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Analysis of spatiotemporal pattern and quantification of
gastrointestinal slow waves caused by anticholinergic drugs
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ABSTRACT. Anticholinergic drugs are well-known to cause adverse effects, such as
constipation, but their effects on baseline contractile activity in the gut driven by slow waves is
not well established. In a video-based gastrointestinal motility monitoring (GIMM) system, a
mouse’s small intestine was placed in Krebs solution and recorded using a high definition
camera. Untreated controls were recorded for each specimen, then treated with a therapeutic
concentration of the drug, and finally, treated with a supratherapeutic dose of the drug. Next,
the video clips showing gastrointestinal motility were processed, giving us the segmentation
motions of the intestine, which were then converted via Fast Fourier Transform (FFT) into their
respective frequency spectrums. These contraction quantifications were analyzed from the video
recordings under standardised conditions to evaluate the effect of drugs. Six experimental trials
were included with benztropine and promethazine treatments. Only the supratherapeutic dose of
benztropine was shown to significantly decrease the amplitude of contractions; at therapeutic
doses of both drugs, neither frequency nor amplitude was significantly affected. We have
demonstrated that intestinal slow waves can be analyzed based on the colonic frequency or
amplitude at a supratherapeutic dose of the anticholinergic medications. More research is
required on the effects of anticholinergic drugs on these slow waves to ascertain the true role of
ICC in neurologic control of gastrointestinal motility.

KEYWORDS. anticholinergic drugs, frequency domain, gastrointestinal motility monitoring
system, interstitial cells of Cajal, spatiotemporal analysis

INTRODUCTION

Interstitial cells of Cajal (ICC) are responsi-
ble for electrical slow waves that drive motility
in the gastrointestinal tract (GI), and are also
closely linked with enteric neurons.! Currently
under debate is the exact role and significance

of ICC in enteric neurotransmission.'”’ Enteric
neurons utilize acetylcholine as their primary
neurotransmitter,® and anticholinergic drugs
are well known to block enteric neurotransmis-
sion and result in GI adverse effects, including
constipation.”'” What is as yet unknown is the
effect of anticholinergic drugs on the
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background rhythmic contractions driven by
slow waves. By examining the effect of anti-
cholinergic drugs, which are known inhibitors
of neurotransmission, on the output of ICC, we
inherently test the link between enteric neurons
and ICC. This experiment aims to show the
effects of anticholinergic drugs on ICC induced
contractions, through blockade of cholinergic
neurotransmission, as observed in vitro in an
organ bath.

Gastrointestinal motility

The digestive system has a complex network
of smooth muscle cells, neurons and interstitial
cells, working in tandem to achieve propulsion
of food and liquid through the GI tract. Smooth
muscle cells are present in the muscularis
mucosa, longitudinal smooth muscle and circu-
lar smooth muscle layers of the GI tract, and
act as a syncytium in the presence of an action
potential."!

Two main electrical patterns of smooth mus-
cle cells exist within the GI tract; these are
slow waves and spike patterns.®'? Spike pat-
terns represent an increase in the membrane
potential such that an action potential is evoked
and is transmitted through the syncytium of
smooth muscle cells in the gut, resulting in
active contraction. Slow waves are a continu-
ous, undulating change in the membrane poten-
tial of smooth muscle cells, driven by ICC
(Fig. 1). This cyclical rise and fall is transmit-
ted from ICC to smooth muscle cells through
gap junctions, causing undulation in smooth
muscle cell membrane potential, and driving
rhythmic contractions of smooth muscle.'* It
is these rhythmic contractions that we aim to
observe in this experiment.

Two main motor patterns in the small intes-
tine are peristalsis and baseline rhythmic con-
tractions driven by slow waves, as explained
above.'® Peristalsis occurs as a reflex to intralu-
minal distension, causing contraction oral to
the stimulus and relaxation aboral to the stimu-
lus, allowing forward propulsion of intralumi-
nal contents.'®" Peristalsis differs from slow
wave contractions in the following ways: slow
waves occur continuously as background

motility in the GI tract, while peristalsis only
occurs in the presence of intraluminal disten-
sion. Furthermore, peristalsis is a coordinated
motor pattern that moves longitudinally down
the GI tract to achieve propulsion of substances
through it. In contrast, rhythmic contractions
driven by slow waves travel only short distan-
ces longitudinally, and do not have a propulsive
mechanism??; the function of the rhythmic con-
tractions themselves is currently unclear.

As well as receiving input of slow wave
activity from ICC, smooth muscle cells also
receive neuronal input from the enteric nervous
system. The enteric nervous system controls
neural function for the entire GI tract, including
blood flow, immune function, and hormonal
and mucosal secretions.'' It acts as a semi-
independent component of the autonomic ner-
vous system and contains reflex circuits that
allow direct control of the GI system without
commands from the brain or spinal cord.”* The
myenteric plexus, a component of the enteric
nervous system, is largely responsible for neu-
ronal control of smooth muscle, and lies
between the longitudinal and circular muscle
layers."!

Excitatory circular muscle neurons provide
motor output to circular smooth muscle cells,
and utilize acetylcholine (ACh) as a neurotrans-
mitter through nicotinic receptors.'’ These
receive input from afferent neurons, which
respond to chemical stimuli in the lumen and
mechanical changes such as deformation,
stretch and tension.'!

The enteric nervous system is also linked to
the parasympathetic nervous system, where
cholinergic preganglionic neurons exert effects
on enteric neurons through both nicotinic and
muscarinic receptors>* Varicose vagal efferents
have been found to project to the myenteric
plexus, and are believed to project to
‘command neurons’ in the myenteric plexus
that then exert effects throughout the rest of the
enteric nervous system.**?

Interstitial cells of Cajal and neurons

As well as being intimately connected with
smooth muscle cells, neurons have also shown
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FIGURE 1. Mechanism of rhythmic contractions of smooth muscle, driven by pacemaker activity
from ICC. This diagram represents the membrane potential of a smooth muscle cell, which is alter-
nating between hyperpolarised and hypopolarised states; this pattern is referred to as slow waves.
The function of slow waves is to change membrane potential from a state of low open probability
(hyperpolarised) for voltage-dependent calcium ion (Ca®") channels to open (—80 to —55 mV), to
a hypopolarised state, where there is elevated probability of Ca®" channel opening (—40 to
—25 mV). Where the membrane potential is above the threshold for action potentials, voltage-
gated Ca?" channels open, and allow Ca®* influx, indicated by the red arrows.'” This transient
Ca®" influx then initiates smooth muscle contraction. This is the mechanism by which slow waves

drive rhythmic contractions of smooth muscle.
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to be linked with ICC. Whether neuronal
input to ICC is significant is a matter of
debate,'”'"?® however growing evidence sug-
gests that ICC play a role in enteric neurotrans-
mission. It has been shown that intramuscular
ICC is closely associated with myenteric motor
neurons, forming synapse-like junctions with
nerve varicosities.?’*° Immunofluorescence
image of a transverse slice of mouse small
intestine can allow us to examine the neurons
network and ICC. Similarly, ICC in the deep
muscular plexus (ICC-DMP) are closely linked
to excitatory and inhibitory enteric neurons, as
shown in the primate small intestine.”” As well
as this, it has been shown that mice with a
genetic deficiency of ICC have deficient GI
motility.>® These studies provide positive evi-
dence that ICC is involved in enteric
neurotransmission.

Anticholinergic drugs

Anticholinergic drugs are one of the most
widely used drug classes, especially in the
elderly population; rates of anticholinergic use
is estimated at 55% of residents of long-term
care facilities,®' and 27% of people aged over
65y old.*

There are 2 main types of anticholinergic
drugs, acting on 2 different cholinergic recep-
tors — muscarinic receptor antagonists and nico-
tinic receptor antagonists, or antimuscarinics
and antinicotinics respectively. Muscarinic
receptor antagonists compete with acetylcho-
line and antagonise muscarinic receptors within
the parasympathetic nervous system.® Nico-
tinic receptor antagonists exert competitive
inhibition at post-synaptic nicotinic receptors
in the neuromuscular junction.** Nicotinic
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receptor antagonists are used mainly during
anesthetic procedures to provide muscle relaxa-
tion,>>® while muscarinic antagonists treat a
myriad of conditions including chronic pulmo-
nary obstructive disease (COPD), Parkinson
disease and urinary incontinence.'®

There are a multitude of adverse effects
caused by anticholinergic drugs, including GI
effects such as constipation, abdominal disten-
sion, nausea and vomiting, as well as effects
related to the blockage of parasympathetic acti-
vation, including dry eyes, dry mouth, blurred
vision and urinary retention.'®*” Many of these
adverse effects are mediated by muscarinic
blockade of cholinergic neurotransmission
within the parasympathetic nervous system,
hence causing inhibition of parasympathetic
functions (salivation, lacrimation, urination,
digestion and defecation).”® Due to the
use of acetylcholine as a neurotransmitter

in the enteric nervous system'' as well
as the significant parasglmpathetic input
involved in GI motility,”® anticholinergic
drugs hinder GI motility through blockade
of neurotransmission.

The anticholinergic drugs tested in this
experiment were benztropine, an antimuscar-
inic anticholinergic agent used for symptomatic
treatment of tremor in Parkinson disease®”*’
and promethazine, a first generation antihista-
mine with antimuscarinic action*'** that can
be used in the treatment of allergic rhinitis,* as
well as being used as a sedative or sleep
aid.**** Both these drugs have strong anticho-
linergic activity, as rated on anticholinergic
risk scales,*>**® and are typical drugs that
may be used long-term by patients. The rela-
tionship of anticholinergic drugs, the parasym-
pathetic nervous system, and the enteric
nervous system is shown in Fig. 2.

FIGURE 2. A diagrammatic representation of the relationship between neurons, ICC and motor
patterns. The parasympathetic nervous system, a subgroup of the autonomic nervous system, pro-
vides input to the enteric nervous system, promoting digestion and defecation.?*?® The enteric ner-
vous system is known to control peristalsis.'’ However, the link between the enteric nervous
system and ICC is debated, and this relationship is what we aim to test in this study. ICC transmit
pacemaker activity to smooth muscle cells, causing slow wave changes in membrane potential.’®
'® This then drives rhythmic contractions of smooth muscle cells, and it is these contractions which
we observe in the organ bath. Anticholinergic drugs are known to have negative input to both the
parasympathetic nervous system and the enteric nervous system, by blocking cholinergic neuro-
transmission.*”*8 By treating the intestine with these drugs and measuring the rhythmic contrac-
tions driven by ICC, we examine whether there is a link between enteric neurons and ICC.

Parasympathetic
nervous system

l Anticholinergic drugs

Enteric nervous
system

1 Peristalsis

Smooth muscle cells

|

Rhythmic contractions




ANALYSIS OF SPATIOTEMPORAL PATTERN 43

Aims and objectives

The specific objectives of this research are:
1) Setup of a gastrointestinal motility monitor-
ing (GIMM) system organ bath, that is
equipped with the necessary signal processing
tools for quantitative analysis of frequency and
amplitude of slow wave contractions; 2) Ana-
lyze rhythmic contractions generated by slow
waves within murine small intestine; and 3)
Investigate the effects of anticholinergic drugs
(benztropine and promethazine) on frequency
and amplitude of contractions driven by slow
waves.

METHODS

Signal processing techniques used in
gastrointestinal motility analysis

Smoothing of signal based on moving
average filter

The moving average filter is mainly used to
reduce signal noise, which we can express as:

z_: n—l—z
i=0

where x(n) is the input signal, and y(n) is the
output signal of the moving average. Here,
the length of the inspection window is
defined by N; and with the N increasing, the
signal waveform becomes smoother. This
allows us to perform the identification of
amplitudes pertaining to the dominant fre-
quencies more effectively based on changes
in the inspection window. The aim is to
eliminate the presence of non-relevant ampli-
tudes and frequencies that belongs to noise,
and so by smoothing the signal, the sharp
peaks disappears, and the greater the smooth-
ing of the signal, the clearer is the definition
of the dominating pairs of amplitudes and
frequencies. All we need is a smaller number
of such amplitudes and frequencies for our
examination of the intestinal motion.

€]
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Conversion of signals to frequency domain
by Fast Fourier Transform

Assume that x(f) is a continuous signal in the
time domain, and we assign x(f) = 0 for all
<0, then the equation for performing FFT can
be written as:

X(0)= / " (e e, %)
0

Here, w=kI', wherek={0,1,...,N —1},
and I' and N are real and positive integers. We
define a fixed time interval A7, such that it is
sufficiently small, so that the change of x(¢)
from ¢t = nAT to t = (n+1)AT, which we define
as Ax(¢) = x((n+1)AT)-x(nAT), is kept to a rea-
sonable computation limit. As such, we can
numerically define x(r)dt as x(nAT), and the
integral in Equation (2) can be expressed as:
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If we setN to be large enough, then for all

0<n<N-1, such that the change of x(nT) is suf-
ficiently small, Equation (3) becomes:

l—e— iwAT N — 1

X(w)= e~ AT (nAT). (4)
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If we define w = 2k / NAT, then Equation
(4) becomes:
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Here, the segment of the time domain signal
x[n] = x(nAT) from n = 0 to N-1 (comprising
of N samples), which is processed by Discrete
Fourier Transform (DFT) as shown in Fig. 3, to
give X[k]. Definingl’ = 2n/NT, then Equation
(5) becomes:

1_efi27rk/N
Xkl = —— X[k
(kT 2rkINAT LA,
Vk={0,1,...,N—1}. (6)

Now, based on FFT, we will be able to
obtainX (kT"). As such, we can convert the sig-
nal from the time domain to the frequency
domain as shown in Fig. 4. It is worthwhile
mentioning again that we are provided with the
spatiotemporal plot in 3 dimensions—Diameter
(mm) versus Time (s), and Diameter (mm) vs.
Distance (mm). We also note that the same
technique can be applied to convert the signal
from distance domain to its respective fre-
quency spectrum as well.

Experimental design and method

Gastrointestinal motility monitoring
hardware system

The GIMM hardware (Catamount Research
and Development) is used to analyze colon’s
segmentation motion (see Fig. 5). The system
comprises the organ bath, video camera, circu-
lating pumps, associated tubing and heating
systems, and was set up in accordance to the
recommended instruction manual.** The Krebs
solution is heated to 37°C, and carbogen gas
(95% oxygen and 5% carbon dioxide), is aer-
ated through the solution which circulates to
the organ.

Animal tissue

Animals used were provided by the Western
Sydney University School of Medicine Animal
Facility (Animal ethics approval A11220). The
mice used were of the C57BL/6 strain, and
were healthy adult mice between the ages of

FIGURE 3. Fast Fourier Transform for conversion of signal from time to frequency domain. On the
left is the signal in time domain of length N-1 samples, whereby the lower-case X[ ] represent signal
value at every time point. Then, this signal is processed by forward DFT to give the frequency spec-
trum, whereby the amplitude X[ ] can be computed. Here, X[ ] has 2 components, whereby Re X[ ],
being the real values, represents the amplitudes of the cosine wave, and Im X[ ], being the imagi-
nary values, represents the amplitudes of sine wave, with each having a length of N/2+1. These
are collectively referred to as X[ ], which sum up to a length of N-1.
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FIGURE 4. An example of the output of Fast Fourier Transform. (A) This graph records fluctuations
in diameter of a transverse slice of intestine over time. The red and blue arrows represent the high-
est and lowest diameter respectively of that particular video analysis. Owing to the intrinsic width of
the intestine, fluctuations cannot be about the zero mark, but rather around the length-dependent
variable diameter of the intestine. (B) The frequency spectrum plot shows the most salient fre-
quency — that is, the frequency with the highest amplitude, to choose the predominant frequency
and amplitude. This allows elimination of other signals that contribute to ‘noise’ in the graph of
diameter change over time, which ideally should be sinusoidal in shape. This method is used to
eliminate human error in counting the number of contractions over time and using an average,
which is used currently in the literature. As well as this, it allows more detailed information about
the amplitude of contractions, which is difficult to measure, and as yet has not been studied in detail

in gastrointestinal motility experiments in the literature.
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6 months to 1 y old. These mice were euthan-
ised using carbon dioxide asphyxiation and
subsequent cervical dislocation. Following
death, the GI tract from the stomach to the rec-
tum was dissected, transported in 37°C Krebs
solution, and placed in the organ bath, where
further dissection isolated the duodenum and
ileum for analysis.

Krebs buffer solution

The Krebs buffer solution serves the purpose
of providing the oxygen, nutritional and elec-
trolyte requirements to keep the organ func-
tional after dissection. Its constituents are
121 mM NaCl, 5.9 mM KCl, 2.5 mM CaCl,,
1.2 mM MgCl,, 25 mM NaHCO;, 1.2 mM
NaH,PO4, and 8 mM glucose. This was pre-
pared in accordance with recommendations for
the GIMM systern.49
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Anticholinergic drugs

The anticholinergic drugs benztropine and
promethazine were chosen for this experi-
ment. The drug concentration was titrated
according to recommended therapeutic
plasma concentrations; concentrations were
0.10g/mL for benztropine (therapeutic range
0.01-0.18uug/mL) and 0.2 ug/mL for prome-
thazine (therapeutic range 0.05-0.4ug/
mL)’*>! Drugs in these concentrations were
added directly to the circulating Krebs solu-
tion, and 5 minutes was allowed for equili-
bration of the drug level throughout the
solution. After this, 30 times the original
dose was added, to reach a concentration
above the therapeutic range, designated as the
supratherapeutic experiment. For benztropine,
this was 0.03mg, to reach a final concentra-
tion of 0.030Img/L (toxic plasma concentra-
tion 0.0139mg/L).’® For promethazine, this
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FIGURE 5. Gastrointestinal Motility Monitor and organ bath setup. (A) The GIMM is a complete
system required to measure Gl non segmentation contractions in small animal models such as
mice and guinea pigs. The organ bath setup is represented as follows: A pump circulates the
warmed, aerated Krebs solution into the organ bath, where the dissected intestine sits. The intes-
tine is pinned down in the organ bath, to allow a camera to record the organ motility. (B) For each
trial, first the organ is allowed to equilibrate in the Krebs solution for 10 minutes. Next, a 5 minute
video of the untreated organ is recorded and used as the internal control. After that, the drug was
added at a therapeutic plasma concentration, allowed to equilibrate in the solution for 5 minutes,
and then recorded for 5 minutes. A supratherapeutic concentration was then added, allowed to
equilibrate for 5 minutes, and then recorded for 5 minutes.
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was 0.06mg, to reach a final concentration of
0.0602mg/L.  (toxic plasma concentration
0.002mg/L).>°

900 ml of milliQ water was measured out
in a beaker. While stirring, 1 bottle of pow-
dered Krebs — henseleit buffer, 0.373 g cal-
cium chloride dihydrate 2.1 g of sodium
bicarbonate and 100 ml of milliQ water were
added to the beaker strictly in that order. The
pH was checked and adjusted to 7.3 using a
pH meter. The beaker was aerated with carb-
ogen which is a mixture of 95% O2 and 5%
CO2 and kept partially submerged in the
water heater set to 38 £ 0.5 C. The prepara-
tion was equilibrated for at least 30 mins
according to Fig. 4.

Organ isolation and organ transfer

20 ml of warmed and warmed carbogenated
Krebs solution was stored in a tube. Nonfasted
B6 mice of either sex, weighing 250-420 g
were euthanised with carbon dioxide gas fol-
lowed with cervical dislocation (protocol
approved by Western Sydney University Ani-
mal Care and Ethics Committee). The mouse
GI tract (not including the esophagus) was
removed and placed carefully into the tube
filled with warm, carbogenated Krebs solution.
The contents of the tube were poured onto a
petri dish and using fine tweezers the GI tract
was transferred into the organ bath. In the organ
bath, the mesentery, stomach and colon were
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removed quickly and carefully. The small intes-
tine was separated into the duodenum and the
ileum. The duodenum was pinned down first
and then the ileum was pinned down in the illu-
minated organ bath so a video camera would
record a 180 second video repeated 5 times.

Video data analysis

Each experiment consisted of a 5-minute
video recording, of which 3 segments, each one
minute in length, were analyzed. A spatiotem-
poral map measuring diameter, time and dis-
tance across the organ was used as an input to
our in-house analysis program. After the video
was recorded, the motor analysis function was
used to generate a spatiotemporal map of a
selected length of the mouse small intestine
over a chosen time course within the video
recording. Different shaded regions on the
motor map represented different diameters of
the small intestine. 3D graphs of diameter, dis-
tance and time were constructed from the spa-
tiotemporal maps. One-way ANOVA tests with
post-hoc Tukey tests (pairwise comparisons
corrected for family-wise error rate) were uti-
lised for data analysis to compare control
results against therapeutic and supratherapeutic
doses for both variables of frequency and
amplitude.

RESULTS

Optimisation of organ bath and testing of
our quantitative analytic tools

GIMM organ bath system

Mice were chosen because the majority of
the literature on the role of ICC in neural con-
trol of the GI tract has been studied in mice;
this is due to the fact that mice were the first
animals to be able to be genetically manipu-
lated to lack ICC.'>'* Background motility
driven by slow waves is a better measure of the
function of ICC than peristalsis, and the effect
of anticholinergic drugs on baseline contractil-
ity, rather than peristalsis, has not been studied
before.

The organ was immersed in Krebs solution
and recorded with a video camera. Instead of
circulating the Krebs throughout the organ
bath, they instead cannulated both ends of the
organ and circulated the Krebs directly
through the GI tract. They also recorded pres-
sure measurements within the lumen of the
GI tract.

Bubbling carbogen gas through the container
used to transport the organ after dissection
allowed greater dissolution of oxygen and car-
bon dioxide into the Krebs solution in the trans-
port container. This allowed better preservation
of the organ through increased delivery of car-
bon dioxide and oxygen during transport, and
in turn, led to more consistent observations of
regular contractions.

Furthermore, it was found that the greater
the length of time required for dissection and
transport of the organ, the weaker and more
inconsistently the organ displayed motility.
That is, if too long a time elapsed from
mouse death to the organ being placed in the
organ bath, contractions were either weak
and irregular, or not able to be observed at
all. To this end, all of the experimental
organs had 16-20 minutes between mouse
death and the beginning of recording, includ-
ing dissection and equilibration time. Meth-
ods used to minimise this time included
leaving clean-up of the dissection until after
the experiment was finished, and practising
dissection technique to improve speed.
GIMM protocol(49) suggested organs could
be kept on iced Krebs for up to 2 hours
before experiments; however we found this
was detrimental to motility.

Another area requiring optimisation was the
camera settings. The software allowed manip-
ulation of brightness, contrast and exposure
settings (see Fig. 6). It was suggested that for
analysis, the settings were adjusted to high
contrast between the organ and background.*’
This required heightening the contrast, and
increasing the exposure and brightness. Any
markings or debris within the camera view-
finder would create artifacts and noise in the
spatiotemporal map. To avoid this, debris and
distance markers were removed or covered up
during recording.
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FIGURE 6. Analysis of video recordings. (A) An image of the organ with no contrast. The analysis
program finds this difficult to analyze;(B) An image of the organ with full contrast; the black organ is
easily measured by the analysis program; (C) An example of the image without covering up calibra-
tion markings and sides of the organ bath — the program in this case spuriously records calibration

markers as part of the organ.

A B

Program for quantitative analysis

An example of a time domain spectrum is
shown in Fig. 7. It represents a typical compli-
cated waveform extracted from the intestinal
diameter fluctuation in the time domain. There
exists a series of waveforms superimposed to
form an irregular fluctuation. This wave may
be presented as separate waves. A Fast Fourier
Transformation (FFT) analysis of this time-
based fluctuation was used to create a fre-
quency plot shown in Fig. 8. Graphs displaying
the time, distance and diameter scales con-
structed from the spatiotemporal map.

A cross-section of the organ was selected,
chosen to be the most regular sinusoidal
appearance of the graph of diameter vs. time.
This exact same cross-section was then ana-
lyzed in the therapeutic and supratherapeutic
trials, and compared against the control. The
sensitivity function filters the various frequen-
cies of diameter change over time, depending
on the amplitude of the frequency. Therefore,
at low sensitivity, only frequencies with very
large amplitudes will be shown on the fre-
quency spectrum stem plot. At a high sensitiv-
ity, many frequencies of varying amplitudes

o 1
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will be shown on the frequency spectrum stem
plot. As such, the sensitivity is chosen to be
low, and increased until the dominant fre-
quency and amplitude pair with the highest
amplitude arises, which was the frequency
selected. From this, frequency and amplitude
were recorded (in Fig. 8).

Control tests

For this experiment, both an internal control
and an external control were used. A mouse
small intestine was recorded for 1 hour with no
drug treatment, which is designated as the
external control. In addition to this, each test
organ was recorded pre-treatment of 5 mins,
which is designated as the internal control. The
external control determines the effect of pro-
longed in vitro conditions to motility. It is the
internal control that is used for analysis, allow-
ing for direct comparison of untreated and
treated data as a pair. Pair-wise analysis was
conducted based on the observation that there
is considerable variability in the recorded fre-
quency and amplitude of organ contractions
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FIGURE 7. Spatiotemporal maps for data analysis of an untreated mouse small intestine. Using the
motor analysis function, spatiotemporal motor maps of the mouse small intestine were generated
and analyzed. (A) Two-dimensional spatiotemporal map: The software from the GIMM system
includes the output of a spatiotemporal map recording distance, time and diameter measurements.
This spatiotemporal map is used as the input for our analysis program. Distance is the x-axis, time
is the y-axis and the diameter changes are recorded using shades from black to white. (B) Three-
dimensional intensity map of the 3 variables, namely, distance, diameter and time, in the form of a
3D spatiotemporal plot. The area highlighted in red indicates the cross-section of the organ chosen,
which we can see oscillates in diameter as contractions occur. This change in diameter over time is
analyzed to measure frequency and amplitude of contractions. Diameters are represented in gray-
scale so that contractions were shown in black, relaxations are shown in white and the intermediate
gray regions represent diameters from 0.7 mm to 5 mm as shown in the scale indicated by the red
arrow.
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between different organs. If experimental analysis was deemed valid is because there was

organs were averaged and compared against a
control group, the observed change may have
been obscured by the differences between indi-
vidual organs. Another reason that pair-wise

minimal change in the frequency and amplitude
in the untreated organ over 25 minutes (the
complete length of a single trial including ther-
apeutic and supratherapeutic doses). This
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FIGURE 8. Signal processing of the time domain signals based on the following procedures: 1)
Averaging of all signals in the Distance (mm) axis (represented by gray) into a single green signal
(with its peaks and toughs highlighted by red and blue triangles respectively); 2) Perform moving
average of the signal of interest to produce a smoothed signal that has its sharp peaks reduced; 3)
Convert signal from time to frequency domain by applying Fast Fourier Transform (with dominant
peaks highlighted by red dots); and 4) Deduce the dominant pairs of amplitude and frequency by
identifying the dominating peaks of the frequency spectrum graph to give the stem plot (with the
ends of every stem highlighted by a red dot). Note that A, B, and C denotes the increment of the
inspection window in the moving average filter that leads to increased smoothing of the signal of
interest. This corresponds to a reduction in the number of stems for the frequency spectrum stem
plot.
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ensures that the results are unlikely to be
affected by the time elapsed during the experi-
ment. Furthermore, with more experiments a
control group and treatment group would have
been more feasible, but with the limited num-
ber of trials due to time constraints, direct com-
parison within the same organ was deemed
more appropriate. The final reason is that this
method is used in other organ bath experiments
involving a treatment following recorded

control values.>® We have performed signal
processing based on the techniques outlined in
Section 2.1 to provide the frequency spectrum
pertaining to intestine treated with the different
conditions, and extracted important quantifiable
detailed from their respective frequency stem
plots (Fig. 9).

The results of the 1-hour external control are
shown in Fig. 9A. The frequency did not
change significantly during the first 30 minutes,
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FIGURE 9. Frequency and amplitude of gastrointestinal motility over 1 hour for organs that are: (A)
Untreated baseline; (B) Treated with benztropine; and (C) Treated with promethazine. The 3 differ-
ent conditions can be quantified based on their respective frequency spectrums.
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with values of between 0.92—-1.04 contractions
per second, and was at a low point of 0.86 con-
tractions per second by the end of the hour. The
amplitude however, varied greatly, from
0.07 mm to 0.18 mm.

All of the experimental trials followed the
same timeline. At 0-5 min, the control was
recorded. At 10-15 min, the experimental trial

at therapeutic concentration was recorded. At
20-25 min, the experimental trial at supra-
therapeutic concentration was recorded. Thus,
the control and the therapeutic trial would
have had the same baseline level of contrac-
tility — however, results may have been
affected by a loss of frequency in the supra-
therapeutic trials.
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Experimental results

The results were analyzed with an in house
frequency analysis program developed by the
GI Motility Laboratory, Western Sydney Uni-
versity using MATLAB programming software.
Video segments of 60 seconds were taken from
the video, and analyzed by the GIMM motor
analysis system, which produced a 2D visual
diagram of diameter over time. This image was
then analyzed using the inhouse MATLAB pro-
gram, as described in Fig. 3.

When the means of the control, therapeutic
and supratherapeutic results were analyzed
only a significant decrease in amplitude was
recorded at supratherapeutic drug concentra-
tions of benztropine (p-value = 0.001), which
is shown in Fig. 9B. At therapeutic concentra-
tions of both drugs, neither frequency nor
amplitude was significantly affected.

When each experiment is analyzed individu-
ally, 3 out of 6 experiments showed a significant
decrease in frequency or amplitude. The first
experiment with benztropine showed significant
decreases in frequency at therapeutic (p-value =
0.048) and supratherapeutic concentrations
(p-value = 0.018), as well as amplitude at supra-
therapeutic concentration (p-value = 0.002). By
comparison, the second benztropine experiment
only showed significant decreases in amplitude
at supratherapeutic concentration (p-value
0.005), and the third benztropine experiment
showed no significant results (Table 1).

For promethazine, the first experiment
showed a decrease in frequency at suprathera-
peutic concentration (p value = 0.000), which

is shown in Fig. 9C, but the other 2 experi-
ments showed no significant changes. These
results are tabulated in Table 2. Next, we can
compare the effect of 2 sets of drugs on fre-
quency and amplitude in Table 3. Individual
results table is shown in Table 4.

DISCUSSION

Rationale of using FFT for GI motility
analysis

Anticholinergics and GI motility

Anticholinergic drugs are known to cause
constipation as a common adverse effect.”'”
Direct effects of anticholinergics — both musca-
rinic and nicotinic receptor antagonists — have
been shown to impair peristalsis in both rat,>>>°
and guinea pig intestine.”’”® Various effects
were observed, including blockade of peristal-
sis, incomplete peristalsis, and increased intra-
luminal threshold pressure for peristalsis to
occur. Past studies have focused on hexametho-
nium and atropine,”>’ a nicotinic receptor
antagonist and a muscarinic receptor antagonist
respectively. These drugs are used mainly dur-
ing anesthetic procedures, *>°° and are not
medications used by patients long-term. For
our study we chose 2 anticholinergic drugs
commonly prescribed over extended periods of
time and are known to cause significant consti-
pation. Benztropine is used in the treatment of
Parkinson disease, and promethazine is used in
allergic rhinitis or as a sleep aid. Past studies

TABLE 1. Benztropine results.

Benztropine Mean Standard deviation ~ Standard error  95% confidence interval
Frequency (Hz)  Control (n = 3) 1.0867 0.13829 0.0461 N/A
Therapeutic (n = 3) 1.0544 0.17278 0.05759 0.902
Supratherapeutic (n=3)  1.0556 0.16102 0.05367 0.909
Total 1.0656 0.15258 0.02936 N/A
Amplitude (mm)  Control (n = 3) 0.1311 0.02667 0.00889 N/A
Therapeutic (n = 3) 0.1244 0.04003 0.01334 0.901
Supratherapeutic (n =3)  0.0633 0.02915 0.00972 0.001
Total 0.1063 0.04404 0.00848 N/A

95% confidence interval is obtained when compared with internal control.
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Promethazine Mean Standard deviation ~ Standard error  95% confidence interval
Frequency (Hz) Control (n=3) 0.8867 0.34616 0.11539 N/A
Therapeutic (n = 3) 0.85 0.33117 0.11039 0.972
Supratherapeutic (n=3)  0.6922 0.35231 0.11744 0.464
Total 0.8096 0.34088 0.0656 N/A
Amplitude (mm)  Control (n = 3) 0.1244 0.05388 0.01796 N/A
Therapeutic (n = 3) 0.0889 0.0348 0.0116 0.194
Supratherapeutic (n =3)  0.0889 0.0348 0.0116 0.194
Total 0.1007 0.04393 0.00846 N/A

95% confidence interval is obtained when compared with internal control.

TABLE 3. Individual results whereby significant results have been highlighted in bold.

Experiment Variable Type Mean 95% confidence interval
Benztropine 1 Frequency Control 0.9833 N/A
Therapeutic 0.9333 0.048
Supratherapeutic 0.9200 0.018
Amplitude Control 0.1467 N/A
Therapeutic 0.1567 0.805
Supratherapeutic 0.0533 0.002
Benztropine 2 Frequency Control 1.2567 N/A
Therapeutic 1.2833 0.857
Supratherapeutic 1.2567 1.000
Amplitude Control 0.1067 N/A
Therapeutic 0.0833 0.252
Supratherapeutic 0.0400 0.005
Benztropine 3 Frequency Control 1.0200 N/A
Therapeutic 0.9467 0.289
Supratherapeutic 0.9900 0.781
Amplitude Control 0.1400 N/A
Therapeutic 0.1333 0.958
Supratherapeutic 0.0967 0.243
Promethazine 1 Frequency Control 1.0700 N/A
Therapeutic 1.0333 0.444
Supratherapeutic 0.4967 0.000
Amplitude Control 0.1267 N/A
Therapeutic 0.1167 0.761
Supratherapeutic 0.1200 0.883
Promethazine 2 Frequency Control 1.1600 N/A
Therapeutic 1.1033 0.517
Supratherapeutic 1.1567 0.997
Amplitude Control 0.1800 N/A
Therapeutic 0.0933 0.059
Supratherapeutic 0.0900 0.052
Promethazine 3 Frequency Control 0.4300 N/A
Therapeutic 0.4133 0.787
Supratherapeutic 0.4233 0.961
Amplitude Control 0.0667 N/A
Therapeutic 0.0567 0.805
Supratherapeutic 0.0567 0.805
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TABLE 4. Summary of significant changes in individual experiments.

Trial Frequency

Amplitude

Benztropine 1
supratherapeutic concentrations
Benztropine 2 No significant change
Benztropine 3
Promethazine 1

No significant change

concentration
No significant change
No significant change

Promethazine 2
Promethazine 3

Significant decrease at therapeutic and

Significant decrease at supratherapeutic

Significant decrease at supratherapeutic
concentration

Significant decrease at supratherapeutic
concentration

No significant change

No significant change

No significant change
No significant change

have focused on threshold pressure for peristal-
sis and the occurrence of electrically stimulated
evoked potentials,””® rather than baseline con-
tractile activity, which is our primary goal in
this study. However, the effects of anticholiner-
gics on slow waves, rather than peristalsis, has
not been thoroughly tested. By testing the
effects of anticholinergic drugs on ICC-driven
slow waves, we implicitly test the role of ICC
in cholinergic neurotransmission.

ICC and enteric neurotransmission

Mounting evidence suggests that GI motility
is mediated through neuronal input to ICC,
rather than direct motor neuron input to smooth
muscle cells alone. A study of ICC depletion in
mice, achieved through genetic manipulation,
showed inhibition of excitatory neurotransmis-
sion, in the form of reduced contraction in
response to electrical stimulation.*® Nerve vari-
cosities have been shown to be in close associa-
tion with ICC through immunohistochemistry
techniques, with distances of around 20 nm
between them.'*"%°

Since ICC directly generate slow waves
through an undulating rise and fall in mem-
brane potential, and these slow waves drive the
baseline contractions that were measured, this
experiment is novel as it attempts to observe
the in vitro effects of anticholinergic drugs on
ICC, through inhibition of neuronal input. Find-
ings would elucidate of the role of ICC in
enteric neurotransmission. If rhythmic contrac-
tions driven by slow waves are dampened by
anticholinergics, it suggests ICC are involved

in neurotransmission; if they are unaffected by
anticholinergics, it suggests ICC may not be
involved in neurotransmission.

Factors affecting slow wave frequency and
amplitude

The mechanism of generation of slow waves
from ICC is still under debate. One of the pre-
dominant hypotheses for the mechanism is as
follows: Ca’" is released from intracellular
Ca*t stores, which in turn allows C1~ channels
to open. These C1~ channels allow flow of C1™
ions, and this influx causes transient alterations
in the membrane potential, creating the electri-
cal slow wave pattern.®*¢

The frequency of slow waves is affected by a
multitude of factors. Muscarinic agonists have
been shown to have a positive chronotropic
effect on slow wave frequency.®*** Similarly,
it has also been shown that muscarinic antago-
nists decrease the frequency of slow waves.®*
Increased frequency of slow waves in the pres-
ence of muscarinic stimulation is mediated by
muscarinic type 3 receptors (M3), which are
linked to enhanced production of inositol-tri-
sphosphate  (IP3). It is well recognized
increased levels of IP3 stimulate Ca”" release
from intracellular stores, which in turn initiates
pacemaker activity.'”%°

Amplitude of the pacemaker activity of ICC
has mostly been recorded through electrophysi-
ological recordings in previous experiments,
but what this experiment is recording is not the
amplitude of the voltage change, but the ampli-
tude of the contractions themselves. As such, it
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is hypothesized that changes in amplitude
within our experiment are from smooth muscle
factors, including the degree of neuronal excita-
tion. It has been shown that acetylcholine
increases the strength of contractions driven by
slow waves in the intestinal smooth muscle,67
while atropine (an antimuscarinic drug)
decreases the amplitude of spontaneous smooth
muscle contractions.®® Thus, amplitude of con-
tractions appears to be dependent on neuronal
input. In addition to this, Ca**-free solutions
and calcium channel blocker drugs (nifedipine,
verapamil) decreased the amplitude of contrac-
tions.®® Smooth muscle contraction requires
influx of Ca®" ions to initiate contraction, and
hence amplitude is also dependent on Ca®*
concentration and movement.

Proof of concept

Effect of anticholinergic drugs on slow
wave motility

Reasons for discrepancies include lateral
movement of the organ in the bath, which
results in different cross sections being ana-
lyzed by the program as the organ moves.
Studies recommend not pinning the organ until
it is completely taut, as this inhibits contrac-
tion.***% However, since the program analyses
a cross-section and measures the change in
diameter, if there is too much movement it
could be analyzing instead the oscillation of
adjacent cross-sections of the organ. A possi-
ble method to include this would be installing
a tracking system where movement of the
organ could be monitored, and negated during
analysis.

In addition to this, another organ bath exper-
iment exploring the effects of acetylcholine
and atropine, an anticholinergic, showed seem-
ingly paradoxical results where acetylcholine
decreased contractile activity, whereas atropine
reversed this effect and restored normal con-
tractions.”® This was reconciled when it was
shown that acetylcholine caused shortening of
the organ, which limited the variation in diame-
ter and hence dampened the recorded contrac-
tions. Some degree of lengthening of the organ

in the presence of anticholinergics may have
negated the decrease in motility.

When analyzed individually, 3 out of 6 mice
(benztropine n = 2, promethazine n = 1)
showed significant changes in frequency or
amplitude. Most of these changes were
observed between the control and suprathera-
peutic doses, and included both frequency and
amplitude. In addition to this, the spatiotempo-
ral maps show that contractions become more
irregular in frequency and amplitude with drug
treatment. Dysrhythmia of slow waves with
antimuscarinic treatment has been found in
another study involving atropine.®> However,
this dysrhythmia was not always reflected in
our quantitative measurements, as regularity is
not actively measured in the program. A study
on slow waves in gastroparesis has made a sim-
ilar observation’'; it was found that measuring
only frequency did not adequately reflect the
dysfunctional irregularity of slow waves — in
this case, it was found that abnormal initiation
and conduction of slow waves occurred. If the
software could be improved further to analyze
regularity of contractions, this would add an
extra dimension to quantitative analysis. An
example of the importance of contractions can
be given by the comparison of the spatiotempo-
ral maps of one of the benztropine internal
controls and its paired benztropine suprathera-
peutic trial as shown in Fig. 10.

There is evidence in the literature that there
is a dampening effect on slow wave frequency
and amplitude with anticholinergic treatment.
Previous studies have shown that muscarinic
antagonists decrease the frequency of slow
waves.*® In one study, the muscarinic antag-
onists studied were methoctramine, himbacine
and 4-DAMP, which are selective muscarinic
antagonists used mainly in laboratories for
research purposes and not in the clinical set-
ting; all these substances showed decrease in
slow wave frequency.®* This study involved
electrophysiological studies of cultured murine
gastric ICC. Another study showed that atro-
pine (a muscarinic antagonist used to increase
cardiac output and dry bodily secretions during
anesthesia)72 showed a decrease in slow wave
frequency as well as dysrhythmia of slow
waves in the stomach, but showed no effect in
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FIGURE 10. A comparison of the spatiotemporal maps of one of the benztropine internal con-
trols (A) and its paired benztropine supratherapeutic trial (B). The control shows more regular
contractions throughout the entire length of the organ, whereas the supratherapeutic drug trial
shows more irregular and less well-defined contractions. This can be seen for example in the
areas highlighted in red, where in the control, the variation in diameter is regular and the
amplitude is large, where in comparison the therapeutic trial shows more irregular, lower

amplitude contractions.
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the small intestine.> The methodology in this
study involved implanting electrodes in canine
stomach and small intestine to observe slow
waves in vivo. Additionally, it has been shown
that acetylcholine and carbachol (a muscarinic
agonist) increase frequency of slow waves
both in the stomach and small intestine.®*%"3

In terms of amplitude, it has been shown in a
study of canine small intestine that ACh
increases the amplitude of contractions driven
by slow waves.®’ In addition to this, another
study conducted with rabbit small intestine
shows that atropine decreases the amplitude of
contractions of ‘spontaneous rhythmic contrac-
tions’ — it is unclear whether these are related
to slow waves or not®®

However, it is worth noting that some of
these experiments have only shown results for
gastric ICC, rather than ICC in the small intes-
tine. There are some differences between ICC
in the stomach and small intestine; ICC in the
stomach are mainly situated within circular and
longitudinal layers of muscle, while ICC in the
small intestine occur both intramuscularly and
in association with the deep muscular plexus.”*
It is the small intestinal ICC in association with

the deep muscular plexus (a nerve plexus
between the circular muscle and submucosal
layers) that show close contacts with enteric
neurons that suggest a link between ICC and
the enteric nervous system.’>’°

Still, these previous studies showing musca-
rinic antagonism decreasing slow wave fre-
quency and amplitude provides some evidence
in support of our hypothesis that anticholiner-
gic drugs will decrease frequency and ampli-
tude of ICC induced contractions.

Observation of slow waves in murine small
intestine

The frequency of slow waves in mice is esti-
mated to be between 13 cycles/min in experi-
ments conducted at room temperature,'>’’ to
40 cycles/min at 38°C’® but have been
observed up to 50 cycles/min.”” Our experi-
ments show contractions driven by slow waves
at 25-75 per minute, with a mean of 59 per
minute, recorded at 37-38°C, which is consis-
tent with the literature.
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This is also significant because the system is
designed for guinea pig rather than mouse
organs, and can provide the basis for further
experiments on motility in mice. Mice are the
predominant animal used for experiments
studying ICC’s role in enteric neurotransmis-
sion. This is because it is murine mutants that
have been developed with genetic knockout
disorders that lead to failure of formation of
ICC, allowing observation of motility in ICC-
depleted tissue."”'™® Thus, optimising an
organ bath for mouse intestine allows combina-
tion of these 2 methods of study investigating
ICC’s role in neurotransmission. The use of
organ baths has a distinct advantage of allow-
ing detailed analysis of motility through direct
observation of the organ as a whole, and has
been shown to have yield similar reflex reac-
tions as in vivo experiments.>

Quantitative frequency spectrum analysis
program

This study also demonstrates a novel way of
in depth analysis of GI motility. In the litera-
ture, measurement of effects of anticholinergic
agents on GI motility has focused around
evoked potentials in response to electrophysio-
logical nerve stimulation, and peristalsis,
including measurements of number of complete
peristalsis, and the interruption and cessation of
peristalsis.”>>® Measurement of slow waves in
the literature has been undertaken mainly
through electrophysiological studies. These
include dissection of the organ to produce
intact smooth muscle, which is then electrically
stimulated with electrodes, as well as using cul-
tured ICC and measuring the membrane poten-
tial changes to assess slow waves, known as the
patch-clamp technique.®*"*%"  While these
methods allow quite accurate assessment of
slow wave frequency, it does not assess the
function of the organ as a whole. In this way,
our method of an organ bath and video record-
ing and analysis of contractions is a closer
approximation of the organ’s function as a
whole. In the literature, spatiotemporal map-
ping using an organ bath has been used, how-
ever this has mainly been to visualize

peristalsis,®’ and has not yet been used in the
analysis of slow waves.

Future directions

Future directions in the study of ICC and
slow waves would include simultaneous
recordings of membrane potential and video
recordings of motility, to confirm that the con-
tractions occurring are due to slow waves. This
would also allow determination of the ratio of
spike potentials to slow waves. In this experi-
ment, it is assumed this ratio is 1:1 through cor-
relation of the frequency of contractions in this
experiment, and the measured frequency of
slow waves in the literature.'>’"® At this point
in time, studies of membrane potential are still
done in clusters of cultured ICC, rather than an
intact organ.®*"*%%52 If the changes in mem-
brane potential of ICC and smooth muscle
were able to be recorded in a whole organ, this
would give a greater idea of their behavior in a
functional state.

Another expansion of the field would be
reproducing murine experiments in humans.
Currently, many of the experiments investigat-
ing ICC’s role in enteric neurotransmission
have focused on mice, due to the fact that
murine mutants lacking ICC are available for
study. These findings are yet to be extended to
other species, and would hopefully one day be
investigated in humans. Observation of slow
waves in vitro have been studied in humans in
a handful of studies,83’84 however human
experiments on the role of ICC in neurotrans-
mission are lacking.

Within the pathophysiological realm, dys-
function of ICC has been implicated in a myr-

iad of motility conditions, including
achalasia,®>%¢ gastroparesis,”""*’*° intestinal
90-93

pseudo-obstruction and slow-transit consti-
pation.”*® Lower numbers of ICC have been
found in gastroparesis,’' slow-transit constipa-
tion,”*> and intestinal pseudo-obstruction.”’ In
achalasia, increased number of organelles
(smooth endoplasmic reticulum and mitochon-
dria) has been found in ICC located in the
lower esophageal sphincter, possibly contribut-
ing to overactive contraction.”® Gastroparesis
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also involves abnormal initiation and conduc-
tion of ICC pacemaker activity.”'

CONCLUSIONS

Anticholinergic drugs, while known to cause
constipation and have dampening effects on
peristalsis, have not been extensively studied in
relation to ICC and slow waves. This experi-
ment attempts to provide the framework for
further investigation of the effect of commonly
used therapeutic anticholinergic agents on
background motility driven by slow waves pro-
duced by ICC. An organ bath system has been
optimised to visualize contractions driven by
slow waves in the murine small intestine. In
addition to this, our quantitative frequency
spectrum analysis program allows transforma-
tion of the video recording into measures of fre-
quency and amplitude of contractions. By
showing that blockade of neurotransmission
with anticholinergic drugs affects ICC induced
contractions, this would provide further evi-
dence that ICC play an important role in
neurotransmission.

ABBREVIATIONS
Ach  Acetylcholine
Ca®>™  Calcium ion
CaCl, Calcium chloride
Cl~  Chloride ion
CO, Carbon dioxide
G  Gram

GI  Gastrointestinal

GIMM  Gastrointestinal motility monitoring system
ICC Interstitial cells of Cajal
IP3  Inositol-trisphosphate
KCl  Potassium chloride
MgCl, Magnesium chloride
mM  Millimoles
mV  Millivolts
NaCl  Sodium chloride
NaH,PO,  Sodium dihydrogen phosphate
NaHCO;3;  Sodium hydrogen carbonate
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