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Background/Aims

High-resolution extracellular mapping has improved our understanding of bioelectric slow-wave and spike-burst activity in the small
intestine. The spatiotemporal correlation of electrophysiology and motility patterns is of critical interest to intestinal function but
remains incompletely defined.

Methods

Intestinal jejunum segments from in vivo pigs and rabbits were exteriorized, and simultaneous high-resolution extracellular recordings
and video recordings were performed. Contractions were quantified with strain fields, and the frequencies and velocities of motility
patterns were calculated. The amplitudes, frequencies, and velocities of slow-wave propagation patterns and spike-bursts were
quantified and visualized. In addition, the duration, size and energy of spike-burst patches were quantified.

Results

Slow-wave associated spike-bursts activated periodically at 10.8 = 4.0 cycles per minute (cpm) in pigs and 10.2 = 3.2 cpm in rabbits,
while independent spike-bursts activated at a frequency of 3.2 = 1.8 cpm. Independent spike-bursts had higher amplitude and
longer duration than slow-wave associated spike-bursts (1.4 = 0.8 mV vs 0.1 = 0.1 mV, P < 0.001; 1.8 = 1.4 seconds vs 0.8 = 0.3
seconds, P < 0.001 in pigs). Spike-bursts that activated as longitudinal or circumferential patches were associated with contractions
in the respective directions. Spontaneous peristaltic contractions were elicited by independent spike-bursts and travelled slower than
slow-wave velocity (3.7 = 0.5 mm/sec vs 10.1 = 4.7 mm/sec, P = 0.007). Cyclic peristaltic contractions were driven by slow-wave
associated spike-bursts and were coupled to slow-wave velocity and frequency in rabbit (14.2 = 2.3 mm/sec vs 11.5 = 4.6 mm/sec, P
=0.162; 1.0 = 0.6 cpom vs 10.8 + 0.6 cpm, P = 0.970).

Conclusions

Motility patterns were dictated by patterns of spike-burst patches. When spike-bursts were coupled to slow-waves, periodic motility
patterns were observed, while when spike-bursts were not coupled to slow-waves, spontaneous aperiodic motility patterns were
captured.
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Introduction

The intestinal musculature consists of longitudinal and cir-
cular muscle layers, whose coordinated contraction and relaxation
facilitates breakdown and digestion of food via motility." Intestinal
motility is governed by a multitude of regulatory mechanisms in-
cluding neuronal, hormonal and myogenic means.”* The enteric
nervous system, also known as the “gut brain,” mediates motility
through motor neurons present between the 2 muscle layers.” These
motor neurons release neurotransmitters to activate selective ion
channels in smooth muscle cells that directly or indirectly facilitate
calcium entry to initiate muscle contraction.” Myogenic mediation
of motility is facilitated through interstitial cells of Cajal (ICC), the
pacemaker cells of the gastrointestinal tract. The ICC network gen-
erates waves of depolarization called slow-waves, which periodically
increases the probability of voltage-dependent calcium channels to
open.” When the slow-waves exceed a threshold voltage, inward
calcium currents are activated in smooth muscle cells, leading to
contraction.’

The coordinated activations of myogenic and neural regulatory
mechanisms lead to varying motility patterns that accomplish differ-
ent roles. Non-propagating circumferential contractions, known as
segmental contractions, are the most common type of contractions
in the intestine.” They help break down intraluminal content, and
rhythmic segmental contractions, known as the segmentation motil-
ity pattern, help with both mixing and breaking down.” Propagating
circumferential contractions, also known as peristaltic contractions,
transport intraluminal content along the intestine."”" Longitudinal
contractions, also known as pendular contractions, help with mix-
ing." Some of these motility patterns, such as spontaneous peristal-
sis in the guinea-pig colon and in W/W" knockout mouse intestine
(mice possessing a mutated kit gene that impairs ICC growth), are

"% In contrast, cyclic peristaltic con-

mediated via neural pathways.
tractions, such as ripple contractions in the colon, are myogenically
mediated."* Other cyclic peristaltic contractions defined as propa-

0,1

gating oscillations and peristalsis in mouse intestine,"”" are driven
by the coordination of both neurogenic and myogenic mechanisms.

Extracellular serosal electrical recordings reveal 2 types of bio-
electrical events that govern motility: (1) slow-waves generated and
propagated by ICC appear as an omnipresent rhythmic change in
potential, and (2) fast fluctuations called spike-bursts'® which are
believed to be the inward calcium currents in the smooth muscle

17-19

cells. ™ Spike-bursts are directly associated with contractions,

and have been observed to increase intraluminal pressure and out-
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20,21
flow.

Spike-bursts can be neurogenic, which are eliminated by
neural inhibitory agents, or myogenic, which are resistant to neural
inhibitory agents.”

Even though all spike-bursts induce contractions, there is
evidence to suggest that their activation patterns dictate the type of
contraction. Peristaltic contractions have been reported to be driven
by spike-bursts propagating along the length of the intestine as a
sheath.”” Two types of peristaltic contractions have been reported.
Peristaltic contractions driven by spike-bursts that cause outflow in
synchrony with slow-waves have been observed in healthy animal

10,15

models, " and peristaltic contractions driven solely by spike-bursts

independent of slow-waves have been observed in both healthy
animal models and W/W" knockout mice that lack ICC.""* Lon-
gitudinal activation of spike-bursts associated with slow-waves have
been observed with pendular contractions.”* Although the above
studies indicate that spike-burst activation pattern and their affin-
ity to slow-waves play a key role in determining the motility pat-
tern, they do not show a clear spatiotemporal correlation between
the spike-burst activation patterns and the motility patterns due to
technological limitations. Some studies have predominantly focused
on the bioelectrical activity and have not mapped or quantified the
motility patterns.'”* Other studies have utilized 1-dimensional
electrode arrays and motility measurements, therefore, have not
clearly captured or correlated the 2-dimensional spike-burst, slow-
wave activations on the tissue surface with the surface deformations.
In addition, existing studies have predominantly been performed in

. 10,15,23,24
tissue baths,

and may not represent the integrative electro-
physiological state of the gut.

High-resolution (HR) electrode arrays can define the spatial
activations of slow-waves and spike-bursts by simultaneously re-
cording from a 2-dimensional area of the intestinal surface.””” New
video mapping techniques have recently been developed to quantify
surface strain fields during contractions in the in vivo intestine.”
Integrating these methods provides the opportunity to study the
dynamics between slow-waves, spike-bursts, and motility in com-
prehensive spatial detail. The aim of this study is to apply these new
HR electrical and video mapping techniques to identify how spa-
tiotemporal activation of slow-waves and spike-bursts are related to

differing motility patterns in the in vivo small intestine.

Materials and Methods

Experimental Setup

Experiments were performed under the ethical approval of the
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University of Auckland Animal Ethics Committee (Approval No.
001811, 002124 and AEC3090). Experiments were performed in
vivo on female cross-breed, weaner pigs, and female New Zealand
white rabbits, both established models of small intestine slow-wave
and spike-burst investigation using HR mapping methods.””"
The use of both animal species in this study allowed for a broad
investigation to account for potential inter-species variability. Ani-
mal care, preparation and anesthesia were performed as previously
described.””"" The experimental arrangement is shown in Figure 1.
In summary, a midline laparotomy was performed, and a section of
the jejunum was exteriorized and placed on top of an electrode ar-
ray that consisted of 128 channels arranged ina 16 X 8 grid with 4
mm inter-electrode spacing. Electrical activity was acquired using a
passive, unipolar Active Two system (BioSemi, Amsterdam, Neth-
erlands) at a sampling frequency of 512 Hz. The jejunum section
was distended by injecting warm saline (10-15 mL.) into the lumen
with a 20 g needle, to induce contractions.'”"

Mechanical contractions of the intestine were simultane-
ously captured using a validated cross-polarized camera setup, as
previously described.” In brief, the contractions were recorded at
20 frames per second, with a Blackfly S machine vision camera
(BEFS-U3-50S5M-C; Teledyne FLLIR, Wilsonville, Oregon,
USA), positioned as shown in Figure 1. The camera and the light
source were perpendicularly polarized to eliminate specular reflec-
tion. The video frames (2448 X 2048 pixels) were synchronized to
the electrical activity by recording a transistor-transistor logic pulse
generated by the camera during frame capture to the BioSemi Ac-

tive Two system.

A

Polarized LED
lighting system

Bioelectrical Signal Processing

Bioelectrical data analysis was performed using the Gastro-
intestinal Electrical Mapping Suite GEMS.” The baseline drift
of the electrical signals was identified by first applying a median
filter (window size 1.5 seconds) and then a Savitzky-Golay filter
(window size 1.5 seconds, polynomial order 2) to the raw signals,
which was then deducted to remove the baseline drift. The baseline
corrected signals were then filtered to remove high frequency noise
by first deducting the median of all the signals and then applying a
Savitzky-Golay filter (window size 0.1 seconds, polynomial order 9).
Slow-wave events were manually marked and grouped into propa-
gating events. The slow-wave cycles were plotted as spatiotemporal
isochronal maps, defined here as activation time maps, to visualize
the slow-wave propagation patterns.”

Frequency and velocity metrics were computed from marked
slow-wave events. The slow-wave period was computed as the time
difference between adjacent slow-wave events in each electrode.
The frequency was computed as the mean reciprocal of slow-wave
period across all electrodes and reported in cycles per minute (cpm).
The velocity of slow-waves was computed using a finite difference
approach with Gaussian smoothing to reduce artifacts.”

Spike-burst events were identified and grouped using an
automated method previously described.” In brief, slow-waves
were removed by performing suppression of artifacts by local
polynomial approximation®* on the baseline corrected signals
(window size 300 milliseconds). The start and end times of spike-
bursts were identified by computing the fourth order differential

Figure 1. Simultaneous bioelectrical
and video mapping method. (A) Ar-

Polarized
blackfly
S camera

| Biosemi ActiveTwo
system

. . HR electrode array
Small intestine

rangement of the cross-polarized camera
setup and the electrode array on the
intestine. Camera exposure is recorded
along with the bioelectrical signals by
the BioSemi ActiveTwo system for
synchronization. (B) Flexible electrode
array used for high-resolution (HR)
bioelectrical mapping (16 X 8 configu-
ration; 4 mm spacing). (C) Intestine
as visible from the camera, placed over
the flexible electrode array. LED, light
emitting diode.
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energy operator transform of the resulting signals, after which an
empirical threshold (20 X approximate standard deviation of the
energy transforms) was applied. The detected spike-burst events
were clustered using a region growing method to identify spatial
regions known as spike-burst patches.” Spike-bursts that activated
in a periodic manner with the slow-wave cycles in the signal traces
were identified as slow-wave associated spike-bursts, and those that
activated independently in an aperiodic manner were identified as
independent spike-bursts.

Amplitude and duration of spike-bursts and spike-burst
patches were calculated. The duration of a spike-burst was taken as
the difference between its start and end time. The amplitude of a
spike-burst was taken as the difference between the maximum and
minimum voltage levels during the spike-burst. The amplitude and
duration of a spike-burst patch were defined as the mean amplitude
and duration of all its spike-bursts, respectively. The size of a spike-
burst patch was computed as the area of the electrode array activat-
ed by its spike-bursts (mm®), and the energy of spike-burst patches
was defined as the product of their amplitude, duration and patch
size (uV-sec:-mm’). In addition, the frequency of slow-wave associ-
ated spike-bursts was calculated using the spike-burst start times,
using the same algorithm for slow-wave frequency calculation. The
velocities of propagating spike-burst patches were computed using
the start times of their spike-bursts, via the same algorithm for slow-
wave velocity estimation.

Slow-wave and spike-burst interactions with motility patterns
were visualized by overlaying these events onto the video recordings
of the intestine. The pixel locations of each electrode of the array
were identified, and their slow-wave/spike-burst activations were
spatially interpolated onto the video frames. These videos were used

to analyze the spatiotemporal relationships between slow-waves,
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spike-bursts, and motility.

Quantification of Contractions

Contractions were quantified using a validated free-form defor-
mation based method.” The geometry of the intestine was modeled
using a biquadratic B-spline mesh, and the contractions were quan-
tified by computing Green-Lagrange strain based on the change in
the geometry. Motility patterns were presented as spatiotemporal
maps of transverse strain for circumferential contractions, and
longitudinal strain for longitudinal contractions, along the length
of the intestine. Segmental and pendular contractions appeared as
horizontal bands of negative strain in the transverse and longitu-
dinal strain maps, respectively. Peristaltic contractions appeared as
diagonal bands of negative strain. The strength of the contractions
was defined as the mean strain, and the velocity of propagating con-
tractions was calculated as the gradient of the diagonal bands. The
frequency of periodic contractions was calculated as the mean recip-
rocal of the period between the contractile events. The magnitude,
velocity, and frequency of contractions were quantitatively compared

with slow-waves and spike-bursts.

Statistical Methods

All values are reported as mean = standard deviation. Wilcox-
on rank sum test was used as the statistical test to identify significant
differences in the electrical parameters (amplitudes and durations)
of slow-wave associated and independent spike-bursts. Pearson cor-
relation was used to identify the trends between the level of contrac-
tion and the spike-burst patch amplitude, duration, size, energy.

P < 0.05 was considered significant.

Table. Motility Patterns and the Relationship Between Spike-bursts and Slow-waves Observed During Experiments

Baseline Distended
Experiment
Motility patterns Spike-burst type Motility patterns Spike-burst type
Pig 1 Segmental, pendular ISB, SWASB N/A N/A
Pig 2 — — Segmental, Spontaneous peristalsis ISB
Pig 3 Pendular SWASB Segmental ISB
Pig 4 — — Segmental, Spontaneous peristalsis ISB
Pig 5 — — Segmental ISB
Pig 6 — — Segmental ISB
Rabbit 1 Cyclic peristalsis SWASB Cyclic peristalsis SWASB
Rabbit 2 Pendular SWASB — SWASB
Rabbit 3 Pendular SWASB N/A N/A

Spike-bursts either occurred with slow-wave cycles (slow-wave associated spike-bursts [SWASB]) or independently to slow-waves (independent spike-bursts [ISB]).

Not applicable (N/A) indicates not performed and dash indicates no activity.
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Results

Experiments were performed in pigs (n = 6, 41.7 = 2.5 kg)
and rabbits (n = 3, 4.0 = 0.7 kg), with a mean duration of § *
4 minutes in baseline and 4 = 2 minutes in distended recordings.
Slow-waves in the jejunum occurred at 12.6 * 2.3 cpm in the pig
studies and 10.8 = 1.5 cpm in the rabbit studies. Both slow-wave
associated spike-bursts and independent spike-bursts were observed
in baseline and distended experiments as shown in Table.

Spike-bursts occurred in conjunction with contractions. Slow-
wave associated spike-bursts occurred with slow-wave cycles at
10.8 =+ 4.0 cpm in pigs (slow-wave frequency for this subset was

11.8 = 0.8 cpm), 10.2 = 3.2 cpm in rabbits (slow-wave frequency
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for this subset was 10.8 = 1.4 cpm), and could be distinctly identi-
fied from aperiodic independent spike-bursts that occurred less fre-
quently (3.2 = 1.8 cpm spike-burst frequency vs 12.0 % 2.0 cpm
slow-wave frequency for this subset in pigs). Rabbits did not exhibit
independent spike-bursts. The independent spike-bursts and slow-
wave associated spike-bursts displayed different electrical charac-
teristics as shown in Figure 2. Independent spike-bursts observed
with segmental and spontaneous peristaltic contractions had a larger
morphology than the slow-wave associated spike-bursts observed
with cyclic peristalsis and pendular contractions. The independent
spike-bursts had a higher mean amplitude (1.4 = 0.8 mV vs 0.1
* 0.1 mV, P < 0.001 in pigs; 0.1 = 0.1 mV slow-wave associated
spike-bursts in rabbits; Fig. 2B) and a higher mean duration (1.8
%+ 1.4 seconds vs 0.8 = 0.3 seconds, P < 0.001 in pigs; 0.4 £ 0.2

seconds slow-wave associated spike-bursts in rabbits; Fig. 2D).
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Figure 2. Electrical parameters of independent spike-bursts (ISB, white box plots) and slow-wave associated spike-bursts (SWASB, grey box

plots). (A) Amplitudes of spike-bursts observed during motility patterns in each species. (B) Amplitudes of ISBs and SWASBs in each species.
ISBs had significantly higher amplitude than SWASBs (*P < 0.001 within pigs). (C) Durations of spike-bursts observed during motility patterns
in each species. (D) ISBs had significantly higher duration than SWASBs (*P < 0.001 within pigs). Spont., spontaneous; Cycl., cyclic.
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Figure 3. Correlation between spike-burst patch parameters and the level of contraction associated with them quantified by mean strain. (A) Spike-

burst patch amplitude showed significant correlation with the level of contraction. (B) Spike-burst duration did not show a correlation with the

level of contraction. (C) Spike-burst patch size, and (D) spike-burst patch energy displayed significant correlations with the level of contraction.

Spatially, spike-bursts activated as circumferential and longitu-
dinal patches, and displayed a one-to-one relationship with intestinal
contractions. The relationship between their electrical parameters
and the level of deformations was analyzed using 48 segmental con-
tractions as shown in Figure 3. There were significant correlations
between the level of contraction indicated by negative strain and the
amplitude (r = —0.47, P < 0.001; Fig. 3A), patch size (r = —0.39,
P = 0.006; Fig. 3C), and the energy (r = —0.51, P < 0.001; Fig.
3D) of the spike-burst patches.

Segmental Contractions

Segmental contractions (n = 64) were observed in pigs. These
contractions were driven by independent spike-bursts with a mean
amplitude of 1.3 * 0.7 mV and a mean duration of 1.8 * 1.5 sec-
onds. A representative example of the underlying bioelectrical activ-
ity during segmental contractions is shown in Figure 4. These non-
propagating circular contractions caused the intestine to contract
by 16 = 9% and registered as horizontal bands of negative strain
in the transverse strain maps (Fig. 4A). During segmental contrac-

tions spike-bursts activated as circumferential spike-burst patches

as shown in Figure 4B. The spike-bursts were not coupled to the
slow-waves as seen in the slow-wave activation map in Figure 4C,
and the electrical traces in Figure 4D.

The spatiotemporal correlation of circumferential spike-burst
patches with segmental contractions and their lack of correlation to

slow-waves are more clearly shown in Supplementary Video 1.

Spontaneous Peristaltic Contractions

Spontaneous peristaltic contractions (n = 11) were also ob-
served in pigs. These contractions were driven by independent
spike-bursts with a mean amplitude of 2.3 * 0.6 mV and a mean
duration of 1.8 = 0.8 seconds. A representative example of the
underlying bioelectrical activity during spontaneous peristalsis is
shown in Figure 5. These longitudinally propagating circumferen-
tial contractions caused the intestine to circumferentially contract by
36 * 4% and registered as diagonal bands of negative strain in the
transverse strain maps (Fig. SA). During spontaneous peristaltic
contractions spike-bursts activated as longitudinally propagating
circumferential spike-burst patches as shown in Figure 5B. In other

words, spike-bursts rapidly propagating around the circumference
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Figure 4. Slow-wave and spike-burst

activity recorded during segmental

contractions. (A) Spatiotemporal trans-
verse strain map shows the segmental
contractions and relaxations observed in

the intestine. (B, C) Activation maps of
the spike-burst and slow-wave activity
just prior to the segmental contraction is
marked by the white square in (A). The

shaded area represents the position of
the intestine on the electrode array. (D)

The electrical signal traces from a row of
electrodes with slow-wave events marked

A . Proximal Distal B Spike-burst
c
£
- - :
5 3
0.2 g
3
e
© 10 8]
(o]
K2
0
(0]
E 15 c
= s
.g
2 -0.2 :5:
k=
>
o
25 il -04 O
Length along the small intestine (52 mm) Slow-wave
D T T T T
; 1.0 mVl
2
: A
]
4 —t +
5
6 —— -y ———+ —4 + + -+ ]
7 0
8 N |

©

- a
S w N

—_
>

-
- o

as red crosses. The region activated by
the circumferential spike-burst patch in
B underwent contraction as shown by
the white square in (A). These spike-
bursts and the corresponding contrac-
tions did not show a connection to the
underlying slow-waves as seen in D.
The spatiotemporal activation of slow-
waves and spike-bursts during segmen-

Time (sec)

of the intestine then propagated along the length of the intestine as
a sheath. The apparent propagation may also have been caused by
the coordinated activation of multiple circumferential spike-burst
patches one after the other. The spike-bursts were not coupled to
the slow-waves as seen in the slow-wave activation map in Figure
5C and the electrical traces in Figure SD. As a result, these peri-
staltic contractions spontaneously originated unrelated to the slow-
wave propagation and propagated much slower than the underlying
slow-wave velocity (3.7 = 0.5 mm/sec contraction velocity vs 10.1
* 4.7 mm/sec slow-wave velocity, P = 0.007). For instance, the
spontaneous peristaltic contraction shown in Figure 5D (white ar-
row) spanned over 2 slow-wave cycles.

The spatiotemporal correlation of propagating circumferential
spike-burst patches with spontaneous peristaltic contractions and
their lack of correlation to slow-waves are more clearly shown in

Supplementary Video 2.

tal contraction is shown in video form in

Supplementary Video 1.

Cyclic Peristaltic Contractions

Cyclic peristaltic contractions were observed in one rabbit study,
and continuously occurred throughout the total recording duration
of 17 minutes. These contractions were driven by slow-wave associ-
ated spike-bursts with a mean amplitude of 0.2 = 0.1 mV and a
mean duration of 0.2 * 0.1 seconds. The underlying bioelectrical
activity during cyclic peristalsis is shown in Figure 6. These longitu-
dinally propagating circumferential contractions occurred periodi-
cally at a similar frequency to the underlying slow-waves (11.0 = 0.6
cpm contraction frequency vs 10.8 == 0.6 cpm slow-wave frequency,
P = 0.970), and registered as periodic diagonal bands of negative
strain in the transverse strain map (Fig. 6A). During these regularly
propagating circumferential contractions, spike-bursts activated as
longitudinally propagating circumferential spike-burst patches (Fig.
6B). The spike-bursts activated periodically with slow-wave cycles,
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which resulted in the continuous cyclic peristaltic contractions, as
shown in the signal traces in Figure 6D. However, the propagation
patterns of slow-waves and the spike-bursts deviated at times (Fig.
6B vs Fig. 6C). At the instance shown in Figure 6, slow-waves and
the spike-bursts both originated at similar positions in the electrode
array and propagated in either direction. The distal propagation of
slow-waves was blocked by a conduction block at the center of the
array, which did not affect the spike-bursts. Cyclic peristalsis caused
shallower circumferential contractions compared to spontaneous
peristalsis (17 £ 2% cyclic peristaltic contraction vs 36 *+ 4%
spontaneous peristaltic contraction, P < 0.001). In addition, cyclic
peristaltic contractions propagated much faster than spontaneous
peristalsis (14.2 * 2.3 mm/sec cyclic peristalsis velocity vs 3.7 =+

0.5 mm/sec spontaneous peristalsis velocity, P < 0.001), which was
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shown in video form in Supplementary
Video 2.

closer to the underlying slow-wave propagation velocity (14.2 =+
2.3 mm/sec contraction velocity vs 11.5 * 4.6 mm/sec slow-wave
velocity, P = 0.162).

The spatiotemporal correlation of regularly propagating
circumferential spike-burst patches with cyclic peristaltic contrac-
tions and their connection to slow-waves are more clearly shown in

Supplementary Video 3.

Pendular Contractions

Pendular contractions were observed throughout the record-
ing duration in 2 pigs and 2 rabbits as shown in Table. Pendular
contractions were driven by slow-wave associated spike-bursts with
mean amplitudes of 0.13 £ 0.06 mV in pigs, 0.09 = 0.05 mV in

rabbits, and mean durations of 0.8 = 0.3 seconds in pigs, 0.5 *

671



Sachira Kuruppu, et al

A % Proximal Distal

/

40T —

Spike-burst

Figure 6. Slow-wave and spike-burst
activity during cyclic peristalsis. (A)
Spatiotemporal transverse strain maps

which shows the regularly occurring
propagating contractions of cyclic peri-

50 0.1

60

/

P — -0.1
70 ”q os

Time (sec)
o
Circular contraction ()  Circular expansion {0

stalsis. (B, C) Activation maps of spike-

burst and slow-wave activity during the
peristaltic contraction indicated by the
solid arrow in (A). The shaded area rep-
resents the position of the intestine on
the electrode array. The black rectangle
in (B) indicate the field of view of the

Length along the small intestine (28 mm)

D

camera. (D) Electrical signal traces from
a row of electrodes in (B, C), where red
crosses indicate slow-wave events. The

4

© o

ol ‘l
Me

solid arrow indicates the spike-burst
propagation shown in (B). The dash
arrows show propagating spike-bursts
from 2 slow-wave pacemakers that gave
rise to the back-and-forth propagating
contraction indicated with the dashed
arrows in (A). Cyclic peristaltic con-
tractions were caused by longitudinally
propagating spike-burst patches that
were associated with slow-waves as seen
in (D). The spike-bursts activated pe-

at the frequency of the slow-waves. The

T !
m 4 riodically with the slow-waves causing
I T A N -

13F

spatiotemporal activation of slow-waves

and spike-bursts during cyclic peristalsis

30 35 40 45 50 55
Time (sec)

0.2 seconds in rabbits. The underlying bioelectrical activity during
pendular contractions is shown in Figure 7. Pendular contractions
caused the intestine to longitudinally contract by 19 * 6% in pigs,
12 = 4% in rabbits, and registered as horizontal bands in the lon-
gitudinal strain map (Fig. 7A). During these longitudinal contrac-
tions, spike-bursts activated as longitudinal patches (Fig. 7B). The
spike-bursts periodically activated with the slow-wave cycles as seen
in the activation maps in Figure 7B and 7C and the electrical traces
in Figure 7D. However, the propagation patterns of slow-waves
and spike-bursts deviated at times. In the instance indicated by
the dashed arrows in Figure 7D, a spike-burst from a distal slow-
wave propagated beyond the slow-wave collision, deviating from
the slow-wave activity. Furthermore, the spike-burst activity in the
mesenteric and anti-mesenteric sides were not uniform, therefore,
the contractions were also not uniform across the diameter. In the

given instance, mesenteric side of the intestine displayed more activ-

60 65 70 is shown in video form in Supplemen-
tary Video 3.

ity than the anti-mesenteric side.

Discussion

This study simultaneously mapped slow-waves, spike-bursts,
and motility in HR in the in vivo intestine. HR recordings showed
that spike-burst patches correlate with the spatial domain that con-
tracts. Motility patterns were primarily dictated by the pattern of the
spike-burst patches (longitudinal or circumferential patches, non-
propagating or propagating). The spike-bursts were sometimes
coupled to the slow-waves and led to periodic motility patterns, but
other times occurred independently to slow-waves and caused spon-
taneous aperiodic motility patterns.

Previous studies have shown that spike-bursts increase intra-
luminal pressure and outflow.'** Here, we showed the spatio-

temporal correlation between spike-burst patches and the sites of
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contractions. Longitudinal spike-burst patches are likely calcium
currents that trigger contractions in the longitudinal muscle layer,
while circumferential spike-burst patches are likely calcium cur-
rents in the circular muscle layer.” As a result, these patches caused
contractions in the respective directions. The amplitude, size, and
energy of the spike-burst patches correlated with the level of de-
formation. Stronger correlations have been found between spike-
burst patch amplitude, duration, size, and the rate of contraction.”
These parameters are likely indications of the extent of the inward
calcium currents.”” A stronger calcium current may likely lead to a
faster increase in the intracellular calcium concentration and there-
fore, led to a higher rate of contraction. It may also lead to a higher
overall intracellular calcium concentration and therefore, caused a

larger contraction.” A larger spike-burst patch size may result in the
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video form in Supplementary Video 4.

activation of a large portion of the muscle layer, therefore, caused a
larger area of the tissue to undergo contraction. However, it should
be noted that the calcium sensitivity of the smooth muscle cells can
be changed by the presence of various enzymes, resulting in a var-
ied contractile response for similar calcium concentrations.™"” This
may have contributed to the high variance of the correlations.

Our data demonstrate that spike-burst propagation patterns
ultimately dictated the resultant contractile response. Spike-burst
patches occurred coupled to slow-wave activation at times, but
also operated independent of slow-wave activation at other times,
demonstrating that in the jejunum, slow-waves were not always
correlated to the contractile response. Non-propagating circum-
ferential spike-burst patches led to segmental contractions, while

propagating circumferential spike-burst patches led to peristaltic
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contractions. Propagating circumferential spike-burst patches that
were independent of slow-waves led to spontaneous peristaltic
contractions, and drew notable parallels to neurogenic peristalsis
in the literature.'*'*"** The descriptions of spontaneous peristal-
sis in guinea-pig colon,' peristalsis in cat intestine,” spontaneous
emptying in guinea-pig intestine,” and peristalsis in W/W" mouse
intestine'” are similar to the characteristics of spontaneous peristaltic
contractions observed in this study. On the other hand, circumfer-
ential spike-burst patches associated with slow-waves led to cyclic
peristaltic contractions, which displayed similar characteristics to
partly or fully myogenic peristalsis in the literature.'*"™"* Periodicity,
propagation velocity in relation to slow-waves, level of deformation
caused, and the underlying bioelectrical activity of cyclic peristaltic
contractions were similar to propagating oscillations in mouse in-
testine,” myogenic ripples in guinea-pig colon,' and peristalsis in
mouse intestine."’

Longitudinal spike-burst patches that were associated with
slow-waves led to pendular contractions, confirming previous ob-
servations from 1-dimensional electrode arrays.”* The results from
HR electrode arrays validates the findings that predominant spatial
activation of spike-bursts was in the longitudinal direction. In ad-
dition, we also identified that dissimilar contractions in the anti-
mesenteric and mesenteric borders commonly observed during
pendular contractions were due to different spike-burst activities
in the respective borders.” Furthermore, the slow-wave associated
spike-bursts indicate that myogenic mechanisms may be involved
with pendular contractions. A previous study has reported that pen-
dular contractions were not affected by the neural inhibitory agent
tetrodotoxin, suggesting they are myogenically driven.” However,
it should be noted that since the spike-bursts and concomitant pen-
dular contractions were not uniform across the intestinal diameter,
contractions quantified from the top surface of the intestine could
not be accurately spatially correlated with the electrical events re-
corded from the bottom surface.

The slow-wave associated spike-bursts and independent spike-
bursts observed here displayed similar characteristics to myogenic
vs neurogenic spike-bursts observed in the colon,” and slow-wave
associated spike-bursts vs peristaltic waves defined in the cat small
intestine. Slow-wave associated spike-bursts had relatively lower
amplitude and shorter duration similar to myogenic spike-bursts
and slow-wave associated spike-bursts in cats. Independent spike-
bursts had relatively higher amplitude and longer duration, similar
to neurogenic spike-bursts and peristaltic waves. The affinity to
slow-waves suggests that slow-wave associated spike-bursts are

at least partly myogenically mediated. They occurred periodically

with slow-waves and led to cyclic motility patterns modulated by
slow-waves. The independent spike-bursts occurred irregularly
and much less frequently than slow-wave associated spike-bursts.
Independent spike-bursts could likely be activated by the firing of
enteric neurons' and are unrelated to the underlying slow-waves.
This would lead to motility patterns that are not driven by slow-
waves. The higher amplitude and duration of independent spike-
bursts suggest that they may be attributed to larger calcium currents
than slow-wave associated spike-bursts. Slow-wave dependent
calcium currents occur through voltage-dependent calcium chan-
nels.”* Neurogenic mechanisms can cause calcium entry through
multiple pathways.” For instance, the neurotransmitter acetylcho-
line can activate both transient receptor potential cation channels
and intracellular calcium release.””* The resulting rapid depolariza-
tion could also activate voltage-dependent calcium channels, which
could lead to a larger inward calcium current compared to only
voltage-dependent calcium channels in slow-wave associated spike-
bursts, and accords with our results where independent spike-bursts
correlated with larger deformations.

Although slow-wave associated spike-bursts occurred with the
slow-wave cycles, their propagation patterns were not always identi-
cal to the slow-waves. Our results in this study suggest that spike-
bursts can propagate along the intestine through 2 pathways: (1) the
propagating slow-wave can initiate spike-bursts in smooth muscle
cells in its path’ where they would appear to propagate coupled
to the slow-waves in the electrical recordings and (2) the initiated
spike-bursts can also independently propagate along the smooth
muscle layers' where the propagation would be predominantly in
circumferential or longitudinal direction in the respective muscle
layers.”® The 2 modes of propagation are further evident by the fact
that there was more deviation along the rows of electrodes during
longitudinal patches (Fig. 7D), and less deviation during circum-
ferential patches (Fig. 6D). The resulting spike-burst propagation
would be through a combination of both of these methods, and
therefore, could deviate from the slow-waves.

Furthermore, our observations indicate there may be an inhibi-
tory relationship between independent spike-bursts and slow-wave
associated spike-bursts. In one pig experiment, slow-wave associat-
ed spike-bursts were observed during baseline but were replaced by
independent spike-bursts after distension. The mechanism behind
the replacement of slow-wave associated spike-bursts with inde-
pendent spike-bursts is not clear. A previous report in the colon has
identified that neurogenic spike-burst activations inhibit myogenic
spike-bursts and suggests that there may be some enteric neural

control over the mechanisms underlying myogenic spike-bursts.”
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Our observations indicate that a similar relationship between inde-
pendent spike-bursts and slow-wave associated spike-bursts in the
intestine could exist, however, would require further experimenta-
tion to inhibit certain pathways and verify these findings.

It should also be noted that there was a difference between the
observed motility patterns in pigs and rabbits. Pigs displayed both
slow-wave associated and independent spike-bursts along with
corresponding contractions. In the rabbit studies, only slow-wave
associated spike-bursts were observed along with correspond-
ing contractions. As a result, spontaneous peristaltic contractions
were observed only in pigs, while cyclic peristaltic contractions
were observed only in the rabbit. However, it is possible that cyclic
peristaltic contractions could occur in pigs, and slow-wave indepen-
dent motility patterns could occur in rabbits,” although they were
not observed in our experiments. It is plausible that differences in
animal care procedures could have contributed to the observed dis-
crepancy in the bioelectrical activity between pigs and rabbits. Pigs
were fasted prior to the experiments, however, rabbits were not fast-
ed prior to surgery, as this can lead to hypomotility and compromise
gut function.” Studies have shown that slow-wave associated spike-
bursts increase in the postprandial period, although the key path-
ways regulating this difference are yet to be elucidated.” There are
also physiological differences between pigs and rabbits. The transit
time of content through the rabbit small intestine is faster compared
to other animals, and therefore, cyclic peristalsis may be more
prominent in rabbits than other species. In rabbits, small intestine
motility is regulated in part by motilin, similar to humans and is in
contrast to most other animal species.” However, motilin does not
play a prominent role in pigs.”” Therefore, observed bioelectrical
and contraction patterns could have been influenced by animal care
procedures and physiological variance.

This study successfully captured the slow-waves, spike-bursts,
and motility simultaneously in the in vivo intestine. Nonetheless
there are several limitations in the current study. First, the anesthesia
and laparotomy could influence the electrical and mechanical activi-
ties of the gut, and could cause reflex inhibition.” The experimental
setup could be further improved with multiple cameras to calculate
strain in 3 dimensions, and the strain measurement could be supple-
mented with HR manometry to calculate the true mechanical state
of the muscle.”"" Techniques such as optical mapping with voltage
sensitive dyes could be used to measure the bioelectrical activity
from the same surface of the intestine as the contractions.’”’ Neural
and myogenic inhibitory agents could also be used to elucidate the
underlying regulatory mechanisms of bioelectrical and contractile

coupling. For example, future studies that utilize ion channel block-

Intestinal Bioelectrical and Video Mapping

ers such as nifedipine, thapsigargin could be designed to evaluate
the exact ionic pathways involved with slow-wave associated spike-
bursts and independent spike-bursts.”* It should also be noted that
since motility was not modulated in this study, cyclic peristaltic con-
tractions were only observed in 1 rabbit study. In future investiga-
tions, prokinetic agents such as domperidone,” metoclopromide,™*
and prucalopride™ can be used to elicit specific motility patterns, to
verify the findings of this study on a larger dataset.

In summary, this study defines in vivo intestinal motility pat-
terns with simultaneous mapping of slow-waves and spike-bursts in
spatiotemporal detail. The defined electrophysiological relationships
between motility, slow-waves and spikes would aid in understand-
ing the role of abnormal activity in functional motility disorders and

would also be useful in computational physiological modeling.

Supplementary Materials

Note: To access the supplementary videos mentioned in this
article, visit the online version of Journal of Neurogastroenterol-
ogy and Motility at http://wwwjnmjournal.org/, and at https://doi.
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