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  48 
Abstract 49 
 50 
The enteric nervous system (ENS) contains millions of neurons essential for organization of 51 
motor behaviour of the intestine. It is well established the large intestine requires ENS activity to 52 
drive propulsive motor behaviours. However, the firing pattern of the ENS underlying 53 
propagating neurogenic contractions of the large intestine remains unknown. To identify this, we 54 
used high resolution neuronal imaging with electrophysiology from neighbouring smooth muscle. 55 
Myoelectric activity underlying propagating neurogenic contractions along murine large intestine 56 
(referred to as colonic migrating motor complexes, CMMCs) consisted of prolonged bursts of 57 
rhythmic depolarizations at a frequency of ~2 Hz. Temporal coordination of this activity in the 58 
smooth muscle over large spatial fields (~7mm, longitudinally) was dependent on the ENS. 59 
During quiescent periods between neurogenic contractions, recordings from large populations of 60 
enteric neurons, in mice of either sex, revealed ongoing activity. The onset of neurogenic 61 
contractions was characterized by the emergence of temporally synchronized activity across large 62 
populations of excitatory and inhibitory neurons. This neuronal firing pattern was rhythmic and 63 
temporally synchronized across large numbers of ganglia at ~2 Hz. ENS activation preceded 64 
smooth muscle depolarization, indicating rhythmic depolarizations in smooth muscle were 65 
controlled by firing of enteric neurons. The cyclical emergence of temporally coordinated firing 66 
of large populations of enteric neurons represents a unique neural motor pattern outside the 67 
central nervous system. This is the first direct observation of rhythmic firing in the ENS 68 
underlying rhythmic electrical depolarizations in smooth muscle. The pattern of neuronal activity 69 
we identified underlies the generation of CMMCs. 70 
 71 
 72 
Significance statement 73 

How the enteric nervous system (ENS) generates neurogenic contractions of smooth muscle in 74 
the gastrointestinal (GI) tract has been a long-standing mystery in vertebrates. It is well known 75 
that myogenic pacemaker cells exist in the GI-tract (called Interstitial cells of Cajal, ICC) that 76 
generate rhythmic myogenic contractions. However, the mechanisms underlying the generation 77 
of rhythmic neurogenic contractions of smooth muscle in the GI-tract remains unknown. We 78 
developed a high resolution neuronal imaging method with electrophysiology to address this 79 
issue. This technique revealed a novel pattern of rhythmic coordinated neuronal firing in the 80 
ENS that has never been identified. Rhythmic neuronal firing in the ENS was found to generate 81 
rhythmic neurogenic depolarizations in smooth muscle that underlie contraction of the GI-tract. 82 

 83 

 84 
 85 

Key Words: pacemaker, pattern generator, electrical rhythmicity, slow wave, depolarization, 86 
peristalsis, enteric nervous system, neurogenic, colon, colonic migrating motor complex, 87 
CMMC.   88 
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INTRODUCTION 89 

 90 

The gastrointestinal (GI) tract contains its own nervous system, known as the enteric nervous 91 

system (ENS). A unique feature of the ENS is that it contains entire neural circuits comprising 92 

sensory neurons, interneurons and motor neurons which can be studied more readily than in the 93 

central nervous system (CNS). Another unique feature of the ENS is that isolated segments of 94 

intestine can independently coordinate propulsive movements and propel content without any 95 

neural connections to the brain or spinal cord (Brann and Wood, 1976; Costa and Furness, 1976; 96 

Brookes et al., 1999; Wood, 2012; Costa et al., 2015; Spencer et al., 2016a). 97 

 98 

The ENS consists of millions of neurons that are contained within interconnected micro ganglia 99 

that form two distinct plexuses, known as the myenteric and submucosal plexuses (Furness, 100 

2006; Wood, 2012). Much has been learnt about the different types of neurons within the ENS 101 

(Costa et al., 1996; Furness, 2006), particularly in guinea pig ileum (Costa and Brookes, 1994), 102 

including their neuronal projections and synaptic inputs and outputs (Bornstein et al., 1994; 103 

Furness et al., 1998; Furness, 2006; Mazzuoli and Schemann, 2012; Wood, 2012; Mazzuoli-104 

Weber and Schemann, 2015). In mammals, the neurons responsible for coordinating motor 105 

behavior along the intestine are located in the myenteric plexus and include inhibitory and 106 

excitatory motor neurons, ascending and descending interneurons, and a unique population of 107 

intrinsic sensory neurons only found in the GI-tract (Furness et al., 1998; Mazzuoli and 108 

Schemann, 2009, 2012; Mazzuoli-Weber and Schemann, 2015). Despite a detailed knowledge of 109 

these neurons, a major unresolved mystery is how such a large population of neurons behave 110 

during the neurogenic motor behaviors that propel content along the bowel (Wood, 2008, 2016; 111 

Hu and Spencer, 2018). 112 

 113 

It is well known that non-neuronal pacemaker cells exist in the GI-tract (known as Interstitial 114 

Cells of Cajal, ICC) that generate and control the frequency of myogenic depolarizations in GI-115 

smooth muscle cells, known as slow waves (Huizinga et al., 1995; Dickens et al., 1999; Huizinga 116 

et al., 2014). However, rhythmic neurogenic contractions have also been widely recorded in 117 

intestinal smooth muscle by many investigators (Brann and Wood, 1976; Spencer and Bywater, 118 

2002; Roberts et al., 2007; Roberts et al., 2008; Balasuriya et al., 2016; Spencer et al., 2016a), 119 

but their underlying neural activities have been difficult to resolve. Here, we used high resolution 120 

neuronal imaging to observe ENS behavior during and between neurogenic contractions in the 121 

murine large intestine, that are commonly referred to as colonic migrating motor complexes 122 
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(CMMCs) (Fida et al., 1997). During CMMCs, the ENS was found to generate rhythmic and 123 

synchronized firing, involving large populations of cholinergic, nitrergic and CGRP-expressing 124 

myenteric neurons.  125 

 126 

METHODS  127 

Tissue dissection 128 

Mice of either sex (C57BL/6J strain; 6 – 8 weeks old; 18 – 26 g) were euthanized by isoflurane 129 

inhalation as approved by the Animal Welfare Committee of Flinders University (ethics approval 130 

no.861-13). A ventral midline incision was made and the colorectum, without the cecum (~50 - 131 

60 mm) was removed and placed in a Sylgard-lined dissection chamber containing Krebs 132 

solution; (in 10-3M concentrations: NaCl 118; KCl 4.7, NaH2PO4 1; NaHCO3 25; MgCl2 1.2; D-133 

Glucose 11; CaCl2 2.5; gassed with 95% O2 and 5% CO2). The gut was flushed of content and 134 

cut along the mesenteric border into a flat sheet.  135 

 136 

Preparations were mounted in a Sylgard (Dow Corning)-lined recording chamber with micro pins 137 

(Fine Science Tools; cat no. 26001-10), myenteric plexus uppermost. The entire colon was 138 

pinned at a constant circumferential length of 9 - 10 mm (slack length ~5 mm). This equates to a 139 

constant strain of 0.8 – 1.0, where strain = elongation (mm) / original length (mm). The gut was 140 

not extended in the longitudinal direction beyond resting length. Preparations were continuously 141 

superperfused with Krebs solution (~5 ml.min-1; 35°C). Following equilibration for 30 minutes, 142 

preparations were incubated for 10 minutes with Fluo-4-AM (Molecular Probes) in solution of 143 

1:1 dimethyl sulfoxide (DMSO) and Cremophor (Sigma).  144 

 145 

Calcium imaging 146 

Dynamic changes in cytosolic calcium concentration in myenteric nerve cell bodies were 147 

recorded from colonic preparations. Myenteric ganglia were exposed by sharp dissection of 148 

longitudinal muscle from the preparation. Images were acquired at 70 Hz with an electron-149 

multiplied charge coupled device camera (EMCCD; Photometrics Delta Evolve; Roper 150 

Scientific, Tuscon, AZ, USA). Imaging data was acquired using Imaging Workbench 6.1 151 

software by INDEC Systems (version 6.0; INDEC BioSystems, Santa Clara, CA, USA). 152 

Circumferential gut movement was tracked for Figures 4E and 5D, using the FIJI “Align slices in 153 

stack” tool from the Template Matching plugin, and selecting a box around some continuously 154 

illuminated points to track their position over time. 155 

 156 
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 157 

Extracellular and intracellular electrophysiology 158 

The methodology and apparatus for extracellular recordings have been described (Hibberd et al., 159 

2017a). Extracellular electrodes used for recording from pinned out flat sheet preparations were 160 

rigid, whereas electrodes used for recordings from tube preparations had flexible shafts to 161 

accommodate large gut movements. For intracellular recordings, circular muscle cells were 162 

impaled with borosilicate micropipettes (1 mm OD, 0.58 mm ID; Harvard Apparatus) filled with 163 

1 mM KCl, with resistances of 50 – 120 MΩ. Electrical signals were amplified (Axoclamp 2B 164 

amplifier, Axon Instruments, Molecular Devices, USA), digitized (20 kHz; Powerlab 8/35, 165 

ADInstruments, Sydney, Aust.), recorded using Chart 7 software (ADInstruments) on a PC. 166 

Amplified signals were also visualized on an oscilloscope (TDS-210, Tektronix Inc. USA). 167 

Transmural, single pulse electrical stimuli (0.5 ms, 15-30 V; Grass S44 and S1U5) were 168 

delivered across the colon using platinum wires mounted on a micromanipulator. 169 

 170 

In some experiments, calcium imaging from the myenteric plexus was made at the same time as 171 

smooth muscle extracellular or intracellular membrane potential recordings. Preparations were 172 

superfused with Krebs solution containing nicardipine (1 μM) during intracellular 173 

electrophysiological recordings to facilitate microelectrode recordings. Extracellular recordings 174 

were performed in regular Krebs solution. All preparations exhibited neurogenic spike bursts, as 175 

recently described (Hibberd et al., 2017a). All imaged myenteric ganglia were located 15 – 30 176 

mm from the terminal rectum. Recordings were performed where neuronal uptake of calcium 177 

indicator was considered sufficiently intense and uniform and was free from interference by 178 

calcium signals from underlying smooth muscle. Where calcium imaging and smooth muscle 179 

extracellular recordings were combined, electrodes were positioned both circumferential and 180 

15mm oral to imaged myenteric ganglia. A single circumferential electrode was used in 181 

combined calcium imaging and intracellular smooth muscle recordings. In all cases, calcium 182 

recordings were restricted to ganglia located within an area 2 mm oral or aboral to the 183 

circumferential recording electrode. Mechanical interference with the water immersion lens for 184 

neuronal imaging precluded electrical recordings directly beneath the imaged ganglia and close 185 

to the pinned circumferential edges of preparations (corresponding to the mesenteric border). 186 

Thus calcium and electrical recordings were confined to locations between the mesenteric and 187 

antimesenteric borders, on opposing sides of the preparation (see Figure 4B for example). 188 

 189 
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In some experiments, intact tube preparations of colon were used to record smooth muscle 190 

electrical activity alone. Electrical activity was simultaneously recorded from the serosal surface 191 

by two suction electrodes during propagation of single endogenous, or artificial fecal pellets 192 

through the colon.  193 

 194 

Immunohistochemical identification of myenteric neurons following calcium imaging 195 

Double-labelling of calcitonin gene-related peptide (CGRP) and nitric oxide synthase (NOS) 196 

following calcium imaging was performed as described in (Hibberd et al., 2017a; Hibberd et al., 197 

2017b). NOS and choline acetyltransferase (ChAT) double-labelling was performed identically to 198 

CGRP/NOS immunolabelling, with the exclusion of organotypic culture in colchicine. Rabbit 199 

anti-CGRP (1:2000; Peninsula; cat no: IHC6006, lot no: 040826-2, RRID: AB_2314156) and 200 

sheep anti-nNOS (1:1000; Emson; cat no: K205, RRID: AB_2314960) was used donkey anti-201 

rabbit IgG (1:200; Cy3; Jackson; cat no: 711 165 152) and donkey anti-sheep IgG (1:100; Cy5; 202 

Jackson; cat no: 713 175 147), respectively. Sheep anti-nNOS (1:1000; Emson; cat no: K205, 203 

RRID: AB_2314960) and rabbit anti-ChAT (1:1000; Schemann/P3YEB) were used in 204 

conjunction with donkey anti-sheep IgG (1:100; Cy5; Jackson; cat no: 713 175 147) and donkey 205 

anti-rabbit IgG (1:200; Cy3; Jackson; cat no: 711 165 152), respectively. 206 

 207 

Terminology 208 

The methods presented here refer to synchronized and desynchronized periods, which are 209 

characterized in the results section. Briefly, synchronized periods correspond to periods of time 210 

during neurogenic spike bursts which are characterized by relatively high spatial coordination of 211 

myoelectric activity and coordinated neural activity. Desynchronized periods correspond to time 212 

intervals between neurogenic spike bursts and are characterized by relatively low spatial 213 

coordination of myoelectric activity and uncoordinated neural activity. 214 

 215 

Myoelectric coherence and frequency analysis 216 

Comparison of myoelectric voltage coherence under various conditions was performed with the 217 

“rstanarm” R package. This allowed us to compute the posterior probability distribution of 218 

various parameters of interest, conditioned on the data we had observed. 219 

For comparisons of synchronized and desynchronized periods, a hierarchical model was used for 220 

partial pooling of neurogenic spike bursts within recording blocks, and blocks within each 221 

preparation (individual animal) and drug. This was given by the linear mixed-effects formula: 222 
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"coherence ~ (period | drug / block) + (period | preparation / block)” with the default weakly-223 

informative priors.  224 

To clarify, a recording block contained on the order of tens of time-intervals. Each interval was 225 

considered a single unit of data, and contained the measured coherence over the time-span of that 226 

interval as its response value. There were four predictors of the response: (1. period) the 227 

classification of the type of period it belongs to, that is, either synchronized or desynchronized; 228 

(2. drug) the drug combination the preparation was exposed to at the time of the interval; (3. 229 

preparation) an indicator for which animal preparation it belongs to; (4. block) an indicator for 230 

the recording block. 231 

The above formula could be conceptually reduced to “coherence ~ (period | drug)” since we were 232 

interested in whether there is a difference in coherence between the synchronized and 233 

desynchronized periods, with this difference potentially varying between drugs. However, since 234 

we had multiple potentially correlated measurements of coherence for each type of period in each 235 

recording block, rather than simply averaging the coherences of each type of period in a block, 236 

we instead used a nested model “coherence ~ (period | drug / block)”. This effectively performed 237 

such an averaging, while also accounting for potential correlations and propagating the 238 

information of individual intervals to the overall distribution that would otherwise have been lost 239 

with simple averaging. The formula’s second term “(period | preparation / block)” accounts for 240 

potential random deviations in the coherence of different period types for each animal 241 

preparation. Note: each block contained only one type of drug and was a recording for only one 242 

of the animals, that is, the drug was not changed within a block, nor were recordings from 243 

multiple animals fused into one block. However, there were multiple blocks recorded for each 244 

drug and each animal. For comparisons of myoelectric coherence and frequency in the presence 245 

of drugs at various electrode separation distances, the formula “measure ~ distance + (distance |  246 

preparation)” was used to infer the slope with distance of a measure of either coherence or 247 

frequency. The formula “measure ~ (1 | drug) + (1 | preparation)” was used to infer the intercept 248 

over drugs, with the default weakly-informative priors. 249 

 250 

Signal Processing 251 

The wavelet transform and coherences were calculated as in (Torrence, 1998), using a Morlet 252 

wavelet with a non-dimensional frequency of ω0 = 6, for scales corresponding to the frequencies 253 

between 0.5 and 8 Hz. Where coherence was used, it was calculated at the frequency with the 254 

maximum amplitude of the global wavelet spectrum (which was usually around 2 Hz). A pre-255 

processing step was also performed, where each EMG signal was split into positive and negative 256 
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voltages, and the wavelet transform was computed separately on the log positive and log negative 257 

portions of the signal, and then the two were averaged to obtain the final wavelet transform 258 

amplitudes. The logarithmic transformation allowed us to reduce the artefactual influence of 259 

sharp spikes, due to muscle action potentials, on higher-frequency harmonics. 260 

 261 

Methodology for imaging analysis  262 

We have recently described in detail the techniques used here for the analysis of temporal 263 

correlation of calcium transients (Sorensen et al., 2017). Briefly, we employed four independent 264 

analytical techniques to compare the degree of temporal coordination of neuronal activity among 265 

populations of myenteric neurons between synchronized and desynchronized periods. Three 266 

measures were based on the cross correlogram and cross correlation functions. These are 267 

referred to below as: 268 

 269 

Measure 1: Proportion of cross correlograms maximized close to a time lag of zero 270 

Measure 2: Proportion of cross correlations maximized close to a time lag of zero 271 

Measure 3: Average value of the cross correlation function at a time lag of zero 272 

 273 

These pairwise measures tested the one-sided hypothesis that temporal coordination between 274 

myenteric neurons increased during neurogenic contractions. A paired permutation test was used 275 

to test this hypothesis for each measure. We used a paired test because the measures are 276 

calculated using the same neuronal sites during the synchronized and desynchronized periods. To 277 

avoid the potential correlation between measure values that share a common neuron, we applied 278 

the permutation test to subsets of values, where subsets were chosen such that each site was 279 

associated with only one value.  280 

 281 

In addition to pairwise comparisons, a measure 4 was used to assess coordination of calcium 282 

transients arising from all neurons in the field of view (1 - 3 myenteric ganglia in the present 283 

study). This requires an analysis of the coincident activity patterns, which are patterns of calcium 284 

transients that are aligned within a certain time tolerance (~86 ms, see below). In the present 285 

study, the distribution of the number of sites engaged in a coincident pattern of calcium transients 286 

was heavily skewed towards the right (i.e. more of the patterns of calcium transients involved a 287 

smaller number of sites). As such, simply comparing the mean number of sites engaged in 288 

coincident firing pattern was inappropriate. We therefore compared the maximum number of 289 
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sites engaged in a coincident pattern of calcium transients. More specifically, for both the 290 

synchronized and desynchronized periods, we identified and compared the coincident calcium 291 

transients engaging the maximum number of sites. 292 

 293 

Methodologies for Calculating Analysis Measures 1, 2, 3, 4 294 

We outline the steps taken to calculate measures 1, 2, 3 and 4, and give some relevant 295 

parameters required. A more detailed description is presented in (Sorensen et al., 2017). In 296 

the present study, the gradient method (Sorensen et al., 2017) was applied to bandpass 297 

filtered data for calcium transient detection. 298 

 299 

The cross correlogram histograms demonstrate the spike timing differences between two spike 300 

trains. Here, the bin size used was 6 samples (~86 ms). To perform cross correlation, unstable 301 

baselines were removed with a median filter, using a Hanning window, of length 60 samples 302 

(~860 ms); the median filtered data then had a low pass filter applied, where the cutoff value of 303 

the filter was 9 Hz. For cross correlogram analyses, the maximum tolerance for alignment of 304 

calcium recordings was set at 6 samples (~86 ms) in order to be consistent with the bin size used; 305 

for the cross correlation this tolerance was 4 samples (~57 ms). For analysis of coincident activity 306 

patterns, perfect alignment in a coincident pattern of calcium transients is not expected. However, 307 

we do expect the calcium transients to fall within a bin of a small size, where the size of the bin is 308 

a fraction of the average time between calcium transient events. In our analysis this bin size was 309 

6 samples (~86 ms). For consistency we used the same bin size in unitary event analysis. 310 

 311 

Test Statistics used for Measure 1, 2 and 3  312 

The major challenge in any hypothesis-testing scenario is finding a test statistic whose 313 

assumptions are met by the data – the mathematics behind any statistical test has assumptions 314 

regarding the data. While marginal distribution assumptions can often be quite relaxed, properties 315 

regarding the correlation between samples are usually not. For measures 1, 2 and 3 we identified 316 

two potential sources of correlation in the data, the major source of correlation being the potential 317 

correlation of the measures between the synchronized and desynchronized periods. To explain 318 

further, suppose that we have  neurons resulting in  cross-correlation/cross 319 

correlograms; let and  be the collection of boolean observations, taking value 0 320 

or 1 (where a value of 1 denotes the maximization of the cross-correlation/cross correlogram 321 
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close to a time lag of zero), for all pairs during the synchronized (Q) and desynchronized (R) 322 

periods. Now, for each , the observations  and  may be correlated as they are measured 323 

from the same neuronal imaging sites. Hence a paired statistical test must be used to test the 324 

following one-sided hypotheses: 325 

 

Similarly, for measure 3, we require a paired test to compare the values of cross-correlation at 326 

time lag zero between the synchronized and desynchronized periods.  327 

Another correlation that may exist is between measurements that share a common neuron. To 328 

elaborate further, suppose that  is associated with neurons A and B (ie.  denotes whether the 329 

cross correlogram for neurons A and B has been maximized close to a time lag of zero), and  is 330 

associated with neurons B and C. The measures  and  may be correlated due to the common 331 

neuron B. We addressed this issue by subsampling and repeatedly, forming a 332 

collection of subsets  and  such that each  has the following 333 

properties: 334 

1.   335 

2. Each neuron can only be associated with one  for  336 

The second property ensures that for each , the measurements  cannot be correlated 337 

due to a commonly shared neuron between the measurements (ie. no  share a 338 

common neuron). For each subset we performed the paired permutation tests found in (Higgins, 339 

2003), and calculated the percentage of subsets such that there was statistical difference between 340 

measures for the synchronized and desynchronized periods. For each subset we applied 10000 341 

permutations. 342 

 343 

Statistics 344 

Differences in data sets were considered statistically significant if P < 0.05. Results are expressed 345 

as mean ± standard deviation, unless stated otherwise. Lower case “n” always indicates the 346 

number of animals used in a set of experiments. Bayesian analysis was performed using Stan 347 
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(Carpenter, 2017) and rstanarm (Stan Development Team, 2017). Four formal statistical tests 348 

were undertaken, all of which were one sided: measures 1, 2 and 3 (see “Methodology for 349 

imaging analysis” below) used paired permutation tests found in (Higgins, 2003) and the 350 

statistical significance of a particular coincident activity pattern was tested using the test statistic 351 

used in Unitary Event Analysis. An -value of 0.05 was used in all cases. 352 

 353 

Drugs 354 

The following stock solutions of drugs were made: hexamethonium chloride in water (10-1M; 355 

Sigma; H2138; St. Louis. MO. USA); nicardipine hydrochloride in DMSO (10-1M; Sigma; 356 

N7510). Drugs were kept refrigerated and diluted on the day of the experiment to working 357 

concentrations in Krebs solution.  358 

  359 
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RESULTS 360 

Coordination of smooth muscle electrical activity 361 

Extracellular electrical recordings were made of the myoelectric activity of the colonic smooth 362 

muscle layers from two recording sites along the mid to distal region of isolated whole mouse 363 

colon (n = 7; Figure 1A). Cyclical bursts of smooth muscle action potentials were recorded 364 

(Figure 1B) which have been previously described as “neurogenic spike bursts” (Hibberd et al., 365 

2017a). Neurogenic spike bursts lasted for 32.7 ± 2.1 seconds, with intervals of 1.5 ± 0.5 min (n 366 

= 7; Figure 1). A striking feature was that during neurogenic spike bursts, smooth muscle action 367 

potentials occurred at a remarkably regular rate (2.0 ± 0.04 Hz; Figure 1D2). Recordings of 368 

neurogenic spike bursts from two sites 1 mm apart revealed myoelectric activity was highly 369 

coordinated during neurogenic spike bursts (measured as coherence; Figure 1C). That is, 370 

extracellular potentials at both recording sites showed high linear correlation. However, lower 371 

correlations occurred during periods between neurogenic spike bursts (see Figure 1C). Thus, 372 

myoelectric coherence over a distance of 1 mm oscillated in parallel with the occurrence of 373 

neurogenic spike bursts. Coherence peaks occurred during neurogenic spike bursts and troughs 374 

occurred in the periods between them (Figure 1C). We refer to these periods as synchronized and 375 

desynchronized, respectively. The difference in coherence between synchronized and 376 

desynchronized periods are shown in Figure 2A and is readily visualized in raw myoelectric 377 

voltage traces by comparing electrodes 1 and 2 in Figure 1D1 and Figure 1D2. In the presence of 378 

nicardipine (1 μM), neurogenic bursts of junction potentials occurred at ~2 Hz, without smooth 379 

muscle action potentials (n =5 ) and the relationship between neurogenic bursts and myoelectric 380 

coherence persisted (Figure 1B-D; Figure 1-1 & Figure 2A, 2B). The nicotinic receptor 381 

antagonist hexamethonium (300 μM; n = 5), abolished neurogenic spike bursts (Figure 1-1) and 382 

significantly reduced coherence between the two recording electrodes (Figure 2). 383 

Hexamethonium also abolished the ~2 Hz bursts of junction potentials that occurred in the 384 

presence of nicardipine (Figure 2A-B and Figure 3A-D). 385 

 386 

Myoelectric coherence was assessed by recording neurogenic spike bursts from 2 sites, ranging 1 387 

mm to 14 mm apart (longitudinally). Coherence, but not frequency, was inversely related to 388 

separation distance (Figure 3E-H). Beyond 7 mm, myoelectric coherence was similar to levels 389 

seen in the presence of hexamethonium over 1 mm. This revealed that activity in the ENS can 390 

temporally coordinate myoelectric activity over significant distances along the length of colon 391 

(many millimeters), beyond which decreases in coordination are seen.  392 
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 393 

Simultaneous neuronal imaging and electrophysiology from smooth muscle during 394 

neurogenic spike bursts 395 

The observation that hexamethonium reduced coordinated smooth muscle activity led us to 396 

record from multiple classes of myenteric neurons simultaneously using calcium imaging  397 

(Figure 4, Figure 4-1) at the same time as smooth muscle electrophysiological recordings (Fig. 4,  398 

Fig. 5D-E). Ongoing calcium transients occurred in ChAT+ve, NOS+ve, and CGRP+ myenteric 399 

nerve cell bodies during desynchronized periods, i.e. during the intervals between neurogenic 400 

spike bursts (Figure 4E, Figure 6C-D, Figure 7C, Figure 8, Figure 9A and  Movie 1; n = 12). 401 

The frequency of ongoing calcium transients in desynchronized periods ranged from quiescence, 402 

up to 2.6 Hz (average, 0.8 ± 0.5 Hz; see Table 1). These activities showed relatively weak 403 

coordination among myenteric neurons (“coordination” of neural activity analyzed in detail 404 

below). However, neurogenic spike bursts (synchronized periods) were characterized by the 405 

emergence of a highly coordinated and rhythmic calcium spike pattern (Figure 5 & Figure 5-1). 406 

During these periods, large populations of cholinergic and nitrergic myenteric nerve cell bodies, 407 

internodal strands and varicosities were synchronously active in prolonged repetitive bursts. 408 

Neural calcium transients occurred at a frequency similar to that of smooth muscle 409 

depolarizations (~2 Hz; Figure 4, Figure 5A-B, Figure 6E, Figure 7D, Table 1, Movie 2 and 410 

Extended data, Figure 3A-D). The average frequency of calcium transients across all individual 411 

neurons was 1.8 ± 0.4 Hz (n = 12). The average frequency of the entire population of myenteric 412 

neurons active in the field of view (the ensemble or network calcium spike rate) was 1.9 ± 0.2 413 

Hz (n = 12). There was a strong correlation between calcium transients and EMG standardized 414 

global wavelet spectrum amplitudes over a range of frequencies (rho ≥ 0.98, n = 7; Figure 5C). 415 

Synchronized and desynchronized periods persisted during smooth muscle action potential 416 

blockade in nicardipine (1μM, n = 5; Fig. 6 & 7 & Movie 2). However, hexamethonium always 417 

abolished temporal coordination of firing between enteric neurons (n = 5; see Movie 3), as well 418 

as neurogenic spike bursts (Figure 1-1). The coordinated activity in synchronized periods 419 

(Figure 6) included activities from neurons with larger nerve cell bodies (Figure 6-1), compatible 420 

with the Dogiel type II morphology of putative intrinsic sensory neurons (Furness et al., 2004). 421 

Indeed, synchronized periods involved activity of myenteric neurons that expressed CGRP (a 422 

putative selective marker of intrinsic sensory neurons; (Furness et al., 2004)). Hexamethonium 423 

also abolished the ~2 Hz pattern of activity in CGRP+ve neurons (n = 3).  424 

 425 
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As described above, synchronized periods persisted in nicardipine as ~2 Hz bursts of junction 426 

potentials, in the absence of smooth muscle action potentials. As expected, the temporal 427 

activation of junction potentials occurred out of phase with respect to coordinated calcium 428 

transients in enteric neurons (Figure 7; Movie 3). To study this further, single pulse electrical 429 

stimuli (70 V, 0.4 ms) were delivered transmurally to the colon. Electrical stimulation first 430 

evoked simultaneous calcium transients in numerous enteric neurons with a latency of 50 ± 12 431 

ms (range: 28 – 84 ms; time from stimulus to peak of calcium transient; See Figure 7-1). This 432 

was followed by onset of individual junction potentials in smooth muscle 218 ± 68 ms from the 433 

stimulus (range: 115 – 300 ms; n = 4). These data are consistent with the well-known latency 434 

between neural activation and junction potential onset of ~150 ms (Bennett et al., 1966; Niel et 435 

al., 1983; Spencer and Smith, 2004).  436 

 437 

Coordination of enteric neural activity underlying neurogenic contractions 438 

A coordinated pattern of neural activity among myenteric neurons appeared to emerge during 439 

neurogenic spike bursts. Figure 8 shows representative calcium recordings during synchronized 440 

and desynchronized periods. More neurons discharged calcium transients together during a 441 

synchronized period (Figure 9B) than during a desynchronized period (Figure 9A). Consistent 442 

with this, both cross correlogram and cross correlation measures were maximized close to a time 443 

lag of zero more often during synchronized periods than desynchronized periods (Figure 9Ci-444 

Div). Moreover, the value of cross correlation at time lag zero is greater during the synchronized 445 

period than a desynchronized period. These observations motivated three measures of pairwise 446 

coordination (described in Methods). The results of each measure are shown in Table 2 (n = 12). 447 

Cross correlogram and cross correlation analyses across all different neuronal imaging sites is 448 

summarized in Table 3. These data show that the degree of coordination of activity between 449 

pairs of myenteric neurons was higher during synchronized periods. Further, more myenteric 450 

neurons were active during coincident firing patterns (see Figure 9). To quantify this, the number 451 

of neuronal structures engaged in synchronous discharge of calcium transients was analyzed by 452 

unitary event analysis (measure 4, described in methods; (Spencer et al., 2016b)). In 13 of 15 453 

cases, more calcium transients occurred in a coincident firing pattern for the synchronized period 454 

than a desynchronized period in the same preparation (n = 12; Table 4; see also Table 4-1 for 455 

results using a range of coincidence firing tolerances). This means that myenteric neurons 456 

generated synchronized calcium transients more often during neurogenic spike bursts than in the 457 

intervals between them. Taken together, the results show there is increased temporal 458 

coordination between enteric neurons in different ganglia during neurogenic contractions. It was 459 
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clear that when synchronized neurogenic activity occurred in the myenteric plexus (Figure 9), 460 

this activity propagated along the colon. This was confirmed when neuronal imaging was made 461 

between two extracellular smooth muscle recording electrodes and clear propagation of neuronal 462 

activity along the myenteric plexus was detected (Figure 9-1). 463 

 464 

Smooth muscle electrical activity underlying propulsive neurogenic contractions 465 

Since we revealed a novel neuronal firing pattern in the ENS in flat sheet preparations of colon, 466 

we were interested to determine whether the same electrical phenomenon also occurred during 467 

the propulsion of natural content along intact tube preparations of colon. Smooth muscle 468 

electrical activity was recorded from 2 sites in the mid-distal colon (20 mm and 30 mm from 469 

terminal rectum) during propulsion of 31 pellets (27 synthetic and 4 natural fecal pellets, 7 470 

preparations, n = 7; Figure 10A - 10C). Propulsion of single fecal pellets past the electrodes was 471 

accompanied by regular action potentials at 2.0 ± 0.1 Hz for a mean duration of 25.8 ± 4.5 472 

seconds (n = 7) as the pellet passed the electrodes (see Movie 4). These characteristics are 473 

indistinguishable from the neurogenic spike bursts described in flat sheet colonic preparations 474 

(Hibberd et al., 2017a). In fact, the duration of the coordinated action potential spike burst did 475 

not differ between the moving pellet and the fixed sheet preparation of colon (Figure 10F). 476 

Figure 10A-D shows a representative example. The two fine dotted lines in Figure 10C show the 477 

location of the fecal pellet in the proximal colon, and the migration of the single pellet toward 478 

the two electrodes located at the red and blue arrows in Figure 10C. The ~2Hz bursts of muscle 479 

action potentials during propulsion of fecal pellets were abolished by hexamethonium (n = 5), 480 

suggesting that coordinated activity within the ENS was involved in coordinating the firing of 481 

bursts of smooth muscle action potentials at ~2 Hz. 482 

  483 
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Discussion 484 

The present study reports the emergence of rhythmic and synchronous activity across multiple 485 

subclasses of enteric neurons and across multiple rows of ganglia, during neurogenic 486 

contractions of the large intestine. This represents a major pattern of neuronal activity in the 487 

mammalian peripheral nervous system that has not previously been identified. The synchronized 488 

ENS activity involved simultaneous activation of large populations of excitatory and inhibitory 489 

neurons, as well as putative (CGRP+ve) intrinsic sensory neurons. Synchronized ENS activity 490 

occurred at ~2Hz during the generation of rhythmic depolarizations in smooth muscle, which 491 

also occurred at ~2Hz. It has not been demonstrated previously that (1) large populations of 492 

enteric neurons coordinate their firing in repetitive bursts and; (2) that electrical rhythmicity in 493 

smooth muscle can be generated by rhythmic firing in the ENS. The pattern of neuronal firing 494 

we have identified in this study directly underlies the generation of CMMCs (Balasuriya et al., 495 

2016; Spencer et al., 2016a; Hu and Spencer, 2018).  496 

 497 

Synchronization of activity in the nervous system is paramount for its normal functioning 498 

(Buzsaki, 2006). Spontaneous synchronization has been reported across large populations of 499 

neurons with frequencies ranging from 0.5 to 2 events min−1 occurring during early development 500 

in the cortex (Garaschuk et al., 2000) and large-scale oscillatory calcium waves in the immature 501 

cortex. Furthermore, giant synaptic potentials have been reported in the immature rat CA3 502 

hippocampal neurons (Ben-Ari et al., 1989) while in the mammalian retina, synchronous bursts 503 

of action potentials discharge in retinal ganglion cells (Meister et al., 1991) and mammalian 504 

hindbrain (Gust et al., 2003). There is also a well described development of synchronized 505 

activity in the spinal cord (O'Donovan et al., 1998). In the adult CNS, some nuclei crucial for 506 

ongoing survival retain a high degree of synchronized behavior; an example of which is in the 507 

generation of the respiratory cycle (Wittmeier et al., 2008). It is possible that the periods of 508 

synchronization and desynchronization in the ENS we revealed in this study represent a 509 

primordial property of the ENS, which can be considered as the primordial ‘brain’, since rational 510 

evidence has been presented that the ENS evolved before the CNS (Furness and Stebbing, 2017). 511 

 512 

Propagating neurogenic contractions are the predominant motor behavior of the murine large 513 

intestine. Myoelectric oscillations during this behavior at a frequency of ~2 Hz were reported as 514 

early as 1973 (Wood, 1973). The first intracellular electrophysiological recordings from circular 515 

muscle cells of full length preparations of mouse colon revealed repetitive cholinergic 516 

depolarizations at ~2 Hz during propagating neurogenic contractions (Bywater et al., 1989; 517 



P a g e  | 17 
 

 17 

Lyster et al., 1995; Spencer et al., 2005). It was hypothesized that synchronous and repetitive 518 

firing of myenteric neurons generated the rhythm and spatial coordination of inhibitory and 519 

excitatory junction potentials over distances greater than the projection lengths of motor neurons 520 

(Spencer et al., 2005; Hu and Spencer, 2018). However this was not certain since it is well known 521 

that cholinergic agonists alone can induce repetitive depolarizations in intestinal smooth muscle, 522 

when all nerve conduction is blocked (Bolton, 1971). Confirming the above hypothesis, the 523 

present study provides the first direct observation of coordinated enteric neural firing during 524 

neurogenic contractions.  525 

 526 

Blockade of cholinergic EJPs with atropine reveals repetitive IJPs alone at ~2Hz during 527 

neurogenic myoelectric activity (Spencer et al., 2005). Thus, it may not be surprising that 528 

nitrergic neurons in the myenteric plexus participate in ENS firing at 2Hz during the neurogenic 529 

motor pattern described here. This is consistent with the observation in the present study that 530 

NOS+ve and ChAT+ve neurons were simultaneously activated at ~2Hz. In this way, we suggest 531 

synchronized ENS firing causes pulsatile release of both excitatory and inhibitory 532 

neurotransmitter(s) simultaneously onto smooth muscle. This observation, combined with the 533 

large spatial field of ENS-coordinated myoelectric activity (~ 7 mm) means that there are regions 534 

of muscle whose excitatory and inhibitory inputs are activated simultaneously during neurogenic 535 

contractions. This may be expected to interfere with smooth muscle excitation. However, IJPs are 536 

reduced, or abolished, during the rising phase of neurogenic depolarisations by a process of 537 

disinhibition, which was shown to be caused by presynaptic inhibition of release of all inhibitory 538 

transmitters (both nitergic and non-nitrergic) (Spencer et al., 1998), ensuring dominance of 539 

muscle excitation. In addition, the co-activation of excitatory and inhibitory motor inputs by 540 

electrical stimuli results first in an EJP peak at around 150 ms, followed by an IJP peak around 541 

300-450 ms (Okasora et al., 1986). This is compatible with ~2 Hz ENS synchrony: co-activation 542 

of excitatory and inhibitory motor neurons may evoke an EJP-IJP smooth muscle membrane 543 

oscillation that is on the repolarization phase, in time for the subsequent cycle of neural input 544 

~500 ms later. 545 

 546 

The finding that the timing of repetitive smooth muscle depolarizations and muscle action 547 

potentials at ~2Hz is controlled by the coordinated firing rate of the ENS represents a vastly 548 

different mechanism from the well described myogenic slow wave oscillations in smooth muscle 549 

(Huizinga et al., 2014). Slow waves are generated by Interstitial Cells of Cajal (ICC) which are 550 

non-neuronal cells that do not require input from enteric nerves for their pacemaker activity 551 
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(Huizinga et al., 1995). In contrast to myogenic slow waves, whose frequency of depolarizations 552 

is determined by ICC, the frequency of rhythmic depolarizations in smooth muscle during 553 

neurogenic contractions mirrors the synchronized firing rate of the ENS. 554 

 555 

Unitary event analysis showed that during neurogenic contractions the different 556 

neurochemically- defined classes of myenteric neurons, including varicosities and internodal 557 

strands were activated at the same time and significantly more often. The abolition of ENS 558 

synchrony by hexamethonium suggests that bursts of fast nicotinic synaptic inputs within 559 

myenteric ganglia mediate coordinated firing of myenteric neurons at ~2Hz. 560 

Electrophysiological recordings of myenteric neurons in small segments of mouse colon have 561 

not identified single neurons that discharge action potentials at ~2 Hz spontaneously, or in 562 

response to imposed depolarization (Furukawa et al., 1986; Nurgali et al., 2004). Thus, whether 563 

this behavior represents an emergent property of the ENS that is not a property of individual 564 

enteric neurons, or whether a set of pacemaker neurons exists is not clear. 565 

 566 

Of particular interest was that in addition to simultaneous activation of NOS+ve inhibitory 567 

neurons and ChAT+ve excitatory motor neurons and interneurons at 2Hz, putative sensory 568 

neurons in the ENS (which contain CGRP in mouse colon (Furness et al., 2004)) were also 569 

activated at 2Hz  (Table 3). This is compatible with the possibility that CGRP+ve myenteric 570 

neurons receive fast synaptic input in murine distal colon (Hibberd et al., 2017b), as shown in 571 

some Dogiel Type 2 neurons of guinea pig myenteric plexus (Grafe et al., 1979). The specific 572 

roles of these putative sensory neurons and other classes of interneurons in the generation, pacing 573 

and termination of ENS synchrony is of significant interest. Indeed, computer modelling based 574 

on the firing of guinea pig enteric sensory neurons suggests that the ENS behaves as a feed 575 

forward network whereby “..random firing became progressively more synchronized between 576 

neurons, until the network as a whole was firing in a coordinated manner” (Thomas et al., 1999). 577 

 578 

An important observation of this study was that the propulsion of single fecal pellets along the 579 

colon generated smooth muscle action potential firing at ~2Hz. This suggests that regardless of 580 

whether the circumferential diameter of the colon is maintained at a fixed length (as in opened 581 

sheet preparations), or is free to change diameter as in intact tube preparations during the 582 

propulsion of content, the ENS still generates coordinated 2Hz firing leading to smooth muscle 583 

action potentials at 2Hz.  584 

 585 
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 586 

 587 

Conclusion 588 

Our findings demonstrate that within the peripheral nervous system, the ENS generates a 589 

rhythmic and synchronized firing pattern that causes pulsatile release of both excitatory and 590 

inhibitory neurotransmitter(s) simultaneously onto smooth muscle, over ascending excitatory 591 

and descending inhibitory spatial fields, respectively. The firing rate between bursts of smooth 592 

muscle action potentials is directly controlled by the coordinated firing of large populations of 593 

enteric neurons.  594 
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 728 
 729 
 730 

FIGURE LEGENDS 731 

Figure 1. 732 

Increased temporal coordination of smooth muscle action potentials during neurogenic spike 733 

bursts. A, diagrammatic representation of the full length colon preparation and dual extracellular 734 

recording electrodes separated by 1mm in the longitudinal axis. B, simultaneous extracellular 735 

recordings made from smooth muscle separated by 1mm in the longitudinal axis. The black 736 

dotted bar labelled 1 in panel B indicates a period during the intervals between spike bursts, 737 

where action potentials are not spatially and temporally correlated. The period indicated by the 738 
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bar labelled 2 during a contraction shows a higher level of coherence than during the period at 739 

bar 1. C, dynamic changes in coherence between and during neurogenic spike bursts. In 740 

nicardipine, muscle action potentials are blocked, but the coherence between bursts of junction 741 

potentials still dynamically increases and decreases. In hexamethonium, the dynamic changes in 742 

coherence during junction potentials are blocked. D1, D2 & D3, show expanded periods of the 743 

recordings indicated by the black bars 1, 2 & 3 in B. During neurogenic spike bursts (bar 2) 744 

action potentials become spatially and temporally coordinated at 2 Hz. In Figure 1-1 745 

hexamethonium is applied before nifedipine. This shows that nicotinic receptor activation in the 746 

myenteric plexus is essential for the spatial and temporal coordination of smooth muscle action 747 

potentials.  748 

 749 
Extended data 750 
Figure 1-1. 751 
Effects of hexamethonium on temporal and spatial coordination of smooth muscle action 752 

potentials recorded from two sites separated along the length of the colon by 1mm. A, 753 

diagrammatic representation of the recording preparation of isolated whole mouse colon, with 754 

two extracellular recording electrodes. B, shows a simultaneous recording from electrode 1 and 755 

2. C, during each neurogenic spike burst, the degree of coherence increases then decreases 756 

between spike bursts. As soon as hexamethonium is applied it immediately prevented the 757 

dynamic changes in coherence of muscle action potentials. Periods indicated by the black bars in 758 

panels A&B are shown on expanded scale in D1, D2 & D3, respectively. It can be seen in D1, 759 

between spike bursts, action potentials occur asynchronously, but become temporally and 760 

spatially coordinated in D2. However, in hexamethonium, the coherence is abolished and action 761 

potentials never occur with spatial and temporal synchronicity. 762 

 763 

Figure 2. 764 

Comparison of the mean coherence between electrodes at a frequency of ~2 Hz for the 765 

desynchronized and synchronized periods associated with the generation of neurogenic spike 766 

bursts. Mean coherence posteriors are summarized as 90% and 95% highest density intervals 767 

depicted with thick and thin lines respectively. A, plot shows the absolute coherence estimates, 768 

with changes from desynchronized to synchronized periods during neurogenic spike bursts, 769 

shown in the bottom subplot. There is a clear increase in coherence within the synchronized 770 

period compared to the desynchronized period of neurogenic contractions in both Krebs and 771 

Nicardipine. No difference between the two periods detected in the presence of Hexamethonium.  772 
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 773 

 774 

Figure 3: 775 

A The effect of drugs on myoelectric coherence over a distance of 1 mm. B The associated 90% 776 

and 95% intervals of the posterior distribution (depicted as thick and thin lines respectively) for 777 

the mean coherence in A. Myoelectric coherence in hexamethonium alone and in hexamethonium 778 

+ nicardipine was significantly reduced compared to Krebs solution or nicardipine alone. There 779 

was no significant difference between Krebs solution and nicardipine alone, nor between 780 

hexamethonium alone and hexamethonium + nicardipine. C The effect of drugs on the highest-781 

amplitude myoelectric frequency, and (D) the posterior distribution intervals. No significant 782 

differences in frequency occurred between any of the drug combinations. E Myoelectric 783 

coherence over space (longitudinal separation of electrodes). F The associated 90% and 95% 784 

intervals of the posterior distribution of the regression slope in (E). This demonstrates a 785 

significant inverse relationship between myoelectric coherence and longitudinal distance. In 786 

comparison, there was no change in the maximum-amplitude myoelectric frequency associated 787 

with distance along the gut (G and H).  788 

 789 

Figure 4. 790 

Simultaneous neuronal imaging with smooth muscle electrophysiology during propagating 791 

neurogenic spike bursts along the isolated whole mouse colon. A, shows a schematic of the 792 

location of the neuronal imaging and electrophysiological recordings. Two extracellular 793 

recording electrodes were positioned 15 mm apart along the length of colon. B, shows the full 794 

circumference of mouse colon and the location of the myenteric ganglia imaged relative to the 795 

position of electrode 2 (Calibration = 1mm). C, Fluo-4 in the live preparation showing the 796 

recorded neurons and internodal strands, (Calibration = 100μm). D, shows the neurochemical 797 

coding of the region shown in panel C. Numerous excitatory (ChAT+ve in red) and inhibitory 798 

(NOS+ve in green) neurons are shown in neighboring myenteric ganglia, Calibration = 100μm. 799 

E, shows periodic neurogenic contractions and propagating bursts of muscle action potentials 800 

recorded from electrode 1 and 2. Prior to and during the neurogenic contractions, neuronal 801 

imaging showed increased activity in internodal strands, ChAT+ve and NOS+ve neurons.  Figure 802 

4-1 shows that synchronized firing of ChAT+ve and NOS+ve neurons was also temporally 803 

coordinated with activation of motor nerve axons in the circular muscle and occurred in all 804 

detectable nerve cell bodies, independent of the soma size.  805 
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 806 

 807 

Extended data: 808 

Figure 4-1.  809 

Two distinct phases of neuronal activity (desynchronized & synchronized) murine colonic 810 

myenteric plexus. A, shows outlined regions from which individual calcium recordings were 811 

obtained. They include varicosities (22-27), large myenteric nerve cell bodies (9-14), 812 

intermediate and small nerve cell bodies (15-21), circular muscle motor fibres (28-29) and 813 

segments of circular muscle (30-31), Calibration bar = 100 μm. B, the left hand panel shows 814 

relatively desynchronized neuronal activity. However, within a few minutes of the recording of 815 

desynchronized activity, the right hand panel shows synchronized neuronal activity across small, 816 

intermediate and large sized nerve cell bodies, internodal strands, varicosities and circular 817 

muscle fibres. The discharge of temporally coordinated calcium transients occurred at a 818 

remarkably regular rate of ~2 Hz. Here, the circular smooth muscle was paralyzed with 819 

nicardipine (1μM). 820 

 821 

Figure 5.  822 

Correlation of electrical activity in smooth muscle (EMG) with neuronal imaging from internodal 823 

strands, varying over frequencies. The wavelet transform was calculated for calcium imaging of 824 

internodal strands (A) and the electrical activity recorded from the smooth muscle (B), for 40 825 

scales corresponding to frequencies from 0.5 to 8 Hz. Calcium signals generated in internodal 826 

strands were averaged into a single signal. We calculated the correlation of standardized global 827 

wavelet spectrum amplitudes over frequencies between the internodal strands and the electrical 828 

activity from the smooth muscle. C, the two spectra were correlated with a correlation coefficient 829 

of at least 0.98. Thus the frequencies of calcium transients from myenteric ganglia and the rates 830 

of depolarization in smooth muscle were highly correlated. The posterior density of the overall 831 

correlation (rho) is shown in the grey inset at the lower right C. D, example recording of a 832 

neurogenic contraction, showing mechanical activity, EMG (from electrode 2, closest to imaged 833 

ganglia), and the calcium-evoked fluorescence in internodal strands. Expanded EMG and calcium 834 

fluorescence traces corresponding to the underlined region in D are shown in E, where the 835 

imaging and electrode signals were manually aligned for presentation. Synchronized activation of 836 

large populations of myenteric ganglia was resistant to blockade of smooth muscle action 837 
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potentials (with nifedipine), as demonstrated in Figure 5-1, but was abolished by 838 

hexamethonium.  839 

 840 

 841 

 842 

Extended data: 843 

Figure 5-1 844 

Analysis of synchronized and desynchronized neuronal firing patterns in the myenteric plexus. 845 

Four blocks of data are shown, preparation 1 under (A) control and (B) nicardipine conditions, 846 

and preparation 2 under (C) control and (D) hexamethonium conditions. For each block, 847 

the absolute value of the voltage for each pair of electrodes was clipped between 0 and 50, and 848 

the pairs added to produce a single value of voltage for the pair. This was then smoothed so that 849 

neurogenic spike bursts were clearly visible by eye, with smoothing parameter maintained 850 

constant for all experiments, and the result is shown as a solid red curve. Further smoothing 851 

was performed, shown as dotted red curve, to obtain a threshold. Synchronized or 852 

desynchronized periods of neurogenic activity are identified as intervals of time where the solid 853 

red curve is above or below the threshold respectively, except in hexamethonium where we label 854 

both types of periods as desynchronized. Within each interval, the coherence (shown here as a 855 

smoothed black curve) is averaged to produce a single value of coherence. The values of 856 

coherences for each detected interval are shown in the side plots, with a line connecting the mean 857 

desynchronized and synchronized periods for that block. 858 

 859 

 860 

Figure 6. 861 

Two distinct periods of synchronized and desynchronized neuronal activity occurred in the 862 

myenteric plexus during propagating neurogenic contractions. A, the structures (dotted outlines) 863 

from which calcium recordings were taken. These include ChAT+ve nerve cell bodies 864 

(numbered 1-13), NOS+ve nerve cell bodies (14-22), myenteric varicosities (22-32), internodal 865 

strands (33-39) and sections of circular muscle (40-43). Recordings were made in the presence of 866 

nicardipine (1μM) to paralyze the smooth muscle. B, shows the neurochemical coding of the 867 

imaging region shown in panel A (Scale bar = 100μm). C, during the intervals between 868 

neurogenic contractions, there was weak temporal coordination of calcium transients from 869 

cholinergic and nitrergic neurons, myenteric varicosities and internodal strands (Scale bar =100 870 

μm). D, the period corresponding to the dashed bar in panel C. Relatively weak temporal 871 
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coordination between the neuronal structures occurred. E, activity from the same sources in A, 872 

but with temporal coordination between the different classes of nerve cell bodies, internodal 873 

strands and variocosities. F, expanded region of the recording period represented by the dotted 874 

line in panel E. Comparison of recordings E and F shows the changes in coordination of neuronal 875 

firing between desynchronized and synchronized states.  Of particular interest was the 876 

observation that during synchronized neuronal activity, CGRP+ve myenteric neurons also 877 

became temporally activated with all the ChAT+ve and NOS+ve neurons, as shown in Figure 6-878 

1.  879 

 880 

 881 

Extended data: 882 

Figure 6-1 883 

Involvement of large CGRP+ve myenteric neurons during desynchronized and synchronized 884 

periods. A, myenteric ganglia in live tissue loaded with Fluo-4. B, the same ganglia following 885 

immunolabelling for CGRP and NOS. Note the large CGRP+ve nerve cell body (1). C, calcium 886 

recordings during a desynchronized period from the nerve cell bodies and internodal strands 887 

numbered in A and B. D, calcium activity in the same neurons during a synchronized period.  888 

 889 

 890 

Figure 7. 891 

Simultaneous electrical recording from smooth muscle and calcium imaging from neurons 892 

during synchronized neuronal activity along the colon. A, Schematic diagram of the preparation 893 

used with a single extracellular recording electrode and closely apposed calcium imaging site on 894 

myenteric ganglia. B, upper micrograph shows the neuronal imaging region from myenteric 895 

plexus. The lower panel shows the neurochemical coding of the neurons shown in the upper 896 

panel. Calibration, 100 μm. C, neuronal activity from different neurochemical classes of neurons 897 

and the smooth muscle electrical activity during desynchronized activity. Imaging show relative 898 

inactivity from NOS+ve and ChAT+ve neurons and internodal strands from the locations 899 

outlined and numbered in panel B. The calcium and electrical recordings during this period 900 

shows the lack of synchronized neuronal activity and relatively quiescent smooth muscle 901 

electrical activity. D, activity in the same set of structures indicated in B and C. when discrete 902 

calcium transients are synchronized with each other. Recordings C and D were made in the 903 

presence of nicardipine (1 μM) and were taken ~90s apart. When electrical recordings were 904 
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made from the muscle, rhythmic depolarizations occurred in the smooth muscle at the same rate 905 

as calcium transients in the myenteric ganglia. The depolarizations were activated out of phase 906 

with respect to enteric neurons (see lowermost superimposed traces, panel D). To demonstrate 907 

the delay in temporal activation of smooth muscle following activation of enteric nerves, Figure 908 

7-1 shows the effects of single pulse transmural electrical stimulation. The delay between muscle 909 

activation of junction potentials and activation of calcium transients in enteric nerves is apparent.  910 

 911 

Extended data: 912 

Figure 7-1 913 

Time course of neuronal activation (calcium transients) and subsequent onset of smooth muscle 914 

junction potentials following single pulse electrical nerve stimulation in nicardipine (1μM). A, 915 

shows an imaging region and the neuronal (blue circles) and muscular sites (green circle) from 916 

which calcium recordings were taken. B, shows simultaneous neuronal imaging from myenteric 917 

ganglia and intracellular recording from smooth muscle circumferential to the imaged region. 918 

Soon after single pulse stimuli (70 V, 0.4 ms), the myenteric plexus is activated. An EJP/IJP 919 

complex, or pure IJP, was evoked after a 100 – 150 ms latency. Clearly, the activation of the 920 

junction potential is much slower than the neuronal activation of the myenteric plexus. 921 

 922 

 923 

Figure 8 924 

Distribution of neuronal calcium transient frequencies during and between neurogenic 925 

contractions. A, frequencies of calcium transients in all myenteric nerve cell bodies, internodal 926 

strands and varicosities in synchronized and desynchronized periods (n = 12). Ongoing calcium 927 

transients occurred in desynchronized periods.  B, frequencies of calcium transients in all 928 

myenteric nerve cell bodies in synchronized and desynchronized periods (n = 12). C, frequencies 929 

of calcium transients in neurochemically-characterized myenteric nerve cell bodies during 930 

synchronized periods. D, frequencies of calcium transients in neurochemically-characterized 931 

myenteric nerve cell bodies during desynchronized periods.  932 

 933 

Figure 9. 934 

An example of emergence of synchronized activation in the ENS. A & B, shows coincident 935 

activity patterns in recordings from different neuronal sources during desynchronized (A) and 936 

synchronized (B) periods. The calcium activities arising from four different types of neural 937 



P a g e  | 29 
 

 29 

structures are shown in A & B: cholinergic (ChAT+ve) nerve cell bodies, nitrergic (NOS+ve) 938 

nerve cell bodies, myenteric varicosities and internodal strands. Vertical lines denote detected 939 

calcium transients: black lines indicate transients that belong to a statistically significant pattern, 940 

red lines indicate transients that do not. In synchronized periods, significantly more neurons were 941 

involved in coincident firing patterns compared to desynchronized periods. The same records are 942 

present using a colorimetric scale below the traces. Every 3 lines of pixels represents one 943 

neuronal imaging site and these are shown in the same order as the traces above. Here, 944 

coincident calcium transients among imaged neurons create vertical white lines (indicating 945 

higher calcium-evoked fluorescence). The involvement of more neurons in coincident firing 946 

patterns in synchronized, compared to desynchronized period, results in the appearance of 947 

stronger, more complete white vertical lines. Ci, Ciii, Di & Diii show cross correlation plots 948 

where each line in Ci and Di show the cross correlation applied to every varicosity and 949 

ChAT+ve nerve cell body pair in plots A and B for the desynchronized and synchronized 950 

periods, respectively. Plots Ciii and Diii give an example of one cross correlation; two 951 

synchronized recordings will show a cross correlation maximized at a time lag close to zero. 952 

Here, the cross correlation for the synchronized period, but not the desynchronized period, was 953 

maximized at a time lag of zero. Plots Cii, Civ, Div, Div show the cross correlogram whereby 954 

each line in Cii and Dii show the cross correlogram function applied to every varicosity and 955 

ChAT+ve nerve cell body pair in plots A and B for the desynchronized and synchronized 956 

periods, respectively. Plots Ciii and Diii give an example of one cross correlogram; here also, 957 

two synchronized recordings will show a cross correlogram function to be maximized at a time 958 

lag close to zero. As with cross correlations, the cross correlogram function for the synchronized 959 

period, but not the desynchronized periods was maximized at a time lag of zero.  The increased 960 

cross-correlations and cross correlograms occurring during synchronized periods involve 961 

propagating neurogenic activity along the myenteric plexus. Figure 9-1 shows the propagation of 962 

synchronized neurogenic activity along the myenteric plexus that occurs between two smooth 963 

muscle recordings underlying the CMMC contraction.  964 

 965 

Extended data: 966 

Figure 9-1 967 

Aboral migration of a neurogenic contraction. A, extracellular recording electrodes were setup 968 

20mm apart, while calcium imaging made from myenteric ganglia between both extracellular 969 

electrodes. B, imaged segment in a live preparation showing the sites from which calcium 970 

recordings were taken. C, myoelectric and calcium activity, showing the occurrence of a 971 
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neurogenic spike burst first at the proximal electrode, followed by the onset of calcium transients 972 

in the myenteric ganglia and smooth muscle and then a neurogenic spike burst finally in the 973 

distal electrode. 974 

 975 

Figure 10. 976 

Electrical recordings from colonic smooth muscle during propulsion of fecal pellets in an 977 

isolated whole mouse colon. A, shows a schematic of the whole colon with natural colonic 978 

content. A video camera records colonic wall movements and two extracellular recording 979 

electrodes record smooth muscle action potentials as the fecal pellets propagate past the 980 

electrodes. B, shows a spatio-temporal map of fecal pellet propulsion. The red and blue arrows 981 

show the relative location of the electrodes when the pellet propagates past the recording site. C, 982 

shows a series of photomicrographs as single fecal pellets propagate past the two recording sites. 983 

The red and blue arrows show the location of electrical recording sites. D, shows the actual 984 

discharge of action potentials in the smooth muscle in red and blue that represent the activity in 985 

the muscle as the fecal pellet is propelled past the recording. Note, the action potentials discharge 986 

in rhythmic bursts at ~2 Hz. This can also be observed in extended data movie 4. E, shows the 987 

mean action potential firing rate in tubular intact preparations of whole colon versus in flat-sheet 988 

preparations of whole colon. F, shows the action potential burst duration in the smooth muscle as 989 

content is propelled along intact tube preparations of colon compared with flat-sheet 990 

preparations.  991 

 992 

TABLE 1. Average calcium discharge rates across various neurochemical classes of myenteric 993 

neurons, internodal strands and varicosities during neurogenic contractions (synchronized 994 

periods), between neurogenic contractions (desynchronized periods), and in hexamethonium.  995 

 996 

TABLE 2. The results of the cross correlogram and cross correlation analysis for each case 997 

study is given. The cross correlogram and cross correlation function was applied to every pair of 998 

sites; the number of pairs for each case study is given in column titled “#pairs”. The “# sync” 999 

and “# desync” columns show the number of pairs maximized at a time lag close to zero for the 1000 

synchronized and desynchronized periods respectively. The “% significant” columns show the 1001 

percentage of randomized subsets that are statistically significant with the permutation test. 1002 

 1003 
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TABLE 3. Results of the cross correlogram and cross correlation analysis, comparing pairwise 1004 

measures of synchrony in the synchronized and desynchronized periods. Synchrony was 1005 

measured between internodal strands, varicosities, and neurochemically-identified nerve cell 1006 

bodies. The “A” columns contain the percentage of all recorded structures such that the cross 1007 

correlogram is maximized close to a time lag of zero; the “B” columns contain the percentage of 1008 

all recorded structures such that the cross correlation function is maximized close to a time lag of 1009 

zero; the “C” column contain the average value of the cross correlation function at time lag zero 1010 

over all sites. Block diagonal entries contain the results when both recordings in a pair belong to 1011 

the same class (e.g. ChAT+ve versus ChAT+ve nerve cell bodies), the off-diagonals contain the 1012 

results when the two recordings come from different classes (e.g. ChAT+ve versus NOS+ve 1013 

nerve cell bodies). Note that ChAT/NOS and CGRP/NOS immunohistochemical combinations 1014 

were used. Thus, there was no data (ND) for comparison of ChAT+ve and CGRP+ve nerve cell 1015 

bodies. 1016 

 1017 

TABLE 4. Analysis of coincident firing patterns. For each example, the maximum number of 1018 

spikes in a coincident activity pattern was calculated. In 13 out of 15 case studies, the maximum 1019 

number of calcium transient peaks in a coincident pattern was greater during the synchronized 1020 

periods. See Table 4-1 for coincidental firing patterns that occur using different tolerances to 1021 

define coincident events.  1022 

 1023 

Extended data:  1024 

TABLE 4-1 1025 

This table contains the maximum number of neuronal imaging sites discharging calcium 1026 

transients coincidently using different tolerances to define coincident events (range: 43 – 129 1027 

ms). As expected, as tolerance increases, the maximum number of neuronal imaging sites 1028 

engaged in coincident firing patterns increased with increasing tolerance. However, the results 1029 

are the same across the range of tolerances. That is, more neuronal imaging sites are involved in 1030 

coincident firing patterns during synchronized, compared to desynchronized periods.  1031 

 1032 

 1033 

Movie 1. Simultaneous neuronal imaging with electrophysiology from colonic smooth 1034 

muscle during desynchronized neuronal activity. Simultaneous neuronal imaging and smooth 1035 

muscle electrophysiological recordings. Top left panel of shows the neurochemical coding of the 1036 
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neurons from which calcium imaging was made in the panel on the bottom left. The white circles 1037 

are regions from which calcium recordings were made. Calcium recordings were taken from 1038 

internodal strands, NOS+ve, ChAT+ve, and NOS-ve/ ChAT-ve nerve cell bodies. The smooth 1039 

muscle was paralyzed with nicardipine (1μM), so that junction potentials could be recorded at 1040 

the same time as neuronal imaging. Here, the right hand side shows simultaneous calcium and 1041 

smooth muscle electrical recordings in an interval between neurogenic contractions. This shows 1042 

a relative absence of coordinated neuronal activity and smooth muscle junction potentials. 1043 

 1044 

Movie 2. Simultaneous neuronal imaging with electrophysiology from colonic smooth 1045 

muscle during synchronized neuronal activity 1046 

Simultaneous neuronal imaging and smooth muscle electrophysiological recordings from the 1047 

same sources shown in Supplementary movie 1. Here, neural and smooth muscle activity was 1048 

captured during a neurogenic spike burst. Top left panel of shows the neurochemical coding of 1049 

the neurons from which calcium imaging was made in the panel on the bottom left. The white 1050 

circles regions indicate the structures from which imaging recordings were made. Calcium 1051 

recordings were taken from internodal strands, NOS+ve, ChAT+ve, and NOS-ve/ ChAT-ve 1052 

nerve cell bodies. In nicardipine (1μM), junction potentials were recorded during neuronal 1053 

imaging. Simultaneous calcium recordings from all indicated structures during a neurogenic 1054 

spike burst are shown on the right. Temporal coordination of calcium transients occurred 1055 

between internodal strands and all neurochemical classes of myenteric neurons. Excitatory 1056 

junction potentials in the smooth muscle occurred about 100ms after the coordinated neuronal 1057 

activation. 1058 

 1059 

Movie 3. Simultaneous neuronal imaging with electrophysiology from colonic smooth 1060 

muscle in the presence of hexamethonium. In the presence of hexamethonium, the coordinated 1061 

neuronal activity and synchronized calcium transients between ganglia (as shown in 1062 

supplementary movie 2) was abolished. Movie files 1-3 were all obtained from the same 1063 

locations and from the same preparation.  1064 

 1065 

Movie 4. Simultaneous electrophysiological recordings from colonic smooth muscle during 1066 

propulsion of fecal pellet along the mouse colon. Smooth muscle electrical activity recorded 1067 

during fecal pellet propulsion along the isolated mouse colon. Isolated whole colon is shown 1068 

from a video recording made above the colon. The fecal pellet inserted into the proximal colon 1069 



P a g e  | 33 
 

 33 

propagates anally. As the fecal pellet passes over the first electrode a discharge of compound 1070 

action potentials occurs in bursts at ~2 Hz. As the pellet passes over the second electrode a 1071 

similar burst of 2 Hz muscle action potentials occurs behind the fecal pellet causing contraction 1072 

of the muscle that underlies propulsion. 1073 

 1074 
 1075 
 1076 

 1077 

 1078 
 1079 
 1080 
 1081 
 1082 
 1083 
 1084 
 1085 
 1086 
 1087 
 1088 
 1089 
 1090 
 1091 
 1092 
 1093 
 1094 
TABLE 1 1095 
 1096 

Structure Neurochemistry Sync 
(Hz; mean ± SD) 

Desync 
(Hz; mean ± SD) 

Hexamethonium 
(Hz; mean ± SD) Count n 

Cell body CGRP+/NOS- 1.5 ± 0.5 1.0 ± 0.4 0.00 ± 0.00 10 5 
Cell body CGRP+/NOS+ 1.5 1.2 - 1 5 
Cell body CGRP-/NOS+ 1.6 ± 0.3 0.8 ± 0.4 0.01 ± 0.04 64 5 
Cell body CGRP-/NOS- 1.8 ± 0.4 0.8 ± 0.5 0.01 ± 0.04 104 5 
Cell body ChAT+/NOS- 1.8 ± 0.6 0.6 ± 0.5 0.00 ± 0.00 194 7 
Cell body ChAT+/NOS+ 0.7 1.2 0.00 1 7 
Cell body ChAT-/NOS+ 1.9 ± 0.3 0.8 ± 0.6 0.00 ± 0.00 136 7 
Cell body ChAT-/NOS- 1.9 ± 0.5 0.8 ± 0.6 0.00 ± 0.00 20 7 
Internodal 

strands 
Uncoded 1.9 ± 0.3 0.9 ± 0.5 0.01 ± 0.06 105 12 

Varicosities Uncoded 1.9 ± 0.4 1.0 ± 0.5 0.00 ± 0.02 84 12 
All  1.8 ± 0.4 0.8 ± 0.5 0.00 ± 0.03 719 12 

       
 1097 
 1098 
 1099 
 1100 
 1101 
 1102 
 1103 
 1104 
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 1105 
 1106 
 1107 
 1108 
 1109 
 1110 
 1111 
 1112 
 1113 
 1114 
 1115 
 1116 
 1117 
 1118 
 1119 
 1120 
 1121 
 1122 
 1123 
 1124 
 1125 
 1126 
 1127 
 1128 
 1129 
 1130 
 1131 
TABLE 2  1132 
 1133 

  Measure 1 Measure 2 Measure 3 
 #pairs # sync # desync % significant # sync # desync % significant % significant 

Recording 1 300 141 34 39.6 287 187 37.1 100.0 
Recording 2 1431 1273 569 100.0 1430 1329 1.1 100.0 
Recording 3 666 527 183 98.6 631 350 92.6 97.2 
Recording 4 496 371 82 96.4 381 295 10.0 48.8 
Recording 5 528 401 255 36.9 490 438 1.1 3.2 
Recording 6 1081 533 382 14.9 955 692 58.0 100.0 
Recording 7 703 412 129 80.8 636 460 39.1 100.0 
Recording 8 903 578 277 71.3 729 416 77.7 99.8 
Recording 9 1830 628 211 61.5 1082 325 98.2 88.0 
Recording 10 820 264 66 42.4 587 331 60.0 36.2 
Recording 11 990 104 55 2.2 695 129 99.9 100.0 
Recording 12 1431 267 119 13.7 1109 610 88.3 100.0 
Recording 13 903 467 131 83.9 847 690 24.9 99.2 
Recording 14 231 63 18 4.9 146 84 16.1 64.9 
Recording 15 1378 337 75 48.4 1080 1005 3.4 4.6 
n = 12 

 1134 
 1135 
 1136 
 1137 
 1138 
 1139 
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 1140 
 1141 
 1142 
 1143 
 1144 
 1145 
 1146 
 1147 
 1148 
 1149 
 1150 
 1151 
 1152 
 1153 
 1154 
 1155 
 1156 
 1157 
 1158 
 1159 
 1160 
 1161 
 1162 
 1163 
 1164 
 1165 
 1166 
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 1167 

 1168 
 1169 
 1170 
 1171 
 1172 
 1173 
 1174 
 1175 
 1176 
 1177 
 1178 
 1179 
 1180 
 1181 
 1182 
 1183 
 1184 
TABLE 4  1185 

 

TABLE 3 

 
Structure   Internodal 

strands Varicosities Myenteric nerve cell bodies 

 Neurochemical 
code 

 
Uncoded Uncoded NOS-ve/ 

ChAT-ve  CGRP+ve NOS+ve ChAT+ve  

   A B C A B C A B C A B C A B C A B C 

Internodal 
strands Uncoded 

Synch 85 99 0.8 77 98 0.7 56 87 0.6 85 96 0.7 49 88 0.5 51 85 0.5 

Desynch 56 94 0.7 39 85 0.5 27 69 0.4 38 90 0.5 18 61 0.4 16 56 0.3 

Varicosities Uncoded 
Synch    65 92 0.6 53 86 0.5 67 95 0.6 40 81 0.5 40 76 0.4 

Desynch    37 75 0.5 24 50 0.3 28 83 0.5 17 51 0.3 13 41 0.2 

Myenteric 
nerve cell 

bodies 

NOS-ve/ 
ChAT-ve 

Synch       54 84 0.5 64 86 0.6 35 73 0.4 22 60 0.3 

Desynch       18 50 0.3 27 67 0.4 13 45 0.3 7 25 0.1 

CGRP+ve 
Sync          42 58 0.5 49 91 0.5 ND ND ND 

Desynch          11 56 0.3 9 65 0.4 ND ND ND 

NOS+ve 
Synch             35 78 0.4 25 64 0.3 

Desynch             8 44 0.3 7 32 0.2 

ChAT+ve 
Synch                34 69 0.3 

Desynch                10 34 0.2 
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 1186 
 Number of coincident calcium 

transients 
 Synchronized Desynchronized 
Recording 1 68 40 
Recording 2 92 59 
Recording 3 81 59 
Recording 4 91 56 
Recording 5 88 70 
Recording 6 57 70 
Recording 7 74 47 
Recording 8 79 61 
Recording 9 59 30 
Recording 10 61 41 
Recording 11 40 22 
Recording 12 31 32 
Recording 13 67 49 
Recording 14 64 36 
Recording 15 36 23 

 1187 
 1188 
 1189 
 1190 
 1191 
 1192 
 1193 
 1194 
 1195 
 1196 
 1197 
 1198 
 1199 
 1200 






























