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The brain—gut axis which is an interaction between recognition and emotion and the gut sensory system
for food and microbiota is important for health. However, there is no real-time monitoring system of the
brain and the gut simultaneously so far. We attempted to establish a dual real-time monitoring system
for the brain—gut axis by a combination of intravital Ca?* imaging of the gut and electroencephalogram.
Using a conditional Yellow Cameleon 3.60 expression mouse line, we performed intravital imaging of the
gut, electrophysiological recordings of the vagus nerve, and electroencephalogram recordings of the
various cortical regions simultaneously upon capsaicin stimuli as a positive control. Upon capsaicin
administration into the small intestinal lumen, a simultaneous response of Ca®" signal in the enteric
nervous system and cortical local field potentials (LFPs) was successfully observed. Both of them
responded immediately upon capsaicin stimuli. Capsaicin triggered a significant increase in the fre-
quency of vagus nerve spikes and a significant decrease in the slow-wave power of cortical LFPs.
Furthermore, capsaicin induced delayed and sustained Ca®* signal in intestinal epithelial cells and then
suppressed intestinal motility. The dual real-time monitoring system of the brain and the gut enables to
dissect the interaction between the brain and the gut over time with precision.

© 2020 Elsevier Inc. All rights reserved.
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1. Introduction

Gut sensory functions are important for the control of gut
motility, hormone and antimicrobial peptide secretion, and so on
[1-5]. In addition to the gut itself, the brain also senses nutrients in
food and fluid in the gut via sensory neurons [6,7]. The gut envi-
ronmental conditions are tightly linked to health and disease
[8—10]. Indeed, a dysfunction of these has been shown to evoke
neural disorders such as irritable bowel syndrome [11], autism
spectrum disorders [8,12], and Parkinson’s disease [13]. Thus,
bidirectional interactions between the brain and the gut are crucial
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for health maintenance.

To elucidate the brain—gut axis in health and disease, brain
activity in vivo can be monitored by electroencephalogram, Ca®*
imaging, and functional magnetic resonance imaging. We have also
established a recording method that comprehensively monitors
collective neuronal activity of multiple brain regions using a
multichannel recording device for the simultaneous monitoring of
local field potential (LFP) signals from brain regions [14,15]. Brain
LFP signals represent the collective activity of neuronal and syn-
aptic populations, which are used as a measure to estimate psy-
chiatric and arousal states of experimental animals. In contrast to
the brain, so far, the in vivo analysis of the gut is rare due to limited
methodology. Therefore, the gut-sensing mechanisms for foods and
microbiota remain unclear. Recently, we have established an
intravital imaging system of Ca®* dynamics in intestinal epithelial
cells (IECs) by using the Ca®" biosensor Yellow Cameleon 3.60
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Fig. 1. Intravital Ca?>* signal images mediated by capsaicin in the intestinal tract.
(A) Representative Ca>* signal images in the intestinal tract of an ubiquitous YC3.60
expression mouse. Ratiometric images (YFP/CFP excitation at 458 nm) are shown.
Capsaicin in PBS (1 mM) was added at the indicated time point. A rainbow parameter
indicates relative Ca®* concentrations. Scale bar, 50 um; frame = 216. (B) Time course
for the fluorescence intensities of the YFP/CFP ratio on excitation at 458 nm in the
intestinal epithelium in (A) and its control added PBS only (C). (D) Time course for of
the speed of the intestinal epithelium in (A). (E) Representative Ca®* signal images in
the intestinal tract of a Nestin-Cre/YC3.60 mouse. Ratiometric images (YFP/CFP exci-
tation at 458 nm) before and after the addition of capsaicin are shown. A rainbow
parameter indicates relative Ca?* concentrations. Scale bar, 50 um; frame = 143. (F)

(YC3.60) expression mouse line [16,17]. We also established a
visualization system of Ca®>* dynamics in enteric nervous system
(ENS) cells in vivo. However, there is no real-time monitoring sys-
tem of the gut and the brain simultaneously so far. Therefore, we
tried to establish a system to assess the activities of both the brain
and the gut in real-time. In the combination of electroencephalo-
gram and intravital Ca>* imaging in the gut, we show here how to
monitor the gut-mediated sensory responses of the brain and the
gut in vivo simultaneously.

2. Materials and methods
2.1. Mice

The nerve cell-specific YC3.60 expression line (YC3.601°%/Nes-
tin-Cre) and the ubiquitous YC3.60 expression line (YC3.607°%/CAG-
Cre) have been previously described [17]. These mice were main-
tained in our animal facility under specific pathogen-free condi-
tions in accordance with the guidelines of the Tokyo Medical and
Dental University for Animal Care. For electrophysiological re-
cordings, male C57BL/6 mice (6—10 weeks old) were used in this
study. These procedures have been approved by the Committee of
the Tokyo Medical and Dental University for Animal Care (approval
number A2019-207A) and the Experimental Animal Ethics Com-
mittee at the University of Tokyo (approval number P24-70).

2.2. Cells

Ubiquitous YC3.60 expression mice [17] were euthanized by
cervical dislocation and their dorsal root ganglia (DRG) cells and
nodose ganglia (NG) were excised. The DRG or NG were treated
with 1 mg/mL collagenase and 0.25 mg/mL trypsin as described
previously [18]. After pipetting, the cells were washed with the
medium twice and cultured at 37 °C on a gelatin-coated plate with
Dulbecco’s modified Eagle’s medium containing 10% fetal calf
serum and 100 ng/mL nerve growth factor.

2.3. Intravital imaging

IECs from anesthetized mice were imaged. Small intestinal
tracts were exposed, surgically opened lengthwise, placed on a
cover glass and immobilized on a microscope stage as described
previously [16]. Alternatively, small intestinal tracts were exposed,
placed on a cover glass and immobilized on a microscope stage. For
image acquisition, a Nikon A1 laser scanning confocal microscope
with a 20 x objective and NIS-Elements AR software was used as
described previously [16]. Images of purified neurons in PBS were
also obtained as described above. The acquired images were
analyzed with NisElements software (Nikon), and obtained time
course of intracellular Ca®>* concentration and the cell movement
speed.

2.4. Electrophysiological recording

Mice were anesthetized with urethane (1.0 g/kg, intraperito-
neal injection) and restrained with their head held in place by a
metal plate. For vagus nerve recording, an incision was made in
the left neck area from the larynx to the sternum, and the left
cervical vagus nerve was isolated. The isolated nerve was enclosed
by a cuff-shaped electrode (Unique Medical Co., Ltd., Japan; inner

Time course for the fluorescence intensities of the YFP/CFP ratio on excitation at
458 nm in the myenteric plexus marked in (E) and its control added PBS only (G).
Capsaicin in PBS (1 mM) or PBS only was added at the indicated time point.
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diameter = 0.5—1.0 mm, electrode area = 0.25 mm?, cathode-
anode interval = 1.5—2.0 mm, and total length 4.0 mm). For
brain recording, a craniotomy was performed to create a hole
(2.0 x 2.0 mm?) centered at 1.4 mm posterior and 1.4 mm lateral
to the bregma using a high-speed drill, and the dura was surgically
removed. Two stainless steel screws were implanted in the bone
above the cerebellum to serve as ground and reference electrodes.
Signal electrode wires were constructed from a 17-pum-wide
polyimide-coated platinum-iridium (90%—10%) wire (California
Fine Wire), and the electrode tips were plated with platinum to
lower the electrode impedances to 150—300 kQ at 1 kHz. An
electrode assembly consisting of six signal electrode wires,
designed and created using a three-dimensional printer (UP Plus
2; Delta Micro Factory Corporation), was inserted into the exposed
area at a speed of 10 um/s. The length of the individual electrodes
was adjusted so that the final depth in the brain ranged from 500
to 2000 um. The electrodes were allowed to stabilize at their final
position for 30 min before recording began. Small intestinal tracts
were then exposed and surgically opened directly for drug injec-
tion. Each mouse was connected to the recording equipment via
Cereplex M (Blackrock), a digitally programmable amplifier. The
headstage output was conducted via a lightweight multiwire
tether to the Cereplex Direct recording system (Blackrock), a data
acquisition system. LFP recordings were sampled at 2 kHz and
filtered between 0 and 2 and 500 Hz.

2.5. Data analysis

For the vagus nerve signals, a spike unit was detected when the
amplitude of a negative deflection of the extracellularly recorded
signals exceeded a threshold of 5 standard deviations from the
baseline during quiescent periods. For the brain signals, the power
spectra of LFP signals were convolved by a Morlet’s wavelet family
or calculated by fast Fourier transformation using Matlab. The po-
wer of LFPs in the following sub-frequency bands was calculated:
slow-wave (0.2—1 Hz), delta (1-2 Hz), theta (4—10 Hz), slow-
gamma (25—60 Hz), and fast-gamma (80—140 Hz). The baseline
power for statistical comparisons was defined as LFP power
0—2 min before the application of the drug. All values are reported
as the mean + SEM.

3. Results

3.1. Capsaicin elicited in vitro Ca®* signals in DRG-derived and NG-
derived neurons from CAG-Cre/YC3.60"% mice

Capsaicin is a well-known ingredient in hot peppers and stimu-
lates transient receptor potential vanilloid subfamily member 1
(TRPV1), which is expressed in some neurons, including sensory
neurons [19] and IECs [20]. Capsaicin induces Ca®* flux via TRPV1 in
sensory neurons [21] and activates brown adipocytes [22]. At first,
we tested whether the Ca®* biosensor YC3.60 is suitable for the
detection of capsaicin-mediated Ca?* dynamics in the sensory
neurons. We prepared neurons from the DRG of ubiquitous YC3.60
expression mice [17], cultured the neurons on a dish for several days,
and then examined their Ca®* responses to capsaicin. Capsaicin
induced robust Ca?* signals in primary neural cells derived from
DRG (Supplementary Figs. 1A—C). Furthermore, we examined neu-
rons from NG because subpopulations of NG express TRPV1 which
recognizes capsaicin [23]. Capsaicin induced robust Ca?* signals in
primary neural cells derived from NG (Supplementary Figs. 1D—F).
Thus, the YC3.60 expression mouse line is adequate for the evalua-
tion of capsaicin-mediated signals in sensory neurons.

3.2. Capsaicin elicited Ca®* signals in enteric epithelial cells and
myenteric plexus in vivo

Next, we tested whether capsaicin induces Ca®* signals in IECs, as
TRPV1 is expressed in [ECs [20]. Intravital imaging of the intestine in
ubiquitous YC3.60 expression mice revealed transient Ca®* signals
after the application of capsaicin (Fig. 1A; Supplementary video 1).
Capsaicin induced a relatively long period of Ca®>* signals in IECs,
although it was induced retardely after stimulation (Fig. 1B and C).
Furthermore, capsaicin inhibited the local movement of the intes-
tinal tract after Ca®* signals in IECs (Fig. 1D). We also investigated
capsaicin-mediated Ca®* signals in the myenteric plexus. Capsaicin
induced Ca®* signals in the myenteric plexus immediately upon
stimulation (Fig. 1E and F; Supplementary video 2). Furthermore,
capsaicin also induced delayed Ca®* signals in other cells. These
results indicate that capsaicin induced a biphasic Ca** signals in the
myenteric plexus.

3.3. Capsaicin transiently increases vagus nerve spike bursts

To examine whether the observed capsaicin-induced Ca®* re-
sponses were transmitted to the nervous system, we directly
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Fig. 2. Capsaicin-induced changes in vagus nerve spikes. (A) Schematic illustration.
(B) (Top) Representative vagus nerve action potential traces high-pass filtered at
300 Hz aligned to the timing of injection of PBS (left) or capsaicin (right) into the
jejunum. (Bottom) Instantaneous vagus nerve firing rates corresponding to the top
traces. (C) Averaged time changes in the vagus nerve firing rates (n = 5 mice). Data
were normalized to the firing rates at 0—2 min before the drug injection. The asterisk
represents a significant increase (p < 0.05, paired t-test) in vagus nerve firing rates at
0—60 s after the injection.
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Fig. 3. Capsaicin-induced changes in cortical LFP power. (A) Schematic illustration.
(B) (top) Representative hippocampal LFP traces bandpass filtered at 1-150 Hz aligned
to the timing of injection of PBS (left) or capsaicin (right) into the jejunum. (Bottom)
Power spectra constructed from LFP traces. Note the injection-triggered changes in LFP
power at <1 Hz after capsaicin injection. (C) Averaged time changes in z-scored LFP
power at individual frequency bands (n = 7 mice). Data were normalized to the power
at 0—2 min before drug injection. The asterisk represents a significant reduction in LFP
power at 20—60 s after injection.

recorded electrical spiking activity from the left cervical vagus nerve
using a cuff-shaped electrode, while capsaicin was injected into the
gut (Fig. 2A and B). The frequency of vagus nerve spikes was
significantly increased up to 60 s after capsaicin injection (t4 = 3.90,
P = 0.018, paired t-test compared to that 0—2 min before the in-
jection) but not PBS injection (t4 = 0.29, P = 0.79) (Fig. 2C). This result
confirms that signals generated by capsaicin injection in the jejunum
can be transmitted to the cervical vagus nerve.

3.4. Capsaicin reduces cortical LFP power at a slow-wave band

We then recorded neuronal ensemble activity patterns in the
mouse brain using in vivo extracellular electrophysiological re-
cordings from the neocortex, while capsaicin was injected into the
gut (Fig. 3A). Cortical regions generate diverse rhythmic activity,
which has been thought to link the firing of single neurons into
collective neuronal ensembles [24]. Power spectrum analysis
demonstrated that capsaicin injection triggered pronounced
changes in LFP power, especially at low-frequency bands of less
than 1 Hz (Fig. 3B). To further quantify these changes, we computed
cortical LFP power at slow-wave (0.2—1 Hz), delta (1—2 Hz), theta
(4—10 Hz), slow-gamma (25—60 Hz), and fast-gamma (80—140 Hz)
bands (Fig. 3C). In each recording data, LFP power at each frequency
band was converted to z-scores relative to the baseline (0—2 min
before drug injection). From the population data, we found a sig-
nificant reduction in the LFP power specifically at the slow-wave
band at 20—60 s after capsaicin injection (tg = 2.95, P = 0.026,
paired t-test compared to a z-score of 0) but not PBS injection
(ts = 2.09, P = 0.081). Here, the time period of 0—20 s after injection
onset was removed from our analysis as the duration of the injec-
tion spanned for 5—10 s, which somewhat differed across experi-
ments. The other frequency bands did not show such significant
results (P > 0.05).

3.5. Capsaicin-induced physiologic responses in the brain and the
gut

To precisely dissect the physiological interaction of the brain
and the gut, we tried to establish a recording system that allowed
us to simultaneously monitor gut Ca’* signals and cortical LFP
signals. We performed dual real-time monitoring of gut Ca®* sig-
nals and cortical LFP signals in response to capsaicin in vivo as
shown in Fig. 4A. Capsaicin-induced Ca®* signals in the myenteric
plexus and cortical LFP signals were detected almost simulta-
neously several seconds after the injection of capsaicin into the gut
lumen (Fig. 4B). A comparison of the time course between the gut
and the brain showed that capsaicin-induced physiological re-
sponses co-occurred. Thus, we successfully established a dual real-
time monitoring system of the gut and the brain in vivo.

4. Discussion

In this study, we established a dual real-time monitoring system
of the brain and the gut by a combination of Ca** signals detection
in the gut and extracellular electrophysiological recordings of the
brain. Capsaicin induced Ca®* signals in epithelial cells and ENS
cells with distinct time courses after stimulation. Furthermore,
capsaicin induced delayed and sustained Ca®* signals in IECs fol-
lowed by the suppression of the local movement of the intestinal
epithelium. In addition, we demonstrated that capsaicin reduced
cortical LFP power at a slow-wave band in the brain.

Gut-sensing information is transmitted to the central nervous
system (CNS) through sensory neurons [2,6,7]. At the same time,
the ENS which senses the stimuli in the gut may regulate intestinal
motility as the myenteric plexus controls peristalsis in the gut [25].
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Fig. 4. Simultaneous intravital Ca>* signal imaging of the gut and electrophysio-
logical recording of the brain in response to capsaicin in the YC3.60%°%/Nestin-Cre
mouse. (A) Schematic illustration. (B) Representative recording data showing the
simultaneous monitoring of capsaicin-induced cortical LFP power changes and gut
Ca®* signals. (Top) Representative hippocampal LFP trace bandpass filtered at
1-150 Hz aligned to the timing of injection of capsaicin into the jejunum. (Middle)
Power spectra constructed from LFP traces. (Bottom) Time course for the fluorescence
intensities of the YFP/CFP ratio on excitation at 458 nm in the myenteric plexus.
Frame = 47. Capsaicin in PBS (1 mM) was added at the indicated time point.

To fill between the CNS and the ENS, we established a dual real-
time monitoring system of the brain—gut axis in this study. The
brain—gut axis is important for mental and physiological health
[8—11,26], although their details are unknown so far. Our dual real-
time monitoring system allows dissecting the relations between
the brain and the gut precisely.

We used capsaicin as a positive control to induce signals in the
gut and the brain, as the capsaicin receptor TRPV1 is expressed on
the neurons and gut epithelial tissues, and various physiological
functions have been reported so far [19,27,28]. Indeed, capsaicin
evoked Ca®" signals in IECs and ENS cells, although their kinetics
are distinct. After Ca®*t signals in IECs, capsaicin suppressed the
local movement of the intestinal epithelium probably due to the
hyperpolarization of the smooth muscle [29]. Furthermore, the
kinetics of Ca®* signals mediated by capsaicin in [ECs is also distinct
from that mediated by probiotics [16]. Thus, the kinetics of Ca®*

signals seems to be dependent on the stimuli and may provide a
clue to understand its signaling pathway and/or function.

We demonstrated that the injection of capsaicin into the gut
lumen induced a transient decrease in the slow-wave power of
cortical LFPs in some anesthetized mice. Based on the general
assumption that the slow wave of brain signals increases with
decreased animal’s arousal levels, our data suggest that capsaicin
triggered a transient shift of the animal’s brain states to higher
arousal levels. These data show direct physiological evidence that
compounds in the jejunum have the potential to trigger prominent
changes in brain activity states, the so-called gut-brain
transmission.

Collectively, we established a dual real-time monitoring system
of the brain—gut axis in vivo. This will be a powerful method to
dissect the effect of various food in the intestinal tract on the
brain—gut axis with precision and contribute to clarify the inter-
action between the gut and the brain.
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