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Conventional wired systems for recording intestinal motility using strain-gauge transducers physically limit
animal movement and are not ideal for long-term studies. Here, we developed a wireless recording system that
allows continuous monitoring of intestinal activity in freely moving rats. We also developed a denoising
autoencoder that isolates intestinal motility signals from locomotor noise while maintaining a 10-s temporal

resolution. The refined data revealed decreased intestinal motility while the rats were behaviorally active. This
system has broad applications for in vivo physiological research.

Recent methodological advancements in recording intestinal move-
ments have become increasingly important due to the growing recog-
nition of the brain-gut axis, particularly its relationship with intestinal
motility and brain activity 2. However, few studies have achieved stable
methods for recording high-resolution intestinal movements®. Tradi-
tionally, intestinal motility has been measured using electrophysiolog-
ical techniques®*, or strain-gauge transducers™®. While these methods
provide continuous and reliable data, they require external cables to
connect the intestinal tracts to the measuring equipment, restricting
animal behavior and limiting the recording duration.

To overcome these limitations, we developed a wireless recording
system for long-term monitoring of intestinal activity in freely moving
animals. This type of technique has rarely been accomplished’, and the
accuracy and the extent of locomotion disturbance in wireless recording
systems are still unknown. To address this issue, we customized the
wireless recording system from the previous study’ to include simulta-
neous locomotion recording. In addition, we implemented a denoising
autoencoder capable of isolating intestinal movements from locomotion
noise, providing data with high temporal resolution to ensure accuracy
and reliability.

We used a total of 9 male 11-14 weeks Wistar rats (Japan SLC,
Shizuoka, Japan) with a preoperative weight of 250-320 g were housed
under a 12-h dark-light cycle (dark from 07:00 to 19:00) at 22 + 1 °C
with ad libitum food and water. To accurately monitor intestinal motility

in rats, we used a strain gauge transducer (Kyowa Electronic In-
struments, Tokyo, Japan) mounted on a thin SUS301 plate with a
thickness of 0.02 mm, which ensured precise detection of intestinal
activity without interfering with its natural motility®. For durability and
biocompatibility, the transducer was encased in a protective layer of
thin silicone sheets and securely sutured onto the duodenal surface
within the abdominal cavity (Fig. 1A, left). Intestinal motility, recorded
at the transducer attachment site, was amplified approximately 233-fold
using an instrumentation amplifier (AD8237; Analog Devices, MA,
USA), filtered with an RC low pass filter with a cutoff frequency of
approximately 3.7 kHz, and sampled at 100 Hz by a 16-bit
analog-to-digital (AD) converter (ADS1113; Texas Instruments, TX,
USA) on a custom-designed measurement board. The entire measure-
ment system, weighing approximately 37 g, was secured to the animal
vest (LOMIR Biomedical, Québec, Canada). The recorded signals were
wirelessly transmitted to an external computer via a Bluetooth module
(EYSGINAWY-WX; Taiyo Yuden, Tokyo, Japan) equipped with an
nRF51822 microcontroller (Nordic Semiconductor, Trondheim, Nor-
way) powered by a custom-made firmware minimizing the lags (https
://github.com/UT-yakusaku/WirelessIntestine) (Fig. 1A).

After recovering from surgery for several days, the rats were fasted
for at least 16 h to induce intestinal activity, such as migrating motor
complex”'’. Following sufficient fasting, intestinal activities were
recorded together with video recordings of the rats in their home cage.
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To confirm that the recorded signals originated from intestinal move-
ments, inhibition experiments were conducted using the smooth muscle
relaxant papaverine (2.0 mg/kg). Fourier transform analysis of the
recorded signals from control rats showed a distinct peak in the 0.1-1.0
Hz frequency range, with a maximum of around 0.6 Hz (Fig. 1C, left),
which aligns with previous studies'"*'%. In comparison, the administra-
tion of papaverine significantly reduced the peak height relative to the
control group (Fig. 1C, right), confirming that our experimental system
effectively recorded the 0.6-Hz signal representing intestinal motility.
We found that some data segments exhibited significant noise due to
artifacts from locomotion (Fig. 1B). Video recordings confirmed that the
rats were either in a state of immobility, stationary in their home cages,
or a state of activity, moving around in their cages (Fig. 2A). The loco-
motion index was defined as the image-based distance between adjacent
video frames, corresponding to the distance traversed by the rats to
quantify locomotion-induced noise (GitHub in detail). In the histogram
of the locomotion index (Fig. 2B), locomotion was categorized into two
distinct states, immobile and behaving (immobile 62.8 + 8.09 %,
behaving 37.2 + 8.09 %, mean + SD, n = 6 sessions from 4 rats), using
the threshold calculated by the Gaussian mixture model. The limited
space restricted intense movement, enabling classification into these
two states. Given that there were no significant differences in the
behaving percentage (p = 0.95, y = 3.6 x 10, chi-square test, n = 6 and
4 sessions from 4 to 3 rats with and without burden), it was confirmed
that the devices did not hinder rats’ natural behavior. Since few studies
analyzed the activity of the intestines of moving rats, we examined the
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raw data of the time series of voltages recorded by the intestinal trans-
ducers in both the immobile and behaving states. (Fig. 2C). Intestinal
activity in the 0.4-0.8 Hz range was obvious during the immobile state
(Fig. 2D left); however, this activity was obscured during the behaving
state (Fig. 2D middle). To elucidate this masking effect, the spectral slope
(o) was calculated from the double-logarithmic graph of the Fourier-
transformed waveform, where it represents the rate of power decay
with frequency (GitHub in detail). The spectral slope was significantly
lower during the behaving state (Fig. 2D right,p = 1.3 x 10’3, t=6.50,
paired t-test, n = 6 sessions from 4 rats). These data suggest that
behavioral noise overwhelmed intestinal activity and masked the true
signal.

We developed a denoising autoencoder to extract the intestinal
signal from the locomotion-relevant noise. Conventional band pass
filtering is unsuitable for this purpose because the noise spans multiple
frequencies, leading to an overestimation of the desired signals. The
architecture of the autoencoder was designed to reconstruct low noise
signals from the recorded data, comprising both the intestinal activity
(signal) and locomotion-induced noise components. The recorded in-
testinal signals were assumed to consist of a 0.6 Hz component indica-
tive of intestinal motilityl L2 and  locomotion-induced noise,
characterized by an inverse frequency-intensity relationship (Fig. 1 and
2D). Artificial training data were synthesized as follows; first, authentic
signals resembling intestinal motility within the 0.5-0.7 Hz range were
generated; second, locomotion noise, with an inverse
frequency-intensity relationship, was simulated at varying intensities;
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Fig. 1. Wireless recording of intestinal activity in freely moving rats. A) The depiction of the recording setup with the wireless receiver PC captures intestinal activity
in real time. The system detects intestinal motion using a custom strain gauge transducer sutured to the intestinal wall. B) The representative amplitude traces of
intestinal movements and a magnified trace. C) Left: A representative Fourier transform trace, plotted on a logarithmic scale, encapsulates the entire duration of
intestinal activity monitoring in control rats. The arrowhead represents intestinal activity. Alpha, or approximate spectral slope, is shown in the figure. Right: The
same as the left panel, but for rats treated with papaverine, showing a decrease in intestinal activity.



Y. Ishii et al.

w

Journal of Pharmacological Sciences 158 (2025) 54-58

Immobile
Immobile Behaving
—~ 15
S -
2 3
= i n
g1 3
Ko} o
<]
o 54
0- = bonn =
-0.3 -0.17 0 0.3 0.6 0.9
Locomotion Index (bit)
C Immobile
Behaving J
Lu w = f \‘} >
) M’ € MI\/J » E
= =]
1min 10 sec
D Immobile Behaving *
102 102 | '8‘_
S i 0.7
€ i s
8 10+ 10+ ﬁﬁw g o6 ;
> [&)
[oR
€ a=066 a=0.55 @ %S : -
< 10 BNSSEE [ — %
102 100 102 102 100 102 & &
Frequency (Hz) Frequency (Hz) N Q;é\

Fig. 2. Noise from locomotion masks the signal of intestinal activity. A) The representative time-lapse photographs of the rats’ behavior during the recording with
25-s intervals in each state. Top: The photographs in the immobile states. Bottom: The photographs in the behaving states. B) The histogram of the total recorded
locomotion levels and the threshold (locomotion levels = —0.17, corresponding to the threshold for Gaussian mixture classification). C) Representative traces of
intestinal movement amplitudes in different behavioral states. Top: A representative trace of intestinal activity during the immobile state, accompanied by a
magnified 30-s trace. Bottom: Similar to the Top, but showing representative traces during the active state. D) Left: A representative Fourier-transform trace on a
logarithmic scale for the entire duration of intestinal activity recording in the immobile state. Middle: Similar to the Left, but showing the trace during the behaving
state. Right: A comparative analysis of the spectral slope («) between immobile and behaving states (p = 1.3 x 1073, t = 6.50, paired t-test, n = 6 sessions from 4 rats).

and third, signal and noise data were combined to create paired
low-noise and high-noise datasets, with a 15-fold difference in noise
intensity. A short-term Fourier transform (STFT) with a 10-s window
was applied to these synthetic datasets, consisting of 100 artificial
2000-s waves, and the autoencoder was trained to reconstruct low-noise
scalograms from their high-noise counterparts (Fig. 3A, GitHub in
detail). While the scalogram of the recorded voltage revealed noise
spanning various frequencies (Fig. 3B, Top), the denoising autoencoder
effectively reduced the noise, rendering the target 0.4-to-0.8 Hz fre-
quency band more prominent (Fig. 3C, Top). Although the original sig-
nals, similar to traditional band pass filtering, inadequately represented
intestinal motility (Fig. 3B, Bottom), the denoised signals exhibited an
approximately 10-min periodic increase in intestinal motility (Fig. 3C,
Bottom). These regular activities likely correspond to Phase-III-like
contractions of the migrating motor complex in fasting rats, as described
in previous research'’.

Lastly, using the denoised data, a histogram was created to qualita-
tively assess intestinal activity by calculating the amplitude trend at
0.4-0.8 Hz. Interestingly, the histogram revealed more than three peaks,

suggesting the intestinal movement subtypes. In this study, for
simplicity, thresholds calculated by the Gaussian mixture model were
employed to classify containing or lacking intestinal activity (Fig. 3D).
Thereafter, the threshold was applied to the behaving state, and signals
were categorized in the same way. Comparing the frequency of intesti-
nal events across different behavioral states revealed that although the
original data analysis showed no difference between immobile and
behaving states in terms of intestinal event frequencies (Fig. 3E left, p =
0.12, t = —1.90, paired t-test, n = 6 sessions from 4 rats), the denoised
data showed significantly lower frequencies of intestinal events in the
behaving state compared to the immobile state (Fig. 3E right, p = 0.03, t
= 2.97, paired t-test, n = 6 sessions from 4 rats). These findings
demonstrate the effectiveness of the denoising autoencoder, consistent
with previous studies indicating that physical movement, such as loco-
motion, reduces intestinal blood flow, subsequently leading to decreased
gastrointestinal motility'>'*. In conclusion, the signal of intestinal ac-
tivity was retained after our denoising process with a 10-s unit temporal
resolution.

In this study, we developed a novel system for recording intestinal
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Fig. 3. Denoising autoencoder cleans up intestinal activity during locomotion. A) The denoising autoencoder was trained to accurately reconstruct the low-noise
scalogram of intestinal signals from high-noise-composing recordings. Artificial data consisting of a 0.6-Hz component representative of intestinal activity and a
motion noise were used to train the autoencoder. B) Top: The representative scalogram of the originally recorded data. Bottom: The calculated traces of the 0.4-0.8 Hz
component of the above scalogram, defined as the intestinal amplitudes, with the red underscore indicating the active period. C) Analogous to the (B), but for the
representative denoised signal. D) Left: The histogram of the total intestinal amplitude bins in the Original data and the threshold (intestinal amplitude: 0.46 mV,
corresponding to the threshold for Gaussian mixture classification). Right: Analogous to the Left, but for Denoised data and the threshold (intestinal amplitude: 0.24
mV, corresponding to the threshold for Gaussian mixture classification). E) Left: Comparison of the 0.4-0.8 Hz amplitudes in the original data between immobile and
active states (p = 0.12, t = —1.90, paired t-test, n = 6 sessions from 4 rats). Right: The same comparison in the denoised data with a significant difference (p = 0.03, t

= 2.97, paired t-test, n = 6 sessions from 4 rats).

activity and locomotion in freely behaving rats using a strain transducer
with wireless data transmission (Fig. 1). This approach enables long-
term monitoring of intestinal movements without disturbing animal
locomotion. Despite the high susceptibility of the recordings to
locomotion-induced noise, the denoising autoencoder proposed in this
study allowed for accurate quantification of intestinal motility intensity
with high temporal resolution (Fig. 3). Additionally, this analysis sug-
gested the presence of distinct intestinal movement subtypes. Future
research will aim to distinguish these subtypes using various
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pharmacological treatments'®. This system is highly compatible with
electrophysiological recordings from other organs, including the
brain'®'”. Furthermore, the denoising method introduced here has
considerable potential for application to other biological recordings,
such as cardiac rhythms, respiratory patterns, and bladder activity.
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