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Background: It is well known that opiates slow gastrointestinal (GI) transit, via

suppression of enteric cholinergic neurotransmission throughout the GI tract,

particularly the large intestine where constipation is commonly induced. It is

not clear whether there is uniform suppression of enteric neurotransmission

and colonic motility across the full length of the colon. Here, we investigated

whether regional changes in colonic motility occur using the peripherally-

restricted mu opioid agonist, loperamide to inhibit colonic motor complexes

(CMCs) in isolated mouse colon.

Methods: High-resolution video imaging was performed to monitor colonic

wall diameter on isolated whole mouse colon. Regional changes in the effects

of loperamide on the pattern generator underlying cyclical CMCs and their

propagation across the full length of large intestine were determined.

Results: The sensitivity of CMCs to loperamide across the length of colon varied

significantly. Although there was a dose-dependent inhibition of CMCs with

increasing concentrations of loperamide (10 nM - 1 µM), a major observation

was that in the mid and distal colon, CMCs were abolished at low doses

of loperamide (100 nM), while in the proximal colon, CMCs persisted at the

same low concentration, albeit at a significantly slower frequency. Propagation

velocity of CMCs was significantly reduced by 46%. The inhibitory effects of

loperamide on CMCs were reversed by naloxone (1 µM). Naloxone alone did

not change ongoing CMC characteristics.

Discussion: The results show pronounced differences in the inhibitory action

of loperamide across the length of large intestine. The most potent effect

of loperamide to retard colonic transit occurred between the proximal

colon and mid/distal regions of colon. One of the possibilities as to

why this occurs is because the greatest density of mu opioid receptors

are located on interneurons responsible for neuro-neuronal transmission

underlying CMCs propagation between the proximal and mid/distal colon.
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The absence of effect of naloxone alone on CMC characteristics suggest

that the mu opioid receptor has little ongoing constitutive activity under our

recording conditions.
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opiate, peristalsis, enteric nervous system, loperamide, constipation

Introduction

Embedded within the gut wall lies a complex neural circuitry
containing millions of neurons that are critical for the modulation
of gastrointestinal (GI) functions including motility and control
of fluid movement. This autonomous neural system that has the
unique ability to coordinate GI functions independent of the central
nervous system (CNS) is referred to as the enteric nervous system
(ENS) (Furness, 2012; Furness et al., 2014). Control of GI functions
is dependent on the activity of diverse neurochemical classes of
enteric neurons that are contained within interconnected micro-
ganglia that form two distinct plexi, known as the submucosal and
myenteric plexus (Spencer and Hu, 2020). The myenteric plexus
lies between the circular and longitudinal muscle layers of the
gut wall and includes excitatory and inhibitory motor neurons,
descending and ascending interneurons and a unique population of
intrinsic sensory neurons which are responsible for coordinating GI
motor activity enabling propulsive movement along the intestine
(Wood, 2012; Spencer et al., 2021). The unique ENS characteristic
of regulating intestinal movements independently of the CNS
allows for the exploration of enteric neuronal networks and
their role in facilitating motility in isolated segments of intestine
(Furness et al., 1995).

An important aspect of digestion is the controlled progression
of luminal contents along the GI tract, which is coordinated
by various patterns of intestinal movements that occur as a
result of the interplay among enteric neural circuits, Interstitial
cells of Cajal (ICC) and spontaneous intestinal smooth muscle
activity (Costa and Furness, 1982; Huizinga et al., 1998,
2014). Colonic motor complexes (CMCs) are neurally mediated
spontaneous propagating contractions of the colonic smooth
muscle that propagate over longer distances and aid in the
propulsion of luminal contents (Corsetti et al., 2019). They can
be readily recorded and analyzed from isolated intact colon
preparations as they are known to occur in the absence of
input from the CNS. The mouse colon has served as an
excellent model species for recording CMCs because of the
regular and rhythmic occurrence of these events in the isolated
colon (Fida et al., 1997; Bush et al., 2000; Roberts et al.,
2007). They are the predominant mechanical motor pattern of
the mouse colon and are visualized as rhythmic contractions
that propagate along at least half the total length of the colon
(Spencer and Bywater, 2002).

Opioids have been used for many years as anti-diarrheal
agents that work by inhibiting enteric neuronal activity, reducing
propulsive colonic peristaltic contractions, and delaying GI transit
(Holzer, 2009). Several studies have reported exogenous opioids
to alter intestinal motility both via in vivo and in vitro settings

(Tavani et al., 1980; Smith et al., 2012; Dalziel et al., 2016;
Gade et al., 2016). The impact of opioids on GI motility is
ascribed to the activation of opioid receptors (µ/mu, κ/kappa,
and δ/delta), with the mu opioid receptor playing a significant
role in mediating anti-peristaltic effects specifically in the large
intestine (Galligan and Sternini, 2016). Loperamide is one such
opioid agonist that acts on mu opioid receptors decreasing the
activity of the myenteric plexus within the ENS which in turn
reduces the tone of the longitudinal and circular smooth muscles
of the intestine inhibiting peristaltic activity (Van Nueten et al.,
1979; Mellstrand, 1987). In the guinea pig ileum, loperamide has
been shown to act via mu opioid receptors to inhibit excitatory
motor neurons of the ENS (Waterman et al., 1992). Moreover,
loperamide has shown to inhibit acetylcholine release, the primary
excitatory neurotransmitter released by myenteric neurons to
induce muscle contractions, by interacting with opiate receptor
sites in the myenteric plexus (Yagasaki et al., 1978). Although
there is detailed knowledge about the pharmacological activity of
loperamide, little is known of its effects on the characteristics of
colonic motility patterns in ex vivo colon. This is surprising and
is an obvious gap in knowledge, despite it being a commonly
used drug to treat diarrhea. The current study assays the effect
of loperamide on colonic motor complexes in isolated colon of
mice using high resolution spatio-temporal diameter maps (D-
Maps). Here we uncovered major new clues as to how and
where mu opioid receptors predominantly act to retard colonic
transit.

Materials and methods

Animals

The research described in this paper was carried out in
compliance with the Animal Welfare Act, 1999 (NZ) and
after obtaining ethical approval from the AgResearch Grasslands
Animal Ethics Committee (Palmerston North, New Zealand)
under application AE 15540. C57BL/6 mice were bred at The
University of Otago breeding unit (Dunedin, New Zealand) and
were raised in groups with their littermates. Mice were kept in
controlled conditions, with a consistent temperature of 21◦C and
a regular light/dark cycle (06:00/18:00). They were housed in
cages lined with sawdust, either made of plastic or stainless steel,
and had unrestricted access to food and water. Animal weight,
food intake, and general health were monitored daily using a
scoring system ranging from 1 to 5, following the NZ Animal
Health Care Standard.
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Drugs and solutions

The composition of Krebs solution used was (in mM): NaCl.
118; KCl. 4.7; NaHPO4.2H2O. 1.0; NaHCO3. 25; MgCl.6H2O. 1.2;
D-Glucose. 11; CaCl2.2H2O. 2.5. The pH of Krebs solution was
maintained at 7.3–7.4 with constant aeration of 95% O2 and 5%
CO2 at 35 ± 0.5 ◦C.

The drugs used in these experiments included loperamide and
naloxone that were purchased from Selleck Chemicals (Houston,
TX, USA). Both loperamide and naloxone were prepared as stock
solutions in, dimethyl sulfoxide (DMSO) and MilliQ water (based
on solubility), respectively. Final concentrations of the drugs were
made using Krebs solution (the final concentration of the drugs was
calculated based on the organ bath tank volume). The final DMSO
concentration was 0.1% which was also used for the control.

Dissection protocol and colonic tissue
preparation

Male mice aged between 7 and 14 weeks were humanely
euthanized by isoflurane overdose inhalation followed by cervical
dislocation, following approved protocols from the AgResearch
Grasslands Animal Ethics Committee. The mouse was securely
fixed to a dissection board by pinning its four paws, enabling the
exposure of its ventral side. Using dissecting forceps and scissors,
an incision was made through the epidermis, revealing the lower
abdominal muscle layers. The abdominal cavity was opened along
the midline towards the sternum. To prevent tissue dehydration
during the dissection, Krebs solution at room temperature, aerated
with carbogen gas (95% O2 and 5% CO2), was poured onto
the abdominal contents at regular intervals (every 30–60 s). The
surrounding tissues, such as the urinary bladder and testes, were
carefully removed. Two vertical incisions, approximately 0.5 cm
from the midline, were made to cut the pelvic bone on each side
of the colon. The colon, still attached to the caecum and rectum,
was isolated. Using forceps, the caecum was held while the proximal
end of the colon was separated from it. Next, the entire length of
the colon was placed in a glass tray filled with warm Krebs solution
(30–35◦C), which was continuously bubbled with carbogen. Fine
dissection scissors were used to trim the mesentery attached to
the tissue. Care was taken not to stretch the gastrointestinal tissue
while trimming the adjoining mesentery. To empty the intestinal
contents and faecal pellets, the isolated colon was kept in Krebs
solution and constantly bubbled with carbogen for 30 min. Any
remaining contents were flushed out by gently applying pressure
at the oral end using a 5 ml syringe attached to a blunt needle
filled with Krebs solution. A stainless-steel rod (1.9 mm thickness)
was gently inserted into the full length of the colon lumen. The
proximal and distal ends of the colon were secured onto barbed
tubing connectors and secured with surgical knots. The tubing
connectors were anchored to a base plate, which could be easily
transferred into an organ bath. The setup, including the isolated
colon segment with the stainless-steel rod, was then placed into
an organ bath containing warm Krebs solution (maintained at
35 ± 0.5◦C) and continuously aerated with carbogen (Figure 1).
The lumen of the colon was perfused with warm Krebs solution at a

rate of 0.13 mL min−1 from the proximal end using a peristaltic
pump. This constant flow provided the necessary pressure for
recording consistent propagating contractions. The distal end of
the colon, attached to the tubing connector, was cannulated to an
outlet tube. Intraluminal pressure was measured by determining
the difference in height between the end of the outlet tube and the
meniscus of the Krebs solution within the organ bath, maintained
at a constant level of 40–50 mm. The organ bath chamber was
continuously perfused with Krebs buffer using a peristaltic pump.

Study design

Motility experiments began with a 30 min equilibration
period, followed by a 10 min control video recording. In specific
experiments, loperamide was either applied to the organ bath
in isolation from any antagonists or combined with the opioid
antagonist naloxone. In other experiments, naloxone was added
on its own. In each experiment where the tissue was exposed
to pharmacological agents, motility was recorded for 10 min.
Each tissue preparation served as its own control prior to drug
application. Pharmacological agents were applied to the serosal side
of each preparation, along the length of the bath gently with a
pipetter. We first applied increasing concentrations of loperamide
(10 nM, 100 nM and 1 µM) with 10 min of continuous bath
perfusion to washout in between each, to establish an effective
partial inhibitory concentration. This concentration was then used
directly in subsequent experiments.

Video Imaging and analysis

Colonic contractions or motility patterns were recorded ex vivo
using a camera (Logitech HD Pro C920; JB Hi-Fi, New Zealand)
mounted directly above the organ bath. QuickTime (Apple Inc.)
software was used to record videos. The captured video segments
(10 min duration) were analyzed using MATLAB (MathWorks,
Natick, MA, USA) to create spatiotemporal maps (ST) where the
diameter of the colon is mapped (displayed as a heat map) along the
length of the segment as a function of time. The x axis represents
increasing time (s), and the y axis represents length of colon (in
mm). A color bar indicated luminal diameter where relaxed tissue is
represented by blue–green pixels on the ST maps while yellow–red
pixels represented constricted regions. Four parameters of colonic
motor activity were examined: CMC propagating velocity, CMC
interval, CMC propagation distance and the frequency of CMCs.
CMCs, defined as contractions which originated at the oral end
and propagated aborally at least half the length of the colon, were
analyzed and from these CMC propagating velocity, CMC interval
and CMC propagation distance were assessed. The frequency
of CMCs was quantified from ST maps while the velocity of
CMC propagation, interval between CMCs and CMC propagation
distance were measured using MATLAB. The CMC propagation
velocity was determined using the scale produced with each map
(showing distance and time) to determine over what distance of
the colon the contraction occurred and the time it took for the full
contraction to take place. Interval between CMCs was calculated
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FIGURE 1

Schematic representation of the ex vivo colonic motility experiment set up. (Created using BioRender).

as the average time between contractions at a point that was
selected as a consistent reference location for comparing different
preparations.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software (version 9.5.1, GraphPad software Inc., USA). Differences
in CMC parameters between multiple treatment groups were
assessed using Kruskal-Wallis ANOVA with Dunn’s multiple
comparison test. Results are expressed as mean ± standard
error of mean (SEM). P-value less than 0.05 was considered
statistically significant.

Results

General observations

After euthanasia and inspection of the abdominal cavity, it was
established that each of the 20 colonic preparations had an average
of 3 faecal pellets within the lumen (range: 1–5). After placing
each preparation containing pellets into the glass tray containing
warm Krebs (30–35◦C; aerated with carbogen gas), it was found
that 7 of these 20 preparations naturally expelled all pellets within
30 min. Four colon preparations did not expel any pellets. All colon
preparations were gently flushed with approximately 5 ml of warm
Krebs solution. After an initial equilibrium period (30 min), CMC
typically became temporally coordinated between the proximal and
distal ends of the isolated colon.

Effect of loperamide on CMC parameters

To assess the effect of mu opioid receptor agonist loperamide
on CMC activity, we characterized the changes in interval between

CMCs and the velocity with which CMCs propagated along
the colon (Figures 2A–D). The effect of increasing loperamide
concentration on CMC parameters was analyzed (Figures 3A–D).
It was found that loperamide 10 nM did not significantly alter any
of the CMC parameters (Figures 2A, B, 3A–D).

Loperamide at 100 nM significantly reduced CMC frequency
compared to the control period (control: 0.69 ± 0.04 min−1; lop.
100 nM: 0.36 ± 0.03 min−1; n = 12; P = 0.0001) (Figures 2C, 3A).
Moreover, this concentration significantly reduced CMC velocity
by 46% compared to the control period (control: 2.39 ± 0.27 mm
s−1; lop. 100 nM: 1.28 ± 0.21 mm s−1; n = 12; P = 0.0103)
(Figures 2C, 3B). Similarly, the extent of CMC propagation was
significantly reduced when 100 nM loperamide was added to the
bath (control: 38.60 ± 1.42 mm; lop. 100 nM: 29.70 ± 0.84 mm;
n = 12; P = 0.0002) (Figure 3C). Also, the interval between CMCs
increased by 40% when 100 nM loperamide was applied (control:
67.12 ± 5.06 s; lop. 100 nM: 93.97 ± 8.36 s; n = 12; P = 0.0299)
(Figure 3D). Loperamide at 1 µM potently inhibited CMCs in the
mid and distal colon (Figures 2D, 3A–D) but did not completely
block CMCs in the proximal colon. These contractions propagated
for short distances (less than 50%; Lop. 1 µM: 0.35 ± 0.02 min−1;
n = 4). These partial contractions were excluded from further
analysis as they did not meet the criteria of propagating at least half
the length of the colon.

Effect of naloxone in the presence of
loperamide

Naloxone at 1 µM was used to test selectivity of loperamide for
opiate receptors and whether the inhibitory actions of loperamide
could be reversed. Naloxone (1 µM) was added to the bath
containing preparations which were exposed to loperamide at
100 nM concentration (Figures 2E–G). Loperamide significantly
reduced CMC frequency compared to control activity, and
this effect was prevented by naloxone when co-applied with
loperamide (lop. 100 nM: 0.35 ± 0.02 min−1; lop. + nal. 1 µM:
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FIGURE 2

Spatiotemporal heat maps (D-Maps) showing colonic motor complexes (CMCs) with treatments applied in the order: from one experiment: (A)
control (B) loperamide at 10 nM concentration (C) loperamide at 100 nM concentration (D) loperamide at 1 µM concentration, and from another
experiment: (E) control for 5 min, then naloxone 1 µM concentration for 5 min (in the same recording) (F) naloxone at 1 µM concentration (G)
naloxone at 1 µM added to the bath containing preparations which were exposed to loperamide at 100 nM concentration. The x-axis represents
increasing time in seconds and the y-axis represents length of colon in millimeters from the proximal to distal end. The color bar on the right of
each map indicates the width of the colon for each captured frame during the 10 min video recording. Red-yellow regions show constricted areas
whereas blue-green regions show relaxed tissue. The broken lines within the enlarged images of the spatiotemporal maps in (A) and (B) show the
velocity of the CMCs. The less steep the slope, the slower the CMC velocity. Lop: loperamide; nal: naloxone; Prox: proximal; Dist: distal.
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FIGURE 3

Summary graphs of different treatment effects on (A) colonic motor complex (CMC) frequency per min (B) CMC velocity (mm/s) (C) CMC
propagation distance (mm) and (D) CMC interval (s). Loperamide at 10 nM (Lop. 10 nM) concentration was without significant effect on CMC
parameters. Loperamide at an increased concentration of 100 nM (Lop. 100 nM) significantly reduced CMC frequency, CMC velocity and CMC
propagation distance compared to controls. CMC intervals increased with lop. 100 nM compared to controls. Loperamide at 1 µM had a strong
inhibitory effect (but CMCs did not meet the criteria of propagating at least half the length of the colon so are not shown here). Asterisks indicate
statistical significance (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). Data shown as mean with error bars indicating SEM. CMC, colon motor complex; lop,
loperamide.

0.56 ± 0.02 min−1; n = 6; P = 0.0377), which was not significantly
different from controls (Figure 4A). Similarly, the reduced velocity
of CMCs after loperamide application was restored by naloxone
(lop. 100 nM: 1.16 ± 0.16 mm s−1; lop. + nal. 1 µM: 2.01 ± 0.16 mm
s−1; n = 6; P = 0.0174), to similar levels as controls (Figure 4B).
CMC propagation distance which was significantly reduced with
100 nM loperamide was also restored by naloxone to distances
similar to controls (lop. 100 nM: 30.67 ± 0.97 mm; lop. + nal.
1 µM: 39.98 ± 1.99 mm; n = 6; P = 0.0061) (Figure 4C). The
interval between CMCs increased significantly in the presence of
loperamide and this effect was partially prevented by naloxone (lop.
100 nM: 84.71 ± 3.17 s; lop. + nal. 1 µM: 74.89 ± 4.52 s; n = 6;
P = 0.4323) (Figure 4D).

To confirm that there was no intrinsic effect caused by naloxone
or the presence of endogenous opioids, naloxone was added alone
to the organ bath. Naloxone at 1 µM did not affect CMC parameters
as compared to the control period (Figures 2E, F).

Discussion

We identified major regional differences of inhibition of colonic
motility with the peripherally restricted mu receptor agonist,
loperamide. The most significant result of this study was that
loperamide never blocked CMCs in the proximal colon but had
a major inhibitory effect in the mid and distal colon. The results
revealed that loperamide 100 nM increased the interval between
CMCs in the proximal colon and decreased the velocity of CMCs.
This effect was dose dependent, because loperamide 10 nM did
not have the same effects. The attenuation of inhibitory effects of
loperamide on CMCs by naloxone confirmed the involvement of
opioid receptor signaling.

As previously classified, colonic contractions that migrated at
least half the length of the colon were termed as CMCs (Corsetti
et al., 2019). At baseline or control conditions, CMCs occurred
at a frequency of 0.69 min−1 which is similar to previous mouse
studies, where CMCs in control conditions have been shown to
occur at a frequency of 0.5–3 min−1 (Fida et al., 1997; Brierley
et al., 2001; Roberts et al., 2008; Spencer et al., 2013). However, the
techniques used to stimulate colonic preparations to record CMC
activity in these studies were different from the current study. With
regards to the velocity of propagation of CMCs, the findings of
this study were found to be similar to a study by Balasuriya and
colleagues (Balasuriya et al., 2016) who used a similar technique to
record CMCs. That is, maintaining colonic distension via infusion
of intraluminal fluid that acted as stimuli enabling video recordings
of CMC activity. CMCs require gut wall distension in mouse
colon and are infrequent in the absence of an applied mechanical
stimulus (Barnes et al., 2014). A study by Barnes and colleagues
showed that the frequency with which CMCs occurred was highly
dependent upon the level of stretch applied to the colon, but
were absent or occurred rarely when the colon was devoid of
endogenous faecal pellets (Barnes et al., 2014). The mechanism
by which initiation of content dependent neural peristalsis and of
CMCs have been investigated in studies using mouse colon in vitro.
Keating and Spencer showed that the neural circuits responsible
for CMC generation lie in the myenteric plexus and/or muscularis
externa (Keating and Spencer, 2010). Moreover, the removal of the
mucosa and submucosal plexus did not prevent CMC propagation
along the colon, although the characteristics of CMC propagation
were altered (Keating and Spencer, 2010). These findings suggest
that the submucosal plexus and mucosa are not essential for
either the initiation or propagation of CMCs. In another study,
Zagorodnyuk and Spencer demonstrated that stretch applied on the
luminal wall increases CMC frequency which remains unaffected
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FIGURE 4

Summary graphs of different treatment effects on (A) colonic motor complex (CMC) frequency per min (B) CMC velocity (mm/s) (C) CMC
propagation distance (mm) and (D) CMC interval (s). Loperamide at 100 nM (lop. 100 nM) significantly reduced CMC frequency, CMC velocity and
CMC propagation distance compared to controls. CMC intervals increased with lop. 100 nM compared to controls. Naloxone at 1 µM prevented the
inhibitory effects of loperamide, except for CMC intervals, when applied to preparations that were exposed to 100 nM loperamide (lop. + nal. 1 µM).
Asterisks indicate statistical significance (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). Data shown as mean with error bars indicating SEM. CMC: colonic
motor complex; lop: loperamide; nal: naloxone.

even after removal of mucosa and submucosa (Zagorodnyuk and
Spencer, 2011). Overall, this demonstrated that all the intrinsic
neural apparatus necessary to generate CMCs lies in the myenteric
plexus and/or muscularis externa. It is possible that myogenic
pacemaker cells (interstitial cells of Cajal, ICC) could contribute
to CMC characteristics. An analogy is the small intestine, where
migrating motor complexes (MMCs) still occur in W/Wv mutant
mice that lack pacemaker type ICC-MY (and electrical slow waves),
but MMC characteristics are slightly different (Spencer et al., 2003).

The findings of the current study strongly suggest the actions of
loperamide act via suppression of cholinergic neurotransmission in
the myenteric plexus. Suppression of GI motor activity is a well-
known effect of opioids based on studies involving animals and
humans (Tavani et al., 1980; Wintola et al., 2010; Dalziel et al.,
2016; Heitmann et al., 2022). In the present study, loperamide
at a relatively higher concentration suppressed CMC parameters
compared to controls. This is similar to a study by Beckett
and colleagues who in their experiments showed that morphine,
another mu opioid receptor agonist, reduced the amplitude and
frequency of CMCs in isolated mouse colon compared to control
conditions (Beckett et al., 2018). The inhibition of GI motor activity
by exogenous opioids such as loperamide and morphine is largely
due to the existence of a widely distributed opioid system in
the gut (Sternini et al., 2004). Opioid receptors of the mu, kapa
and delta-subtypes are expressed by myenteric and secretomotor
neurons of the ENS in rodents, guinea pigs and humans, but
with a varied distribution across GI regions and species (Bagnol
et al., 1997; Ho et al., 2003; Gray et al., 2006; Poole et al., 2011;
Sobczak et al., 2013). Gut motility is controlled by myenteric
neurons via the release of neurotransmitters acetylcholine (ACh)
and substance P which induce muscle contraction (excitatory)
and adenosine triphosphate/β-nicotinamide adenine dinucleotide
(ATP/βNAD), nitric oxide (NO), vasoactive intestinal peptide
(VIP) to cause muscle relaxation (inhibitory) (Brookes, 2001).

The inhibitory effect of mu opioid agonists have been shown to
arise primarily from interruption of both excitatory and inhibitory
enteric neural inputs controlling muscle activity (Yagasaki et al.,
1978; Waterman et al., 1992; Nishiwaki et al., 2000; Iwata et al.,
2007). A study by Yagasaki and colleagues using isolated guinea
pig ileum demonstrated that exposure to loperamide results in
suppression of ACh and substance P release (Yagasaki et al.,
1978). Since the predominant input to longitudinal muscle is
excitatory, the absence of ACh and substance P result in inhibition
of longitudinal muscle contraction. In another study Iwata and
colleagues using electrophysiological techniques elucidated that
contraction in circular muscle of the isolated mouse ileum induced
by morphine administration was strongly inhibited by NG-nitro-
L-arginine and tetrodotoxin, suggesting that morphine’s contractile
effects on circular muscle may be associated with the inhibition
of NO release from inhibitory nerves (Iwata et al., 2007). In a
state of rest, the continuous firing of inhibitory motor neurons
leads to the relaxation of the circular muscle layer. Consequently,
this relaxation of the bowel aids in accommodating advancing
intraluminal contents. However, when exposed to an opioid
agonist, the suppression of NO, as demonstrated by Iwata and
colleagues, triggers heightened contractile activity within this
muscle layer, inhibiting the descending relaxation necessary for
peristalsis. Thus, the inhibition of circular muscle relaxation would
contribute to loperamide’s ability to suppress propulsive motility
patterns (i.e., CMCs).

We also observed that colonic relaxation was not always
complete at higher concentrations of loperamide and note that
it is not completely without untargeted actions, for example 1
µM inhibits the large conductance calcium-activated potassium
(BK) ion channel (Vouga et al., 2021). While cell membrane
permeability to access the internal site to act as a state-dependent
pore blocker would be very low, such an effect would be expected
to increase cellular excitability and thereby decrease relaxation,
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increasing muscle tone and contribute to the slightly higher
resting tone observed. Naloxone applied alone did not alter CMC
frequency or duration compared with controls, but some additional
effects were observed on the relaxation phase that affected colonic
diameter. This may have been an additional inhibitory effect
on any basal constitutive activity of opioid receptors. Further
studies will be needed to determine the neuronal types involved in
pharmacological responses.

A major finding of this study was that loperamide reduced the
extent of propagation of CMCs. This occurred via a suppression
of CMC contraction propagation from proximal to mid and distal
regions of colon. In control conditions CMCs propagated longer
distances, frequently reaching the distal end of the colon. However,
when loperamide was applied, this effect was potently reduced.
A possible explanation for these findings is that opiate receptors
activated by loperamide are either more densely distributed on
interneurons and motor neurons in the mid to distal colon, or that
a similar opiate receptor density exists throughout the ENS, but the
receptors have a greater sensitivity to opiate agonists between the
mid to distal regions. This finding could contribute to explaining
why constipation is common in people who frequently consume
opiates. Future studies could investigate whether differences in the
relative distribution of mu opioid receptors might underlie the
regional changes detected in relation to inhibition of CMCs by
loperamide. Further insight on possible sex differences could be
explored by verifying whether colonic motility responds similarly
to loperamide in female mice and should measure estrus status to
account for any hormone related variations in analyses.

Conclusion

The findings show that loperamide inhibited CMCs in a dose
dependent manner and preferentially between the mid and distal
colon. These results provide key insights into the regional effects of
opioid inhibition of colonic motility.
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