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Abstract

Background—Knowledge on optimal electrical stimulation (ES) modalities and region-specific 

functional effects of colonic neuromodulation is lacking. We aimed to map the regional colonic 

motility in response to ES of i) the colonic tissue and ii) celiac branch of the abdominal vagus 

nerve (CBVN) in an anesthetized porcine model.

Methods—In male Yucatan pigs, direct ES (10Hz, 2ms, 15mA) of proximal (pC), transverse (tC) 

or distal (dC) colon was done using planar flexible multi-electrode array panels and CBVN ES 

(2Hz, 0.3–4ms, 5mA) using pulse-train (PT), continuous (10 min) or square-wave (SW) 

modalities, with or without afferent nerve block (200Hz, 0.1ms, 2mA). The regional luminal 

manometric changes were quantified as area under the curve of contractions (AUC) and luminal 

pressure maps generated. Contractions frequency power spectral analysis was performed. 

Contraction propagation was assessed using video animation of motility changes.
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Key Results—Direct colon ES caused visible local circular (pC, tC) or longitudinal (dC) muscle 

contractions, and increased luminal pressure AUC in pC, tC and dC (143.0±40.7%, 135.8±59.7% 

and 142.0±62% respectively). The colon displayed prominent phasic pressure frequencies ranging 

from 1–12 cpm. Direct pC and tC ES increased the dominant contraction frequency band (1–6 

cpm) power locally. CBVN ES (PT, 2Hz, 4ms, 5mA) triggered pancolonic contractions, reduced 

by concurrent afferent block. Colon contractions propagated both orally and aborally in short 

distances.

Conclusion and Inferences—In anesthetized pigs, the dominant contraction frequency band is 

1–6 cpm. Direct colonic ES causes primarily local contractions. The CBVN-induced pancolonic 

contractions involve central neural network.

Keywords

Celiac branch of the abdominal vagus nerve; colon; electroceuticals; functional mapping; 
manometry; motility

1 | INTRODUCTION

The colon plays a critical role in the absorption of water, electrolytes and nutrients, storage 

of digesta as well as fermentation and generation of useful neuroactive molecules, 

elimination of gas, fluid and solid waste with a remarkable selectivity. Colonic motility is 

key in these complex functions and dysmotility is associated with a variety of severe 

diseases such as gastroparesis adynamic ileus, chronic constipation and diarrhea 1–6. On the 

other hand, diseases such as Hirschsprung’s disease, spinal cord injuries, brain trauma and 

multiple sclerosis cause motility disorders that lead to chronic neurogenic colonic 

dysfunction with devastating emotional and quality of life impacts 3, 7, 8. Although 

prokinetic or inhibitory pharmacological agents influencing motility or dietary interventions 

provide relief to several of these conditions in some patients, they suffer from low efficiency 

and side effects, while surgical removal of gut segments affects the overall gut functions 5, 9.

In light of this therapeutic gap, interest in electroceutical-neuromodulation is increasing, as 

an alternative to mainstay therapies 10–12. The rationale for the use of neuromodulation to 

treat refractory gut diseases is further strengthened by the fact that the gut is highly 

controlled by the electroceutically-accessible autonomic nerves that impinge on the enteric 

nervous system 13. Electrical stimulation can therefore be applied directly to the organ or to 

target nerves of the autonomic nervous system, which have specific innervation patterns 
10, 14, 15. While enthusiasm is high for this new therapeutic approach to alleviate colonic 

disorders, the optimal approach, neuromodulation modalities, effects and mechanisms are 

still not well known. Clinical and preclinical neuromodulation studies done thus far, on gut 

functions, have mainly targeted the stomach 16–18. In past years however, a number of 

electrical interventions have been tested for treating colonic motility disorders both in 

experimental models and clinical settings as recently reviewed 10,14. These include colonic 

electrical stimulation, sacral nerve stimulation, transcutaneous or percutaneous tibial nerve 

stimulation, transcutaneous electroacupuncture, and transabdominal electrical stimulation 
10, 14. To date, the few clinical studies that have addressed the effect of the different types of 

neuromodulation on the lower gut function either by directly targeting the organ 19, 20 or by 
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stimulating the autonomic nervous system, 14, 21, 22 showed mixed outcomes of success and 

failures 14. Reasons for this outcome inconsistency may be multiple including: 1) the 

diversity of the targeted pathology (fecal incontinence, slow transit constipation, irritable 

bowel syndrome-constipation predominant, colonic inertia), 2) the gap in knowledge related 

to the colonic region specific effects in response to ES of different nerves, 3) the lack of 

adequate evidence on the optimal stimulation parameters which are, for the most part, 

adopted from those established to be effective in urinary system dysfunction, 4) the variable 

and unpredictable motility pattern of the colon 23–26, 5) the lack of knowledge about 

potential colonic pacemakers 27, and 6) the limitations in the translatability of most pre-

clinical models used (rodents, cat, dogs) to human colon in terms of colon structure, 

innervation, motility patterns and diet. To address the latter, interest has grown over the past 

decade, on the use of pigs as relevant preclinical models to study the pathophysiology of 

different organs due to their anatomical and physiological similarities with humans 28–30. In 

particular, the pig colon, similar to humans, possess unique tenia and sacculations 31 (not 

present in dogs, cats, rats and mice). Both species are colon fermenters and have similar 

colonic microbial composition 32, 33. Thus, the porcine model has both high face and 

construct validity to gain insight for better electroceutical therapy development. However, 

the influence of colonic neuromodulation on healthy pigs has been the object of a limited 

number of reports so far. Most of these studies involve acute direct ES on anesthetized and 

cleansed descending colon 34–37 or cecum 38, 39 using a broad range of stimulation 

parameters (5–130 Hz, 0.03–3 ms, 7–30 mA). These protocols induce local contractions 

(single point of stimulation),35, 39 propulsive contractions, 37–39 luminal content movement, 
36, 39 or acceleration of colonic transit in response to sequential stimulations 36, 37, 40. These 

data confirmed or expanded other preclinical studies performed in healthy 41–44 or 

constipation models 45, 46 in rodents, cats and dogs. A few additional studies in pigs 

addressed the influence of the autonomic nervous system on the anorectal function and fecal 

evacuation by assessing the impact of neuromodulation targeting the pelvic nerve, 

hypogastric nerve and sacral nerves 47–50. While providing some insight into the potential 

beneficial effects of neuromodulation, the majority of those studies focused on distal colon 

and the response of the different colonic regions to a direct or selective nerve stimulation has 

not been simultaneously studied. This is of importance because, there is mounting evidence 

of clear regional differences in the colon both at a structural and functional level 51. In 

addition, while the pelvic nerve, hypogastric nerve and sacral nerves are well known to 

innervate the colon, the extent to which other extrinsic nerves, such as the vagus nerve, 

impinge on the colon is unclear. For instance, in humans, studies reported that vagal 

innervation extends from the upper gut up to the splenic flexure while others reported that it 

is continuing up to include the rectal ampulae (see 52, 53). Despite the ubiquity and key role 

of the vagus nerve in the brain-gut interactions, the neuromodulation of colonic motility by 

the vagus nerve has received limited interest thus far 54–56.

In view of these gaps, it is critical to understand the functional sphere of influence of 

specific nerves to develop efficient neuromodulation. Therefore, in the current study, we 

aimed to map the region specific (proximal/ascending, pC, transverse, tC and distal/

descending colon, tC) motility response to selective ES applied directly on each of the 

colonic pC, tC, DC segments or the abdominal vagus nerve (specifically the celiac branch) 
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in a healthy porcine anesthetized model. Part of these data were previously reported in 

abstract form 57.

2 | MATERIALS AND METHODS

2.1 | Animals

Yucatan minipigs, male castrated at 7 days of age (~7 months old, 25–36 kg, total of 35), 

were obtained from S&S Farms (Ramona, CA) and group housed in pens (either bedding or 

grate floor, depending on housing availabilities − 2 pigs/pen, 42 ft2) in an environmentally 

controlled room (lights on/off 6AM/6PM, 61–81°F) under specific pathogen free conditions. 

All pigs received ad libitum access to diet (5p94 Prolab mini pig diet, PMI nutrition) and 

filtered tap water. All husbandry practices and procedures were conformed to the NIH Guide 

for the Care and Use of Laboratory Animals (8th edition) and were reviewed and approved 

by the UCLA Animal Research Committee (Institutional Animal Care and Use Committee) 

under protocol # 2018–074-01. All efforts were made to minimize any suffering as well as 

the number of animals used.

2.2 | Equipment

Electrodes, leads, and stimulator—The planar electrode arrays were produced on 8-

μm thick polyimide substrates, providing the mechanical flexibility and durability to 

withstand the motion of the intestine. As previously described 58–60, the electrodes were 

fabricated using e-Beam evaporation deposition to create layers with a thickness of 200-nm 

platinum and 10-nm titanium. Each electrode had a geometric size of 500 μm × 200 μm and 

a surface roughness process was applied to increase the effective surface area, and thus to 

increase the charge storage capacity. Each planar electrode array contained six rows of three 

individual electrodes (18 channels total) that could be potentially used for stimulation and 

recording as in our previous report 58.

2.3 | Experimental protocol

A detailed experimental protocol is available through Protocols.io at https://

www.protocols.io/view/tache-mulugeta-ot2od024899-colon-tissue-electrical-3rmgm46.

For all the experiments, pigs were fasted for at least 12 h prior to surgery with free access to 

water. On the day of surgery, pigs were pre-medicated with midazolam (1 mg/kg, cat # 

067595, Covetrus, Dublin, OH), ketamine (15 mg/kg, cat # 068317, Covetrus) and 

meloxicam (0.3 mg/kg, #049755, Covetrus) injected intramuscularly. They were then 

intubated, connected to a respirator for ventilation (13–16 breaths/min), and maintained 

under general anesthesia with 1–3% inhaled isoflurane. Maintenance fluids (Lactated 

Ringers, cat # 059380, Covetrus) were administered at 10 ml/kg/h.

During the surgical procedure, pigs were positioned on a heating pad (32°C) in supine 

position. ECG electrodes and a femoral arterial line was placed and a midline abdominal 

incision was performed. Three colonic regions of interest - pC, tC and dC - were identified 

and externalized. Flexible solid-state-manometry probes (Mikro-Cath™ diagnostic pressure 

catheter, cat # 825–0101, Millar Inc., Houston, TX) were inserted into the different segments 
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of the colon via a small incision and maintained in position with a loophole silk ligature. For 

the pC, 4 manometric probes were inserted about 10 cm below the ceco-colic junction, at 10, 

13, 16 and 19 cm from the point of entry. For the tC, 4 manometric probes were inserted at 

the end of the pC at 10, 13, 16 and 19 cm from the point of entry. Distal probes were 

inserted in the dC through the anus with sensors at 10, 13, 16 and 19 cm proximal to the anal 

verge (Fig. 1A). For each region, four single sensor probes were mounted together in stagger 

such that the sensors were spaced 3 cm apart. Pigs were euthanized at the end of the 

experiment with an intravenous injection of pentobarbital (100 mg/kg, cat # 009444, 

Covetrus).

Direct colonic tissue electrical stimulation—Planar electrode arrays were placed 

onto the serosal surface of the colonic region of interest (pC, tC or dC) for stimulation as 

described in previous studies (Fig. 1B, 1C) 58, 60. The electrodes were positioned to lie on 

the serosal side of the first 3 luminally placed pressure sensors (10–16 cm). A baseline was 

established for a period of 30 min, and stimulation was initiated using the customized 

stimulation device 59, 60. Two stimulation electrodes, configurated as bipolar pair and (1.5 

apart), were stimulated alternatively. The protocol of direct colon stimulation was done as 

follows: pulse-train, 10 Hz, 2 ms, 15 mA, 30 s ON and 60 s OFF for 10 consecutive cycles 

and a total duration of 15 min. At the end of ES, the recording continued for another 30 min. 

The stimulation parameters were chosen based on sweep trial studies using diverse 

stimulation parameters performed under our conditions of experimentation (2–100 Hz, 2–4 

ms, 4–15 mA) (https://doi.org/10.26275/ajkk-l7xd) and reported in prior studies 58, 60 to 

cause contractions or stimulate propulsion.

Abdominal vagus nerve electrical stimulation—The posterior branch of the 

abdominal vagus nerve was exposed through a midline abdominal incision. The celiac 

branch of the abdominal vagus nerve (CBVN) was identified and hook electrodes placed at 

5–10 mm apart (Fig. 1D). Nerve block electrodes were placed 1–2 cm proximal from the 

stimulating electrodes (Fig. 1E). The posterior branch was chosen since it arises from the 

right cervical vagus nerve and innervates the small intestine and the colon avoiding the 

major hepatic branches that leave off the anterior branch of the abdominal vagus 61. The 

CBVN was stimulated with the following protocols: pulse-train, 2 Hz, 0.3 or 4 ms, 5 mA, 5 

cycles of 30 s ON and 90 s OFF for a total duration of 10 min and a at a frequency of. In 

addition, the effect of different protocols of electrical stimulation including continuous and 

square-wave were evaluated. For nerve block, a 200 Hz, 0.1 ms, 2 mA parameters was used, 

concurrent with the nerve stimulation. Stimulation parameters were determined based on 

sweep trial study with different combination of parameters.

Assessment of Colonic Motor Function

Intracolonic pressure (manometry) recording procedure: Each pressure transducer 

catheter was connected via pressure cables (PEC-10D, cat # 850–5090, Millar Inc.) to a 

transducer (PCU-2000, cat # 880–0129, Millar Inc.). The signal was acquired via a 

Micro1401 analog-to-digital interface (Cambridge Electronic Design, Cambridge, UK) at 

100 samples/s, and recorded with Spike 2 version 7.10 data acquisition software (Cambridge 

Electronic Design). The system was calibrated by using known pressures at 0, 20, 40, and 60 
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mmHg at the start of each experiment to convert voltage output to intraluminal pressure. 

Abdominal contractions and breathing artifacts were excluded by smoothing the original 

trace with a time constant of 2 s. Recording of motility data began after surgery was 

completed and continued for at least 30 min for stabilization of baseline motility, and then 

for at least another 30 min following completion of the stimulation experiment.

Intracolonic pressure data analysis

Motility index: Colonic contractile pressure changes were quantified by measuring the area 

under the curve of the phasic component of the intraluminal pressure trace (pAUC) every 

minute. The phasic component of intracolonic pressure was extracted from the original trace 

as previously reported 24 by removing the direct current (DC) component with a time 

constant of 10 s from the 2-s smoothed original trace.

Spectral analysis of pressure changes: Spectral power analysis of luminal pressure changes 

in the pC, tC and dC at basal and in response to direct colon ES and post stimulation periods 

were done for each of the pressure sensor probes. After removing the DC component, fast 

Fourier transform (FFT) was applied to obtain the frequency spectra. The integrated power 

of the prominent 0–12 cpm frequency band and the dominant frequency band (1–6 cpm) 

were then calculated by using a lab-written MATLAB code. The pressure wave data has 

frequency components that can be unveiled using FFT. The conditional relationship between 

frequency resolution and time window at low frequency (1–12 cpm) was carefully chosen 

such that accurate FFT analysis was obtained. The power of the frequency component 

indicates 1) the amplitude of the activity in a specific frequency band, and 2) how much 

activity in that frequency band were present during the period of analysis.

Generation of colonic motility pressure maps (colon luminal pressure and contraction 
frequency power map) and video animation: For visual representation of the strength of 

pressure changes and their regional distribution across the colon, luminal pressure changes 

(motility index/min), at basal and in response to ES were processed as heat map images 

using MATLAB code. Likewise, the contraction frequency band power changes are 

generated using the same software. In addition, the motility index data was used to generate 

video animation to view the propagative nature of pressure changes.

Statistical analysis—Normality, differences in variance and the presence of outliers were 

determined via the Kolmogorov–Smirnov test, F test and Grubbs’ testing, respectively, prior 

to further statistical analysis. There were no outliers removed. GraphPad Prism V.5.01 

(GraphPad Prism, La Jolla, CA, USA) software was used to perform statistical analysis. 

Time course response of the motility index were analyzed using repeated measure 2-way 

ANOVA and Bonferroni post-hoc test. Mean motility index expressed in % baseline data 

were analyzed using repeated measure one-way ANOVA and Tukey’s or Dunn’s post hoc 
test. Motility index expressed as mean change from baseline were analyzed using Wilcoxon 

paired or Mann-Whitney unpaired t tests as appropriate. Contraction frequency power 

changes were analyzed using repeated measures 2-way ANOVA and Sidak’s post hoc test. 

Data are presented as mean ± SEM. P< 0.05 indicates a significant difference.
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3 | RESULTS

3.1 | Direct colonic tissue electrical stimulation induces region specific changes in the 
colonic motility index and power of contraction frequency band in anesthetized pigs

Colon motility was recorded for over 3 hours without any ES in a few pigs (n=3). After the 

initial 30 min post-surgery, the colon motility remains stable throughout the experimental 

recording. Effective delivery of electrical current to the colon was confirmed by the direct 

measurement of electrode overpotential. Activation of the electrode also corresponded with 

an immediate local contraction of the colonic segment directly under the electrode. Data 

associated with this study, Larauche et al (2020) 62, were collected as part of the Stimulating 

Peripheral Activity to Relieve Conditions (SPARC; RRID:SCR_017041) project and are 

available through the SPARC Data Portal (RRID:SCR_017041) under a CC-BY 4.0 license.

Proximal colon ES—Stimulation of the pC induced a very strong circular muscular 

contraction observed visually (Suppl. Fig. 1A). This contraction was also detected on 

manometry recordings (Fig. 2A and Table 1). This was followed by a marked activation of 

the pC for the next 30 min, and an overall trend to decrease the motility in the tC as shown 

on the pressure map (Fig. 2B), which did not reach statistical significance (Table 1). The dC 

motility remained unchanged throughout the recording period (Fig. 2B and Table 1). Time 

course response of the motility index of the pC at each of the 4 proximal sensors (Fig. 2C) 

showed increased motility index (% change of baseline) during stimulation (P10 and P13) 

and post-stimulations (P16), suggesting a possible propagation from P10-P13 sites to the 

P16 site. Similarly, comparison of the mean motility index of the basal vs the stimulation or 

post stimulation period showed an increased mean motility index at P10 and 16 (during 

stimulation) and P16 (during the post stimulation period) (Fig. 2D).

Spectral power analysis of contractions at baseline was characterized by prominent 

frequency power of 0 to 12 cycles/min (cpm) band in all the colonic regions. Frequency 

band of 13–17 cpm were overwhelmed by the high power of the ventilator/breathing 

frequency while higher frequency bands had too low or negligible power (Fig. 3A, 3B). The 

frequency band-to-frequency power (Fig. 3C) show a hump (dominant power) in the range 

of 1–6 cpm band. Direct proximal ES significantly increased the mean power of the 1–3 cpm 

frequencies and caused an overall increase in the 0–12 cpm frequency band (Fig. 3C, left 

panel). A trend to increase in the power of frequency spectrum was also observed in the tC 

(Fig. 3C, middle panel) and dC (Fig. 3C, right panel), but these did not reach statistical 

significance. The integrated spectra showed a return to baseline levels in all regions within 

the 30 min post-stimulation analysis.

Transverse colon ES—Stimulation of the tC also induced a circular muscular contraction 

observed visually, which could also be detected on manometric recordings in anesthetized 

pigs (Fig. 4A). As in pC response, stimulation of tC showed increased luminal pressure heat 

map primarily occurring in the tC (Fig 4B) although it was associated with some activation 

in the dC (Fig. 4B). After the end of the tC stimulation period, the motility index was 

increased in the dC and with a non-significant increased trend in the pC while tC motility 

was back to baseline levels (Fig. 4B; Table 1). Spectral analysis showed, like the pC, a 
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prominent 0–12 cpm band power with the 1–6 cpm being the dominant range as shown in 

the frequency band-to-frequency power curves (Fig. 4C). ES of the tC increased the power 

of 1–6 cpm band in the tC reaching statistical significance for the 2 cpm frequencies 

(p<0.05) (Fig. 4C). The tC post stimulation response was characterized by the decrease in 

the power to the level of the corresponding basal time. The responses of pC and dC to the tC 

stimulation displayed variable changes, a reflection of the motility index and pressure map 

images.

Distal colon ES—The dC stimulation, unlike the pC and tC, induced a longitudinal 

contractile response (Suppl. Fig. 1B) and increased the manometric recording (Fig. 5A) and 

motility index (pressure heat map) in the dC during the stimulation period (Fig. 5B). This 

was followed in the post-stimulation period by a strong activation of contraction in the dC. 

Probes at pC and tC showed variable activation and inhibition of motility (Fig. 5B and Table 

1). Spectral analysis of the dC motility displayed similar basal frequency band (0–12 cpm) 

as observed in the other colonic regions. Direct ES of the dC caused only a trend to increase 

locally the 1–6 cpm power during stimulation, while the other regions remained unaffected. 

The dC response during post stimulation period returned to basal power distribution.

In all colonic regions, direct ES induced short distance anterograde and retrograde 

propagating contractions (see example in Suppl. Fig. 2).

At the end of the experiment, the proximal colon tissue was examined for damage in 2 pigs. 

H&E staining of the stimulated (under the electrodes) and the adjacent non-stimulated 

tissues showed no histological change (see Suppl. Fig. 4).

3.2. | Abdominal vagus nerve stimulation: celiac branch

The stimulation of the CBVN using a pulse-train protocol induced a pancolonic motor 

response in anesthetized pigs that was more intense and widespread with the long pulse 

width (4 ms) (Fig. 6B) than short pulse width (0.3 ms) (Fig. 6A). The continuous and 

square-wave protocols were not as efficient as the pulse train protocol to produce motility 

changes (Suppl. Figs. 3A and 3B). The concomitant blockade of afferent fibers using an 

anodal afferent block attenuated the pancolonic activation in all regions (Fig. 6C). The 

CBVN ES induced pancolonic stimulation and its attenuation in the presence of afferent 

block is also reflected in the colonic motility index, expressed as AUC, particularly in the 

dC. (Fig. 6D).

Spectral analysis of the colon response to CBVN ES (4 ms) showed an increase in the power 

of the dominant frequency (1–6 cpm) across the colon in response to stimulation (Fig. 7A–

C), with a statistically significant increase in the 2–3 cpm frequencies (power data; p<0.01 

vs baseline) in the tC (Fig. 7B). Following stimulation, the frequency power returned to 

baseline in the pC and dC but remained elevated in the tC. In the presence of afferent block, 

the increased frequency power to CBVN ES was attenuated mainly in the tC (Fig. 7D–F), in 

line with the motility index (AUC) and pressure map response to CBVN ES with or without 

afferent block.
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Video animation of the pressure changes in response to CBVN ES showed no consistent 

propagation for longer distances. Instead pressures waves appear to move back and forth in 

short distance (within 10 cm).

4 | DISCUSSION

In this study, the influence of different ES modalities applied directly on the colonic tissue or 

the celiac branch of the abdominal vagus nerve on colonic motility was mapped in an 

anesthetized porcine model. Direct pC, tC or dC ES primarily caused an immediate local 

contraction followed with distant colonic regions motility changes. Direct pC and tC 

stimulations also increased the dominant frequency band contraction (1–6 cpm) power in the 

pC and tC, respectively. By contrast, CBVN ES (2 Hz, 4 ms) increased colonic motility 

(monitored as motility index and contraction frequency power) throughout the colonic 

regions and increased the power of the dominant frequency band in the tC. The colonic 

motility response was reduced when CBVN ES was done concurrent with afferent nerve 

anodal block. The study provides, for the first time, the functional (motility) sphere of 

influence of direct pulse-train ES and CBVN ES on the colonic segments (pC, tC, dC) and 

spectral analysis of colonic motility in the anesthetized pig.

One of the features of the anesthetized pig colon contractile response to local stimulation is 

that pC and tC stimulation induced ring-like circular contraction (Suppl. Fig. 1A) while dC 

stimulation response was primarily longitudinal and appeared as a shrinking of the colon 

wall (Suppl. Fig. 1B) as observed visually. The ring/circular contraction response in the pC 

and tC is likely to be due to the higher number of gap junctions between circular than 

longitudinal muscle cells 52, 63 and hence the strong circumferential electrical coupling of 

intestinal smooth muscle cells 64. Likewise, the dC characteristic longitudinal contraction 

suggests a stronger electric coupling among the longitudinal than the circular muscle cells 

and/or the regional heterogeneity of circular vs longitudinal smooth muscles responsiveness 

to neurohormonal stimuli as reported in humans 65.

Another salient feature of anesthetized pig colon motility is the occurrence of a wide range 

of contraction frequency band (0->12 cpm) and repetitive phasic pressure events in the 0–12 

cpm frequency range, with a dominant frequency band of 1–6 cpm. The colon is generally 

considered to have three different types of phasic contractions in various species 23, 25, 26, 

short duration (0–2 s), long duration (10–20 s) and high amplitude propagating contractions/

giant contractions. Although the relative proportion of short versus long duration phasic 

contractions cannot be ascertained in the present study, both short and long duration 

contractions are observed in the recordings as evidenced in the raw traces. The observed 0–

12 cpm frequency band corresponds to the reported irregularly appearing short duration 

phasic contraction frequency in the human colon 26 and to the short duration spike burst 

frequency (9–12/min) or colonic slow wave frequency in ambulating pigs 23. On the other 

hand, the 1–6 cpm motor patterns is likely to be analogous to that of human colon cyclic 

propagating motor pattern, with a frequency of 2–6 cpm, described in a recent consensus 

statement on terminology and definitions of colon motility 66. Similarly, in a preliminary 

chronically prepared study in pigs, a 2–4 cpm frequency band is reported to represent over 

50% of all contractile activities 67. These and the currently observed 1–6 cpm dominant 
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band in the colon is likely to be the main feature of colonic motility across species, although 

the colon unlike the stomach and small intestine, can have multiple frequency components 
68, 69.

Direct electrical pulse-train sequential stimulation of two sites (1.5 cm apart) of uncleansed 

colon at 10 Hz, 2 ms, 15 mA, primarily stimulated contraction on and near the stimulated 

site (12–15 cm) but also caused delayed responses (inhibition or stimulation) albeit 

moderately at distant colonic regions (pC, tC and dC) as evidenced by luminal pressure 

changes. The relatively longer pulse width stimulation used in the present study (2 ms) is in 

line with the long time-constant of intrinsic myoelectric activity of smooth muscle cells 10. 

The lack of clear and long-distance propagative contractions in response to direct pC ES 

may be due to the surgical and anesthesia related ileus. The long luminal distance between 

the different colonic regions makes it also less likely to capture propagative contractions to 

such distant regions under the experimental conditions used. On the other hand, the 

presently observed motility response at distant colonic regions to direct colon electrical 

stimulation could be due to colo-colic reflex involving the enteric nervous system. In 

addition, the proximal stimulation site may be devoid of colon pacemakers/hot-spots, 

described in the human colon as sites responsive to ES with propagative contractions 70. 

Similar to our observations, however, a recent report in cats indicates that direct proximal 

colon stimulation is mainly affecting proximal motility 71. It is to note that no histological 

damage was observed in either colonic region in response to this ES protocol (Suppl. Fig. 4).

The anesthetized pig colon displayed also anterograde and retrograde short duration 

propagation (see example in Suppl. Fig. 2). Similar back and forth propagation is reported in 

the human cyclic motor patterns in the colon 72 and the cecum-proximal colon of pigs 73. 

However, it is possible that random contractions and relaxations occur proximal and distal at 

different sensors’ positions that give the impression of short-distance propagation. Further 

studies on the actual distance and direction of propagation is needed. High amplitude 

propagating contractions were not recorded in the present study, which is likely to be due to 

the general anesthesia 26 and the surgical manipulation 74, both known to cause ileus. The 

propulsive contraction observed in prior pig dC studies, could be the result of the 

combination of multiple sequential stimulation (8 sites at 2 cm interval) and the colon 

cleansing preparation, itself known to affect colon motility 75–77.

Interestingly, the spectral analysis of colonic contractile response to direct colon tissue 

stimulation causes a general increase in the power of the 0–12 cpm frequency band bust 

especially of the 1–6 cpm frequency band. These data point to the possible differential 

modulation of power by neuromodulation. There is evidence that patients with bowel 

dysfunction such as slow transit constipation, lack meal-induced cyclic motor pattern (1–6 

cpm) in the colon 72. The present data showing the modulation of dominant frequency band 

motor pattern by ES may have relevance in treating some motility related bowel 

dysfunctions. However, additional characterization of the differential modulation of 

frequency band will be critical to understand the complex functions of the colon, including 

the possible mechanisms behind the ability of the colon to differentially expel gas, liquid 

and solid luminal contents.
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In contrast to the direct colon tissue stimulation, which produced an immediate response 

restricted locally to the segment being stimulated, stimulation of the CBVN (2 Hz, 0.3 ms or 

4 ms and 5 mA, pulse train) caused a pancolonic increase in the motility index across the 

colonic regions. The motility response to short pulse width stimulation was weaker than the 

one observed with the longer pulse width. This indicates that the use of the long pulse-width 

with the current parameter used (2 Hz, 5 mA) produce a stronger stimulation. In addition, 

vagal nerve stimulation caused an overall increase in the power of the 0–12 cpm frequency 

band across the colon but especially of the 1–6 cpm band in the tC. In view of the 

inconsistent report on the extent of colonic innervation by the vagus nerve 78–80, the 

pancolonic motility response observed in the present study is of significance. This shows 

that the functional sphere of influence of the vagus on the pig colon is larger (extending to 

the dC) than the reported structural evidence of vagal innervation in other species mainly 

limited to cecum and pC 23–26, 52, 81. Interestingly the effect of CBVN ES on motility index 

as well as the increased power of the 1–6 cpm band is reduced when CBVN afferents are 

blocked using concurrent afferent nerve block. CBVN stimulation in the current study is 

done unilaterally (the posterior abdominal vagus). Thus stimulation of the CBVN, activates 

both afferent and efferent fibers, the former modulating central circuits that feedback to the 

target organ through both dorsal and ventral vagi. These data suggest that the CBVN ES 

recruited central vagal network regulating colonic motility 82 and that vagal afferents 

contribute to the pancolonic response to vagal stimulation. In line with this assumption, 

vagal stimulation frequencies as low as 1 Hz is reported to activate central vagal network 

and reduce seizure 59, supporting that our stimulation parameters can indeed recruit central 

vagal circuits.

The vagal nerve stimulation frequency used in the current study is in the lower frequency 

range than that used to reduce epileptic seizures in humans (20–30 Hz) 83, 84. However, 

vagal stimulation at wider ranges (2–300 Hz) is shown to induce electroencephalographic 

desynchronization 85. Studies show that different electrical vagal stimulation patterns have 

different effects. For instance, chorda tympani in cats or vagus nerve stimulation in ferrets, 

using a burst pattern compared to a continuous stimulation pattern, causes higher magnitude 

of saliva and vasoactive intestinal peptide secretion by the salivary gland in cats and of 

higher gastric acid secretion and contraction response in ferrets, for the same total number of 

stimuli 86, 87. In line with this, we show that pulse-train vagal nerve stimulation causes a 

more robust pancolonic motility than a continuous or square wave stimulation pattern (with 

same pulse width and intensity). This is likely to be due to the pulse-train stimulation pattern 

inducing temporal summation at the colonic plexi to release more excitatory 

neurotransmitters, as shown in cats 88. Thus although the frequency of stimulation used in 

the current study is low, the combination of pulse-train stimulation pattern with the relatively 

longer pulse width (0.3–4 ms) and higher intensity (5 mA) stimulation used is likely to 

account for the recruitment of both afferent and efferent vagal fibers.

In summary, the study provides the first functional/motility-response-map of the colon to 

electrical neuromodulation by simultaneous monitoring of the pC, tC and dC regions, to 

direct tissue and celiac branch of the abdominal vagus nerve stimulation in the anesthetized 

pig. The data show that: 1) direct electrical stimulation primarily causes local contraction but 

also moderately modulates distant colon regions contraction; 2) celiac branch of the 
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abdominal vagus nerve ES increases contractions across the colon through the recruitment of 

vagal circuits including afferent mediated central circuitry; and 3) the dominant contraction 

frequency band in basal states in the anesthetized pig colon is 1–6 cpm in all colonic regions 

whose power/magnitude is increased during colon or vagal ES. Mapping the motility 

response of the colon to electroceutical interventions, through simultaneous monitoring of 

the different regions of the colon, in a model that bears several similarities to humans, 

provides critical data that can guide translational studies and applications to human patients. 

The study has limitations in that data are generated in anesthetized pigs that underwent acute 

abdominal surgery. Thus, animals were under conditions of suppressed colonic motor 

activity and the actual colonic transit was not assessed. Similarly, the study determined the 

colonic motility responses to an acute short duration (10–15 min) electrical stimulation of 

colon tissue or vagus nerve. It is likely that chronic and longer stimulation may exert 

different responses and, as such, further investigation in chronic conscious models are 

warranted. Lastly, given that the studies were performed in male castrated pigs, additional 

studies taking into account the possible effects of sex differences and the influences of sex 

hormones on colonic motility and on the colonic responses to neuromodulation are needed.

Taken together, the functional mapping data and the characterization of colonic motility 

analysis in the anesthetized porcine model reported provides a useful frame of reference that 

will help guide: 1) future mapping studies in the awake and behaving model and 2) 

neuromodulation interventions while patients are still under anesthesia (for instance to 

decrease surgery-induced ileus). As such, the study provides a foundational basis on which 

to develop safe and effective neuromodulation for patients suffering from intractable colonic 

motility disorders. Selective stimulation of fascicles within a nerve, such as the vagus, could 

allow targeting specific function and avoid off target effects 89.
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Figure 1. Schematic representation of colonic manometry recordings in overnight fasted and 
anesthetized adult male castrated Yucatan pigs.
A) Solid state manometry sensors were positioned at 10, 13, 16 and 19 cm from the ceco-

colic junction (P10, P13, P16, P19), from the distal end of the proximal/ascending colon 

(T10, T13, T16, T19) and from the anal verge (D10, D13, D16, D19). B-C) Direct electrical 

stimulation of the colon tissue was performed using 5 cycles of alternating stimulation of 

electrodes #1 and #2 (total of 10 stimulations) at 10 Hz, 2 ms, 15 mA, 30 s ON, 60 s OFF as 

shown in B). D-E) The celiac branch of the abdominal vagus nerve was stimulated using 
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hook electrodes (2 Hz, 0.3 or 4 ms, 5 mA) with or without afferent anodal block (200 Hz, 

0.1 ms, 2 mA) using 5 cycles of 30 s ON and 90 s OFF.
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Figure 2. Influence of direct proximal colon electrical stimulation
(10 Hz, 2 ms, 15 mA, pulse train protocol) as monitored by manometry in anesthetized pigs 

(n=7–15 each). A) Representative trace of direct proximal colon stimulation; B) Pressure 

map representation; C) Time course response of the motility response recorded by the 

different proximal probes (P10, P13, P16, P19) at basal, during and post direct proximal 

colon electrical stimulation (motility index, % baseline) (n=7–13). Traces show the baseline 

response (30 min), stimulation (15 min) and post stimulation (30 min) periods. Data are 

mean ± SEM, 2-way ANOVA and Bonferroni’s post hoc test, *p<0.05, **p<0.01, 
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***p<0.001, ****p<0.0001 vs baseline. D) Mean motility index change (% baseline) during 

baseline (30 min), stimulation (15 min) and post stimulation (30 min) in proximal (n=7–13 

pigs) regions. Data are mean ± SEM, repeated measures one-way ANOVA and Tukey’s post 

hoc test, *p<0.05, ***p<0.001 vs baseline, ++p<0.01 vs stimulation. Channels represent the 

position of the different manometry probes in the different colonic parts (P: proximal, T: 

transverse and D: distal).
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Figure 3. Influence of direct proximal colon electrical stimulation on the regional colonic 
frequency power spectrum.
A) Representative spectrogram of the proximal colon frequency power spectrum in an 

anesthetized male Yucatan minipig in response to direct proximal colon electrical 

stimulation (10 Hz, 2 ms, 15 mA, pulse train protocol). Note that most of the frequency 

power comes from the ~0–12 cpm band B) Representative periodogram showing dominant 

frequency band (~1–6 cpm) during baseline, stimulation and post stimulation periods. Note 

that the power of the 1–6 cpm band is increased during stimulation and post-stimulation 

periods. Note also (in A and B), the breathing artifact and its harmonic waves are straight 

and stable. Breathing artifact (~12.5 cpm in this example) is the original frequency. The 

harmonic waves (~25, 37.5, 50 cpm in this example) represent artifact frequency that is a 
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positive integer multiple of the frequency of the original wave (breathing artifact). C) 
Aggregated data on frequency power spectrum in the proximal, transverse and distal colon in 

response to direct proximal stimulation (cumulative recordings from 4 probes per colonic 

region in n=7–15 pigs). Direct ES of the proximal colon increased the power of the 1–12 

cpm frequencies in all regions with a statistical significant difference in the 1–3 cpm 

frequencies in the proximal colon. Data are mean ± SEM, repeated measures two-way 

ANOVA and Sidak’s post hoc test, * p<0.05, ** p<0.01, *** p<0.001, vs baseline in 

respective groups.
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Figure 4. Influence of direct transverse colon stimulation
(10 Hz, 2 ms, 15 mA, pulse train protocol) as monitored by manometry in anesthetized pigs 

(n=5–8 each). A) Representative trace of direct transverse colon stimulation; B) Pressure 

map representation. Channels represent the position of the different manometry probes in the 

different colonic parts (P: proximal, T: transverse and D: distal). C) Frequency power 

spectrum in the proximal, transverse and distal colon in response to direct transverse 

stimulation (cumulative recordings from 4 probes per colonic region in n=5–8 pigs). Direct 

ES of the transverse colon increased the power of the 1–12 cpm frequencies in the transverse 

and distal colon with a statistical significant difference in the 2 cpm frequencies in the 

Larauche et al. Page 24

Neurogastroenterol Motil. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transverse colon. Data are mean ± SEM, repeated measures two-way ANOVA and Sidak’s 

post hoc test, * p<0.05 vs baseline in respective groups.
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Figure 5. Influence of direct distal colon stimulation
(10 Hz, 2 ms, 15 mA, pulse train protocol) as monitored by manometry in anesthetized pigs 

(n=2–6 each). A) Representative trace of direct distal colon stimulation. B) Pressure map 

representation. Channels represent the position of the different manometry probes in the 

different colonic parts (P: proximal, T: transverse and D: distal). C) Frequency power 

spectrum in the proximal, transverse and distal colon in response to direct distal stimulation 

(cumulative recordings from 4 probes per colonic region in n=2–6 pigs). Direct ES of the 
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distal colon induced a trend for increase in the power of the 1–12 cpm frequencies in distal 

colon exclusively. Data are mean ± SEM.
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Figure 6. Influence of different protocols of electrical stimulation of the abdominal vagus nerve, 
celiac branch on colonic motility in anesthetized pigs.
Pressure map of A) pulse train, 2 Hz, 0.3 ms, 5 mA, 10 min, without anodal block; B) pulse 

train, 2 Hz, 4 ms, 5 mA, 10 min, without anodal block; C) pulse train, 2 Hz, 4 ms, 5 mA, 10 

min, with afferent anodal block 200 Hz, 2 ms, 0.1 mA. Channels represent the position of 

the different manometry probes in the different colonic parts (P: proximal, T: transverse and 

D: distal). Traces show the baseline response (15 min), stimulation (15 min) and post 

stimulation (30 min) periods. Data are mean ± SEM of recordings from n=7–14 pigs. D) 
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Motility index changes (mean change from baseline %) in response to celiac branch vagus 

nerve stimulation (2 Hz, 5 mA) at pulse width of 0.3 ms (white bars), 4 ms (grey bars) and 4 

ms with anodal block (black bars), during the stimulation (15 min) and post stimulation (30 

min) in proximal, transverse and distal (n=7–14) regions. Data are mean ± SEM, Wilcoxon 

paired or Mann-Whitney unpaired t tests, *p<0.05, **p<0.01 vs baseline, +p<0.05 vs 

stimulation in respective groups.
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Figure 7. Influence of celiac branch abdominal vagus nerve stimulation with or without anodal 
afferent block on regional colonic frequency power spectrum in anesthetized pigs.
Frequency power spectrum analysis of the colonic motility in response to celiac branch 

vagus nerve stimulation (2 Hz, 5 mA) at pulse width of 4 ms alone or with anodal block at 

baseline (30 min), during the stimulation (15 min) and post stimulation (30 min) in 

proximal, transverse and distal (n=7–14) regions. Data are mean ± SEM, Wilcoxon paired or 

Mann-Whitney unpaired t tests, **p<0.01 vs baseline in respective groups.
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Table 1:

Colonic mean motility index (in % baseline) during stimulation (15 min) and post stimulation (30 min) in 

response to direct proximal, transverse and distal colonic stimulation in anesthetized male Yucatan pigs.

n stimulation post-stimulation

Direct proximal colon stimulation

P10 13 209.0 ± 28.1*** 127.2 ± 11.8 ++

P13 12 159.5 ± 30.9 * 131.4 ± 17.0

P16 7 186.5 ± 34.1 270.1 ± 71.6 *

P19 7 163.6 ± 31.3 162.0 ± 51.0

T10 14 118 ± 12.1 125.6 ± 20.5

T13 13 112.6 ± 16.3 109.8 ± 25.9

T16 15 102.1 ± 10.5 89.03 ± 12.2

T19 15 114.5 ± 7.0 109.7 ± 24.9

D10 14 111.4 ± 10.7 114.7 ± 13.5

D13 13 111.3 ± 7.0 128.1 ± 17.7

D16 14 103.5 ± 6.7 121.6 ± 14.5

D19 12 96.0 ± 10.7 129.7 ± 24.3

Direct transverse colon stimulation

P10 5 95.6 ± 12.7 117.3 ± 26.1

P13 7 92.2 ± 10.5 131.9 ± 27.1

P16 7 102.5 ± 14.0 85.2 ± 10.6

P19 8 125.2 ± 17.9 109.6 ± 28.8

T10 6 240.2 ± 26.8 * 123.2 ± 24.4

T13 7 124.9 ± 21.7 104.9 ± 18.0

T16 8 125.2 ± 14.8 105.7 ± 16.7

T19 8 118.9 ± 14.7 99.8 ± 10.3

D10 8 125.7 ± 19.7 137.3 ± 24.7

D13 7 139.5 ± 21.5 171.0 ± 30.9

D16 8 153.9 ± 26.9 192.8 ± 29.5 *

D19 7 141.8 ± 28.2 119.3 ± 20.2

Direct distal colon stimulation

P10 2 86.4 ± 13.2 73.8 ± 12.7

P13 6 143.4 ± 9.4 * 118.4 ± 16.4

P16 5 142.9 ± 17.6 131.6 ± 33.1

P19 5 142.7 ± 28.3 141.0 ± 53.6

T10 5 92.5 ± 9.8 106.6 ± 3.7

T13 5 106.0 ± 12.1 97.7 ± 21.1

T16 6 109.0 ± 12.0 123.5 ± 15.5
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n stimulation post-stimulation

T19 6 135.8 ± 24.4 157.1 ± 21.0

D10 4 115.5 ± 9.7 152.0 ± 41.1

D13 6 131.4 ± 20.2 149.1 ± 40.7

D16 5 129.5 ± 15.9 ** 192.8 ± 23.7 +

D19 6 147.3 ± 23.8 193.2 ± 77.7

Data are mean ± SEM of n as indicated for each probe/set. Repeated measure one-way ANOVA and Tukey’s post hoc test

*
p<0.05

**
p<0.01 and

***
p<0.001 vs baseline (100.0 ± 0.0%)

+
p<0.05

++
p<0.01 vs stimulation.
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