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Abstract

Improper gastric emptying is implicated in several gastrointestinal disorders and
may result from disrupted electromechanical coupling of the gastroduodenal junc-
tion (GDJ). Rhythmic “slow waves” and myogenic “spikes” are bioelectrical mech-
anisms that, alongside neural and hormonal co-factors, control GDJ motility.
Aim: To characterize the electromechanical effects of prokinetic (erythromycin)
infusion and truncal vagotomy on pre-clinical in vivo porcine models.
Methods: Following ethical approval, the GDJ was exposed in anesthetized
crossbreed weaner pigs (N=10), and custom high-resolution electrodes were
applied to the serosal surface. An EndoFLIP catheter (Medtronic, USA) was in-
serted orally and positioned across the pylorus to measure luminal diameter. In
all subjects, control periods preceded intravenous infusion of erythromycin. In
five of those subjects, truncal vagotomy was performed approximately an hour
post-infusion, before recording was resumed.

Results: Compared to control recordings, erythromycin increased contractile
amplitude ([2.9+1.1] mm vs. [2.2+0.9] mm; p=0.002) and was associated with
more consistent gastric slow-wave rhythms and increased amplitude of slow
waves and spikes. Surgical vagotomy immediately decreased contractile am-
plitude ([2.90+1.1] mm vs. [1.2+0.6] mm; p=0.049) and was associated with
reduced slow-wave amplitude, increased gastric and duodenal slow-wave fre-
quencies, and decreased spike patch coverage.

Conclusions: In conclusion, prokinetics and vagotomy produced opposing ef-
fects on GDJ electromechanical coupling and could inform diagnostic and in-
terventional practices for patients with pathophysiological complications of this
region.
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1 | INTRODUCTION

Tonic and phasic contractions across the gastroduode-
nal junction (GDJ) control gastric emptying,"* and dis-
ruptions in gastric emptying have been associated with
gastroparesis,>* dumping syndrome,’ and functional dys-
pepsia.®” The pylorus, therefore, remains a critical clini-
cal target, as greater physiological understanding of this
region may, in turn, identify a biomarker enabling physi-
cians to characterize patients by pathological cause rather
than symptoms.®’

The motility of gastrointestinal (GI) musculature is
controlled by intrinsic bioelectrical, neural, and hor-
monal factors.'® Bioelectrical “slow waves” and “spikes”
are critical regulatory factors for GI electromechanical
coupling that can be readily measured from GI serosa
and mucosa using high-resolution electrical mapping
techniques.'"'* Slow waves have been measured from
the antrum and duodenum as phase-locked oscillations
in membrane potentials, with each region demonstrat-
ing different morphology, frequency, and conductive
patterns.”’14 In the stomach and duodenum, slow waves
are generated by a network of interstitial cells of Cajal
(ICC) surrounding the myenteric plexus (ICC-MP),
which are coupled to nearby smooth muscle cells
(SMC)."> SMC spike potentials are localized Ca** tran-
sients that are invoked by depolarization'® that propa-
gate small distances (i.e., <50mm?) in “patches.”'®’
Depolarization of GI musculature promotes contrac-
tion, and slow waves, therefore, act as a spatiotemporal
“scaffold” unto which superimposed spikes may provide
further electrical stimulus to modulate force.'®

Impedance planimetry techniques, such as the
EndoFLIP (Medtronic, USA), capture GI lumen geome-
try for immediate visualization and are routinely applied
to assess the distensibility of lower esophageal and py-
loric sphincters.” Pyloric distensibility, GDJ contractil-
ity, and gastric emptying®®® are related biomarkers that
may indicate a specific diagnosis and appropriate treat-
ment regimen for patients with GI disorders, including
gastroparesis'®?' and functional dyspepsia.” The clinical
efficacy of these biomarkers is limited, however, by the in-
vasiveness of the associated procedures and limited phys-
iological understanding of the GI system in health and
functional disease.

Neural control of GI motility is primarily enacted by
the enteric nervous system with additional input from the
central nervous system via the vagus nerve.**** Extending
from the brainstem to innervate various GI organs, the
vagus nerve is a mixed sensory and cranial motor nerve
that enables bi-directional transmission of afferent sen-
sory information and efferent motor signals.** Vagal ef-
ferent fibers control innervated SMC via excitatory and

inhibitory transmission, which influence muscle tone and
pacemaker activity in a spatially varying manner. For in-
stance, vagal efferent pathways control gastric accommo-
dation by modulating the tone of the fundus, as well as
influencing gastric pacemaker activity, largely via ICC, af-
fecting slow-wave amplitude but with minimal effects on
frequency or antral tone."** In pyloric musculature, dense
vagal afferents are responsible for the transduction of lo-
calized mechanical signals (e.g., strain).”> Additionally,
vagal efferents in pyloric musculature suggest complex
feedback mechanisms where the surrounding muscular
wall acts as both a sensor and an effector.”® These vagal
efferent fibers are denser in the pylorus than the adjacent
antrum, implying that the pyloric architecture has the po-
tential for greater sensitivity. Compared to the stomach
and pyloric sphincter, motility in the small intestine is pri-
marily coordinated by the enteric nervous system with less
influence from the central nervous system, though central
activity may still modulate intestinal motility in response
to physiological conditions.”’” Efferent fibers innervating
the pylorus also maintain basal contractions via intrinsic
myoelectrical tone, and relaxation is triggered by inhibi-
tory vagal stimuli. Disruptions in vagal activity across the
GDJ impair gastroduodenal coordination and delay gas-
tric emptying®?’ and have been observed in cases where
the vagus nerve is cut, either intentionally or not.**

Erythromycin is a macrolide antibiotic with prokinetic
effects due to its action as a motilin receptor agonist®**
and influence on high-sensitivity neural receptors and
low-sensitivity muscular receptors, including ICC.?*3>3¢
Indeed, work by Parkman et al. has highlighted that
erythromycin's effect on gastric emptying rate is dose-
dependent, with lower doses preferentially stimulat-
ing neural pathways and higher doses act directly on
SMC.*"*® The prokinetic properties of erythromycin were
discovered in the 1980s, which led to the development of
non-antibiotic derivatives known as motilides.* Despite
promising pre-clinical results, motilides were largely
abandoned due to therapeutic inconsistency and their
long QT effect. Motilides, however, are still of interest in
research where they are readily available, cost-effective,
and have known safety profiles. Additionally, erythromy-
cin has demonstrated therapeutic value for patients with
diabetic*® and post-surgical (vagal damage) gastropare-
sis.*! Prior work by Sun et al.** has provided insights into
erythromycin's effect on body surface electrophysiological
measurements; however, the in vivo porcine model pres-
ents an opportunity for a more direct and comprehensive
understanding of this pharmaceutical agent on the gut. In
the future, these agents may be utilized as supplemental
diagnostic tools alongside validated tests, such as scintig-
raphy or body surface gastric mapping, to provide greater
physiological insights.
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In this study, we aimed to define the electromechan-
ical effects of prokinetics and truncal vagotomy on the
pylorus region by simultaneously measuring bioelectri-
cal and mechanical activity from the GDJ in an in vivo
anesthetized large animal model. We hypothesized
that prokinetics would increase contractile frequency
and strength, especially in the distal antrum, and that
this would be associated with measurable bioelectrical
changes. Additionally, we expected to see a reduced pro-
pensity for contraction across the stomach, pylorus, and
duodenum following surgical vagotomy. We hypothe-
sized that this response was also mediated via changes
in bioelectrical patterns.'” The aims of this study were
therefore twofold: firstly, to identify novel bioelectrical
features of the gastroduodenal junction following mac-
rolide prokinetic infusion and surgical vagotomy, which
may inform clinical diagnostic tests, and secondly, to
highlight potential therapeutic avenues for disorders of
gut-brain interaction by identifying the relative roles of
neural and hormonal activities on gastroduodenal elec-
tromechanical coupling.®*'

2 | RESULTS

2.1 | Real-time observations

Electrophysiological mapping successfully captured
slow waves and spikes in all animals over a period of
(140 +22) min per pig that underwent a vagotomy and
(67+15) min per pig that did not. Positioning of the

Effect of Prokinetic Infusion on Slow Wave Propagation Maps
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EndoFLIP across the GDJ was performed successfully in
all animals, and recordings were made from this region
for (193 +60) min per pig that underwent prokinetic
infusion but no vagotomy and (245 +23) min for each
of the 5 pigs that underwent vagotomy. In each subject,
the pylorus displayed the smallest luminal diameter
at rest and during volatile contractions. Anecdotally,
prokinetics promoted spiking and contraction of the
terminal antrum and pyloric sphincter. These plainly
visible contractions were synchronous with the con-
duction of antegrade gastric slow waves to the termi-
nal antrum and with the audible gurgling of stomach
contents. Prokinetics were associated with increased
slow-wave propagation velocity and a reduction in py-
loric quiescent zone width (Figures 1 and 2). Vagotomy
was consistently associated with diminished slow-wave
amplitude and velocity, decreased spike coverage, and
low-amplitude contractions (Figure 2). Quantified val-
ues from control periods, prokinetic infusion, and post-
vagotomy recordings are summarized in Table 1.

2.2 | Effect of prokinetics

During prokinetic infusion, changes in contractile signal
amplitude were measured using high-resolution mapping
and impedance planimetry in all pigs. Contractile signals
expressed the greatest amplitude (58.7 +38.1) s after the be-
ginning of the infusion and expressed significantly greater
average amplitude than control recordings ([2.9+1.1]
mm vs. [2.2+0.9] mm; p=0.002). Amplitude increases in

Os
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18s

20 min after infusion

FIGURE 1 Effect of prokinetic infusion on slow-wave propagation profiles as measured from the same animal and period as Figures 3
and 4. In general, prokinetics increased gastric and duodenal slow-wave velocity without altering the propagation direction. (A) Propagation
map for a typical slow wave 20 min prior to infusion with prokinetics. Arrows depict slow-wave depolarization direction. Black star; anterior
proximal duodenal pacemaker region (i.e., where duodenal slow waves were first measured). White star; posterior proximal duodenal
pacemaker acting independently and depolarizing a different region to the anterior proximal duodenal pacemaker. (B) Propagation map for
a typical slow wave 15min after the start of infusion. (C) Propagation map for a typical slow wave 20 min after the conclusion of the 60 min
infusion. Each isochrone represents 2 s of propagation, as per the scale. Black dots represent electrode locations. ad, anterior duodenal

electrode; g, gastric electrode; pd, proximal duodenal electrode.
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Effect of Prokinetic Infusion and Truncal
Vagotomy on Slow Wave Propagation Maps

20 min prior to infusion Infused for 5 min

\J.

FIGURE 2 Effect of prokinetic infusion and truncal vagotomy on slow-wave propagation profiles as measured from the same animal
and period as Figures 5 and 6. In general, prokinetics increased gastric and duodenal slow-wave velocity without altering the propagation
direction. Conversely, vagotomy decreased propagation velocity of both gastric and duodenal slow waves and displaced the gastric pacing
region toward the greater curvature (outside of mapped area). (A) Propagation map for a typical slow wave 20 min prior to infusion with
prokinetics. Arrows depict slow-wave depolarization direction. Black star; anterior proximal duodenal pacemaker region (i.e., where
duodenal slow waves were first measured). (B) Propagation map for a typical slow wave 5min after the start of infusion. (C) Propagation
map for a typical slow wave 25 min after the start of infusion. (D) Propagation map for a typical slow wave 40 min after the conclusion of
the 60 min infusion. Each isochrone represents 2s of propagation, as per the scale. Black dots represent electrode locations. ad, anterior
duodenal electrode; g, gastric electrode; pd, proximal duodenal electrode.

TABLE 1 Parameters quantified

Control Prokinetics Vagotomy from electrophysiological and impedance
Parameter (N=10) (N=10) (N=5) . Py . s P
planimetry recordings. All measures are
Slow-wave RMS amplitude 0.99+0.31 1.21+0.31 0.70+0.14 means + SD.
(mV)
Dominant gastric slow-wave 54+3.7 5.0+1.8 6.3+1.6
frequency (cpm)
Dominant duodenal slow- 16.9+4.0 17.2+4.8 18.7+0.25
wave frequency (cpm)
Spike RMS amplitude (mV) 0.24+0.04 0.28 +0.05 0.24+0.15
Spike coverage (%) 66.1+16.2 66.1+21.4 44.8+25.0
Contraction RMS amplitude 2.2+0.9 29+1.1 1.2+0.6
(mm)
Distensibility index 24+1.4 25+1.4 51+6.2

(mm*mmHg ™)

this manner were most pronounced in the distal antrum
(30-60mm proximal to the pyloric sphincter; Figure 3A).
During prokinetic infusion, slow-wave signal amplitudes
increased significantly compared to baseline ([1.21+0.31]
mV vs. [0.99+0.31] mV; p=0.034; Figure 4). Similarly,

spike signals contained significantly greater amplitude
during this period ([0.28 £0.05] mV vs. [0.24+0.04] mV;
p=0.005), although their spatial characteristics appeared
unchanged—there were no changes in patch coverage
across the high-resolution electrode arrays ([66.1+16.2]
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FIGURE 3 Typical electromechanical profile across the gastroduodenal junction following prokinetic infusion, exemplified in one

pig. (A) During prokinetic infusion (0-60 min; black lines), contractile signal amplitude increased in the antrum (~80 mm proximal to the

pylorus) for the duration of the infusion and 10 min following. (B) Over the same period, there were changes in the gastric and duodenal

dominant frequencies associated with prokinetics—gastric signals had reduced variation, while intestinal signals had greater variation.

Absence of data indicates a period where no recordings were taken. Red lines indicate time points sampled for Figures 1 and 4.

% vs. [66.1+21.4] %; p=0.796). In 8/10 pigs, there was a
“pause” in contractile activity during the prokinetic infu-
sion, during which there was a sudden and significant re-
duction in amplitude ([0.8+0.2] mm vs. [2.9+1.1] mm;
p<0.001). These periods, herein termed “contractile quies-
cence,” lasted (17.2 +9.4) min before the GDJ returned to a
pattern of functional contractions. Figure 3 demonstrates a
typical electromechanical profile before, during, and after
prokinetic infusion in a pig that did not express contractile
quiescence, whereas Figure 5 demonstrates a typical elec-
tromechanical profile in which a period of contractile qui-
escence occurred between ~10 and 40s.

During control recordings, gastric slow waves were
measured with a dominant frequency of (5.4+3.7) cpm,
which was significantly different from those observed
in duodenal slow waves ([16.9+4.0] cpm; p<0.001)
(Figure 3B). During prokinetic infusion, gastric signals
demonstrated an insignificant change in mean domi-
nant frequency but reduced variation ([5.0+1.8] cpm).
Similarly, dominant duodenal slow-wave frequencies
measured during prokinetic infusion had slightly elevated
variation compared to control recordings, but there was
no change in mean ([17.2 +4.8] cpm) (Figure 3B).

2.3 | Effect of truncal vagotomy

Following completion of the truncal vagotomy in 5 pigs,
the subjects’ average contractile amplitude diminished

significantly from (2.9+1.1) mm to (1.2+0.6) mm
(p=0.049). In 3/5 pigs, contractile amplitude was low-
est at the pylorus (exemplified in Figure 5A), and in
2/5 pigs, contractile activity was lowest in the adjacent
antrum and duodenum. Contractile changes were as-
sociated in these subjects with a decrease in average
slow-wave signal amplitude from (0.88+0.21) mV to
(0.70+0.14) mV (p=0.039; Figure 6A-D). Vagotomy
was associated with a significant increase in dominant
duodenal slow-wave frequencies, ([18.7 +0.25] cpm vs.
[17.24+1.9] cpm; p<0.001). Over this period, dominant
gastric slow-wave frequencies increased, although this
change was not statistically significant ([6.3+1.6] cpm
vs. [5.4+3.7] cpm; p=0.373). Additionally, there was a
significant decrease in spike coverage ([65.4 +21.5] %
vs. [44.8 +£25.0] %; p<0.001; Figure 6E-H) across the
high-resolution electrical arrays, and the spikes that
were measured displayed only an insignificant increase
in amplitude from (0.21 +0.03) mV to (0.24+0.15) mV
(p=0.643). Mean pyloric distensibility index was not
significantly different after prokinetic infusion or sur-
gical vagotomy and was measured with high variance
throughout recordings (Table 1).

3 | DISCUSSION

The present study documents the effect of prokinetic in-
fusion and surgical vagotomy on the electromechanical
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FIGURE 4 Slow-wave and spike signal amplitude as measured from the same animal and period as Figures 1 and 3. (A-C) Slow-wave

signals from the anterior (ad) and posterior (pd) duodenum increase in amplitude during prokinetic infusion. (D-F) In this pig, spike

patches were more widespread during prokinetic infusion, compared to before and after the intervention, although this behavior was not

common to all subjects. There were less remarkable changes in slow-wave and spike signals in the gastric antrum (g) than the duodenum.

Black dots represent electrode locations and red lines denote the middle of the pylorus during this recording.

activity of the porcine GDJ. Simultaneous high-
resolution electrical mapping and impedance planim-
etry techniques successfully measured bioelectrical and
contractile patterns across the GDJ in 10 pigs. In all pigs,
the pylorus demarcated the antrum and duodenum me-
chanically (via minimal lumen diameter) and electri-
cally (by insulating gastric and intestinal slow waves).
There were notable differences in electromechanical ac-
tivity from recordings in control periods, during proki-
netic infusion, and following truncal vagotomy, thereby
demonstrating the mechanistic influence of prokinetics
and vagal innervation in this GDJ region. In general,
prokinetics served to promote terminal antral contrac-
tions, mediated through significant increases in slow-
wave and spike amplitudes and by reduced variability
of dominant gastric slow-wave signals. This supports
an initial hypothesis—that erythromycin alters GDIJ
motility via changes in electrophysiological behavior.
Together, these features characterize a high-amplitude,
highly coordinated bioelectrical stimulus, which has
been shown to increase motility in the intact GI sys-
tem.'”*"** Contrasting the effects of prokinetics, truncal

vagotomies were associated with diminished contractile
signal amplitude, resulting from a reduction in slow-
wave signal amplitude and reduced coverage of spiking
across the electrode arrays. Interestingly, vagotomies
were associated with increased dominant slow-wave fre-
quencies in both the antrum and duodenum, as well as
a reduction in variability of these frequencies—indicat-
ing more frequent and coordinated slow-wave behavior
across the junction.

The documented modulation of slow-wave frequency
following prokinetic and vagotomy interventions is
likely a result of the underlying biophysical nature of
slow waves.*® During prokinetic infusion, gastric slow-
wave amplitude increased, concomitantly increas-
ing velocity and period (Table 1 and Figure 4), as was
previously observed by Sun et al.* The converse is
true for post-vagotomy data—a decrease in slow-wave
amplitude resulted in decreased velocity and period,
as has been noted by others® (Table 1 and Figure 2).
However, Mathis and Malbert reported a contrasting
result when using erythromycin and vagal cooling in
anesthetized pigs, where vagal cooling led to reduced
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FIGURE 5 Electromechanical profile across the gastroduodenal junction following prokinetic infusion and surgical vagotomy,
exemplified in one pig. (A) During prokinetic infusion (0-60 min; black lines) contractile signal amplitude increased in the antrum (~80 mm
proximal to the pylorus) for the duration of the infusion and 15 min following. Contractile quiescence was observed from 10 to 40 min across
the entirety of the junction. Following vagotomy (gray period), contractile activity in the stomach and duodenum slightly increased, while
motion of the pylorus was diminished. (B) Simultaneous with (A), prokinetics were associated with decreased variability in dominant slow-
wave frequencies in the antrum and duodenum. Red lines indicate time points sampled for Figures 2 and 6.

RMS Slow Wave Signal Amplitude (mV)
20 min prior to infusion Infused for 5 min Infused for 25 min 40 min after surgery

RMS Spike Signal Amplitude (mV)

Infused for 5 min Infused for 25 min

FIGURE 6 Slow-wave and spike signal amplitude as measured from the same animal and period as Figures 2 and 5. (A, B) Slow-
wave signal amplitude increased during prokinetic infusion, mirroring contractile signal amplitude (Figure 1). (C, D) During contractile
quiescence and following surgical vagotomy, slow-wave signal amplitude decreased significantly. (E, F) Prokinetics increased spike patch
coverage compared to control. (G, H) Spike patches were less prevalent during contractile quiescence and after surgical vagotomy. Black
dots represent electrode locations and red lines denote the middle of the pylorus during this recording.
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gastric emptying—not through a decrease in contrac-
tile amplitude, as observed in the present study, but via
an increase in pyloric tone.*® While these physiological
responses result in the same functional outcome—de-
layed gastric emptying—they differ mechanistically,
likely driven by disparities in experimental design, such
as the reduced erythromycin dosage and lack of a proki-
netic washout period prior to vagal interventions by
Mathis and Malbert. An earlier study by these authors,
which utilized anesthetized pigs but not erythromycin,
suggests that the washout period was particularly in-
fluential, as surgical vagotomy reduced antral contrac-
tile amplitude.”® These observations indicate that the
mechanical effects of both interventions are caused by
modulation of either slow-wave amplitude or frequency,
both of which are regulated, in part, by the underlying
ICC-MP network.

Studies of electromechanical coupling in humans,**
pigs,”'45 and other animal models*****’ have observed a
functional relationship between slow waves and contrac-
tions, and the present data provide further support for these
observations. The documented results suggest that slow-
wave amplitude works in tandem with slow-wave variability
to define the contractile state of the GDJ via modulation of
spikes, contractions, and ultimately, gastric emptying. The
dosage of erythromycin in this study (1mgkg™") suggests
that these effects result from stimulation of both neurogenic
and myogenic pathways.*’ *® In theory, stronger, more con-
sistent slow waves promote the generation of spike patches
with greater amplitude and coverage to promote contrac-
tions during prokinetic administration. Indeed, this theory
is consistent with magnetogastrography*® and electrogas-
trography® measurements in humans, suggesting that the
mechanical effects of this prokinetic are functionally me-
diated via electromechanical coupling. Notably, Chen et al.
found that erythromycin increased the variability of gastric
slow-wave frequency in humans, which contrasts with the
present results.”” These conflicting observations could re-
sult from differences in measurement technique (mapping
from the serosal surface vs. abdominal surface) or dosage
(1vs. 6mg-kg™"). We did observe an increase in small intes-
tinal slow-wave variability in some subjects during proki-
netic administration (i.e., Figure 3), which may explain
the conflicting evidence—cutaneous recordings capture
information from a large area which inevitably includes in-
formation from the small intestine. The spatial resolution
of direct serosal measurements highlights an advantage
of region-specific high-resolution electrical mapping over
other non-invasive measurement techniques, particularly
in a research environment.

Contractile quiescence following prokinetic infusion
was an unexpected result that does not appear in other
studies that have used erythromycin to study the GDJ.*!

It is hypothesized that contractile quiescence results from
innate physiological feedback mechanisms, such as mo-
tilin receptor desensitization® or enteric nervous system
feedback.”” The unpredictability of this behavior, partic-
ularly regarding the inter-individual variability, may limit
the diagnostic and therapeutic utility of erythromycin
clinically if contractile quiescence manifests similarly in
humans. Ultimately, these speculative underlying rela-
tionships require additional studies into the mechanisms
and potential physiological impact of the observed con-
tractile quiescence, which can now be designed using
these present techniques and results as a foundation. In
particular, in vitro studies will provide a perspective in-
dependent of external influence, such as central nervous
stimuli.

The vagus nerve serves to facilitate communication
between the central nervous system and the GI system,
where parasympathetic inhibitory signals—in tandem
with hormones and the enteric nervous system—in-
duce pyloric relaxation and promote gastric emptying.?®
Surgical vagotomy removes this stimulus from the gastro-
duodenal region and is associated with poor gastric emp-
tying, abdominal symptoms, and inhibited GDJ motility,
as has been observed in procedures such as esophagec-
tomy>>*" and is confirmed by the current results. The ob-
served decrease in motor activity across the GDJ is likely
the result of several physiological changes, including (i)
decreased sensory feedback from pyloric afferents,* (ii)
decreased parasympathetic stimuli and SMC tone,* and
(iii) changes in Ca®* sensitivity, via altered neural input
to the functional myoelectrical unit.?* Here, it is shown
that truncal vagotomy alters the underlying electrophysi-
ological behavior of the GDJ, highlighting the role of the
vagus in regulating bioelectrical activity of the GDJ and
a potential pathophysiological mechanism for patients
with post-surgical gastroparesis.

The present data show that the vagus nerve controls
motility through modulation of bioelectrical activity,
and that surgical vagotomies may alter gastroduodenal
motility within minutes, suggesting that these changes
are independent of underlying structural or anatomical
changes (e.g., diabetic ICC depletion*) which would take
greater time to manifest. These observations support prior
findings that vagotomy-induced gastroduodenal dysfunc-
tion is mediated through electrophysiological mecha-
nisms rather than via changes in calcium sensitivity or
SMC contractility alone. While this concept has been
widely suggested by the literature to date,”®* the present
study provides a new level of technical and spatial detail,
confirming these effects in greater spatiotemporal reso-
lution and highlighting how vagotomy can rapidly alter
motility of the GDJ within minutes.”®%* Additionally, it
seems that the vagus nerve may alter, via modulation of
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intrinsic slow-wave frequencies, entrainment of the stom-
ach by the dominant gastric pacemaker region (Figure 6);
thus, changes in neurological stimuli may result in dys-
rhythmic or retrograde slow-wave behavior, often associ-
ated with nausea and vomiting.>**

Clinical use of the EndoFLIP in the pylorus is typi-
cally limited to a few minutes and primarily assesses the
distensibility index.> Anecdotally, accurate assessment of
the pylorus in this manner would require several minutes
of recording—to ensure that all motor patterns (i.e., ter-
minal antral contractions) are captured'’—though this
time would theoretically be shorter during prokinetic in-
fusion due to greater contractile consistency and strength
(Figure 3A) and longer for those with vagal disruptions for
similar reasons (Figure 5A).

Actionable biomarkers are considered an important
milestone for the development of accurate clinical diag-
nostic and treatment protocols, especially for disorders
of gut-brain interaction, which are currently categorized
by symptomatic score rather than by organic cause.®’
Ultimately, the translation of these techniques from animal
studies to humans is required to determine their suitabil-
ity in a clinical environment and should be the focus of
future efforts. There are, however, limitations in the pres-
ent study that make this translation challenging. Firstly,
the development of minimally invasive electromechanical
measurement tools should be prioritized—prokinetic ther-
apy could be considered in combination with minimally
invasive impedance planimetry (e.g., EndoFLIP)," elec-
trogastrography (e.g., body surface gastric mapping),”* or
endoscopic electrical mapping'* to expand clinical diagnos-
tic capabilities and further our understanding of the GDJ
in health and disease. The addition of simultaneous heart
rate variability measurement would enable the calculation
of sympathetic and parasympathetic activity, providing an-
other pathological perspective and bolstering the pool of
possible diagnostic tools for GI clinicians.”® Under these
conditions, observations could capture possible changes
in bioelectrical slow-wave rhythmicity or contractile pro-
file in response to prokinetic administration. It is plausible
that, given a substantial cohort, subcategories of these pa-
tients could be identified from these measurable markers,
and several phenotypes may start to present themselves.
For example, for patients with ICC degeneration and loss
of network structure (as is common in aging®® and gast-
roparetic patients*>*7), prokinetics may not induce signif-
icant changes in slow-wave amplitude and rhythmicity. In
comparison, a significant electrophysiological response to
prokinetics may suggest that a patient's symptoms are re-
lated to hormonal, neural, or muscular pathologies that im-
pede electromechanical transduction and Ca®* sensitivity.
Indeed, another prokinetic agent, cisapride, has been doc-
umented to promote proximal gastric motility and improve
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gastric emptying rate in patients with progressive systemic
sclerosis, but not in patients with insulin-dependent diabe-
tes mellitus, irrespective of the fact that both pathologies
are associated with poor gastric emptying.”® The second
limitation of the present study is evident here—the elec-
tromechanical effects of other common prokinetic agents,
such as cisapride, metoclopramide, or domperidone,
should also be investigated, as these may prove to be more
clinically suitable than erythromycin (which is accom-
panied with the risk of antibiotic resistance). Finally, the
mixed-protocol nature of this study may influence the
present results (i.e., each pig that underwent a vagotomy
had previously been dosed with intravenous erythromy-
cin), although this seems unlikely given that the measur-
able electromechanical effects of erythromycin dissipated
prior to the commencement of surgical vagotomy and the
long duration of post-vagotomy recordings. In the future,
the development of minimally invasive measurement tools
will enable the translation of these techniques to humans,
where phenotypic profiles of different disorders of gut-
brain interaction may be elucidated.

4 | MATERIALS AND METHODS

4.1 | Animal preparation

Following ethical approval from the University of
Auckland Animal Ethics Committee (AEC25159), in vivo
experiments were performed on fasted female crossbreed
weaner pigs (N=10; 42.8+4.1kg; mean+SD). Female
pigs were used because they require less manipulation
to perform intra-operative electrophysiological meas-
urements, and there are fewer surgical risks involved.
Baseline physiological characteristics of this cohort have
been published previously.'’ In short, anesthesia was in-
duced with zolazepam and tiletamine (0.1 mL kg'l, Zoletil,
Virbac, NZ) and maintained with propofol (Diprivan 2%,
0.2-0.4mgkg ' min~"; AstraZeneca, UK).*® Monitoring of
vital signs confirmed that they were maintained within
normal physiological ranges. A midline laparotomy ex-
posed the gastroduodenal serosa. All pigs underwent
simultaneous electrical and impedance planimetry meas-
urements before being euthanized via a bolus injection of
sodium pentobarbital while still under anesthesia.

4.2 | High-resolution electrical mapping

High-resolution electrical mapping followed techniques pre-
viously described.'*!” Briefly, flexible anatomically specific
electrode cradles housing custom flexible printed electrode
arrays (256 electrodes, 5 mm interelectrode spacing) were
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FIGURE 7 Simultaneous electrical and impedance planimetry recordings across the gastroduodenal junction. (A, B)
Electrophysiological signals from the gastric antrum and proximal duodenum. (C, D) Impedance planimetry signals from the gastric antrum

and proximal duodenum.

positioned on the gastroduodenal serosa. These electrode
arrays were connected to an electrophysiological mapping
system (ActiveTwo, BioSemi, The Netherlands) and were
recorded at 512Hz. Electrical signals from the GDJ were
visualized and exported for future analysis (Figure 7A,B).

4.3 | Impedance planimetry

Torecord luminal contour, an EndoFLIP impedance plan-
imetry catheter (EF-322N, Medtronic, USA) was orally in-
serted into the stomach and passed into the duodenum,
where it was positioned across the pylorus. In eight ani-
mals, the catheter tip was clamped to the small intestine,
~5cm distal to the measurement site, to prevent migra-
tion during inflation. Catheter inflation volumes of 40 mL
and 50 mL were informed by previous investigations® and
prior experience, and optimal contours were confirmed
using a baseline distensibility test. Following inflation,
EndoFLIP positioning across the pylorus was confirmed
via manual compression and observation of the typical
hourglass contour.'” Luminal diameter was estimated at
16 points along the balloon length from a series of elec-
trodes (16 x 1, 10 mm apart) with a sampling frequency of
10 Hz. Data were continually recorded throughout the du-
ration of the study and transferred to a hard drive for later
visualization and analysis (Figure 7C,D). Distensibility
indices for control, prokinetic, and vagotomy recordings
were calculated for comparison.

4.4 | Prokinetic infusion

Following control recording periods, each pig was in-
travenously infused with Erythromycin (Erythromycin

lactobionate, lot #25277TB22, Amdipharm, UK). In 9 of
10 pigs, a dose of 1 mgkg™ was mixed with 40mL of sa-
line and infused at a rate of 0.667mLmin"". In one pig,
a greater dose (2mgkg™") was used with the intent of in-
vestigating any dose-dependent effects, although this pro-
tocol was not repeated due to an elevation in heart rate.
Dosages were informed by prior studies.>*!

4.5 | Truncal vagotomy
To ascertain the extent of vagal input to the gastroduode-
nal electromechanical coupling, 5 pigs underwent a trun-
cal vagotomy (55.7 +12.9) min following the conclusion of
their prokinetic infusion. The use of prokinetics to stimu-
late gastrointestinal motility was expected to exemplify
the effects of surgical vagotomy more clearly. To perform
this procedure, the lower esophagus was exposed through
an incision at the gastroesophageal junction, and the an-
terior and posterior vagal trunks were identified and tran-
sected with sharp dissection. The stomach was replaced,
and the electrophysiological and impedance planimetry
systems were corrected for displacement.
Electrophysiological signal measurements were not con-
tinuous during the prokinetic infusion period, and follow-
ing the surgical vagotomy, due to data storage limitations.

4.6 | Analysis pipeline

Electrical signals containing slow waves and spikes were
consistently measured from the gastroduodenal serosa in
all pigs. Slow waves and spikes had unique morphology,
as previously described,'*!” and were thus analyzed inde-
pendently. Electrophysiological signals were prepared for
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slow-wave quantification by removing baseline drift and
DC components and were prepared for spike quantifica-
tion using a Subtraction of Artifacts by Linear Polynomial
Approximation (SALPA) filter (Figure 8). Impedance
planimetry signals, captured from the EndoFLIP, were
prepared for quantification by removing the DC compo-
nent. Signals were prepared in this manner to minimize
noise and optimize signal quality by tailoring filters to spe-
cific events.

Once prepared, electrical and mechanical signals were
analyzed in the time domain; signal amplitude was quan-
tified by computing the root mean square (RMS) of each
sample set (80s each) (Figure 8). Electrophysiological
signals were also transformed into the frequency domain
and expressed in terms of their power spectral density to
identify frequency characteristics of gastric and intesti-
nal slow-wave signals. Spikes were analyzed in the time
domain only, as the frequency characteristics of SALPA-
filtered signals do not vary with changes in spike inten-
sity. Frequency bins of maximum power density in the
power spectrum of antral and duodenal slow-wave sig-
nals were calculated for comparison to mechanical signal
amplitude. Electrophysiological signals from time points
of interest (e.g., before, during, and after prokinetic infu-
sion) were sampled from each animal for further high-
resolution analysis. Optimally filtered slow-wave data
were visualized as isochrone plots using a validated,
automated algorithm in GEMS, as has been previously
described,'”%? to enable qualitative assessment of slow-
wave patterns.

4.7 | Statistics

All quantitative comparisons were characterized using
Student's t-test, except for spike coverage calculations,
which instead used the Wilcoxon signed-rank test due to
limited sample sizes. A significance threshold of p <0.05
was used for interpretation of all results. Quantified val-
ues are presented as mean + standard deviation (SD).

This study presents a novel perspective on the GDJ in
response to erythromycin (prokinetic) infusion and
truncal vagotomy. Compared to control recordings,
erythromycin infusion increased the amplitude of slow
waves, spikes, and contractions across the entire junc-
tion, and more consistent gastric slow-wave rhythms
were measured. In contrast, surgical vagotomy imme-
diately decreased contractile patterns and reduced bio-
electrical activity. Prokinetic therapy may be combined
with minimally invasive measurements, such as the
EndoFLIP, to further identify clinical biomarkers of GDJ
health and disease.
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