 P(910 + 1040)), or sequential confocal imaging
f single-photon-excited G-CaMP6 and mCherry at 488 and 561 nm
Conf). When 2 P(910 + 1040) was compared to Conf, Conf provided

ore distinct images of G-CaMP6 and mCherry fluorescence than
 P(910 + 1040) (Fig. 3; Supplementary movies 1 and 2). Notably, the
hapes of the fine nerve fibers in the MP  and SP were more evidently
isualized in Conf (Fig. 3C–F, K–N). Although the fluorescence sig-
als of Conf became weaker than those of 2 P(910 + 1040) as the

ocal plane reached the muscularis mucosae (MM)  around 64 �m
nd deeper (Fig. 3O–P), we chose the Conf condition hereafter for
maging enteric cells in the MP.

.3. Imaging the spontaneous activity of MP

We  next imaged the spontaneous activity of G-CaMP6-labeled
P neurons under urethane anesthesia. To control intestinal move-
ents, the fluorescence signals of G-CaMP6 were normalized

gainst those of mCherry. The results revealed that MP  neurons
ith 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)
arely changed their G-CaMP6 fluorescence intensities (Fig. 4B–D),
hereas spontaneous calcium responses were more frequently

bserved in cells with small- and medium-sized cell bodies (cell
ody size, 15.9 ± 6.1 �m [mean ± SD]; n = 69 cells from three mice)
nd in the fibers running within and outside the MP  layer than
n cells with large-sized cell bodies. More specifically, active cells
nd fibers include those extending their fibers in the vicinity of the
P layer (ROI 6), cells located at the periphery of myenteric gan-

lia (ROIs 5, 7 and 8), and fibers within the neighboring CM (ROIs
–12) and LM layers (ROIs 13–16) (Fig. 4B–D; Supplementary movie
). Bidirectional propagation of spontaneous calcium responses
etween cell bodies and processes of G-CaMP6-expressing cells
as observed in some cases (Supplementary movie 4). Together,

hese findings indicate that smaller cells are more spontaneously
ctive than large neurons under urethane anesthesia and demon-
trate that our imaging procedures can delineate cell-type specific
ctivity and subcellular compartment-specific calcium dynamics of
nteric cells at a high spatiotemporal resolution.

.4. Imaging calcium response to serotonin administration

One of the advantages of our method is the possibility to admin-
ster pharmacological agents locally to the ENS network during
maging through a thin plastic tube introduced into the imaging

indow. We tested the imaging feasibility of pharmacologically-
voked changes of MP  network activity in vivo. In particular, we
xamined the effect of serotonin (5HT), a neurotransmitter con-
ained in enterochromaffin cells in the intestinal epithelium and

 subset of interneurons in the ENS (Gershon, 2005; Mawe and
offman, 2013; Smith et al., 2014). Images of G-CaMP6-labeled cells
nd fibers were visualized in the MP  layer and adjacent CM layers
efore, during and after 15 s of local 5HT applications (10 �M).  5HT
arkedly increased the frequency of transient calcium responses

n 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 myen-
eric ganglia (ROIs 4 and 5) and fibers within the CM layer (ROIs 6

nd 7) compared to the baseline period (Fig. 5A–D), whereas no sig-
ificant increase was observed in these cells in response to PBS (+).
HT did not substantially enhance the activity frequency of large
P  neurons (cell body size, 21.5 ± 3.6 �m [mean ± SD]; n = 13 cells

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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Fig. 5. Effect of serotonin on the activity of MP  cells. (A) ROIs defined to measure
fluorescence intensity changes. The image shown right represents a magnification of
the area enclosed by the red square in the left image. Different colors indicate puta-
tive 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). Scale bar,
50  �m. (B) Example confocal images of MP  cells before (Basal) and after PBS (+)
or  serotonin (5HT) treatment. 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 7 ROIs shown in A. “Field” represents the average of ratios of
the entire image. Dashed lines indicate the time points at which the images shown
in  B were acquired. The periods indicated by gray and green shades represent perfu-
sion of PBS (+) and 5HT, respectively. (D) Summary data showing calcium transient
frequencies during the baseline period (Basal) and after administration of PBS (+)
and 5HT in different cell types. Data represent mean ± SEM. Each gray dot repre-
sents the value of an individual ROI, and the values of the same ROIs are connected
by thin gray lines (*** P < 0.001, ** P < 0.01, two-way ANOVA with Tukey’s post-hoc
multiple comparisons, n = 12–69 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 intes-
tine appeared to be suppressed in response to 5HT application in
the example shown in Supplementary movie 5. Although the mech-
anisms underlying 5HT-evoked enhancement of the MP  network
activity and suppression of intestinal movements need to be eluci-
dated 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 imag-
ing 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 com-
pounds 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 auto-
mated 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, neu-
rogenesis, and functional GI disorders (Furness, 2012; Goto et al.,
2013; Mayer et al., 2008).
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