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ABSTRACT 42 

Enteric viscerofugal neurons provide a pathway by which the enteric nervous system (ENS), otherwise 43 

confined to the gut wall, can activate sympathetic neurons in prevertebral ganglia. Firing transmitted 44 

through these pathways is currently considered fundamentally mechanosensory. The mouse colon 45 

generates a cyclical pattern of neurogenic contractile activity, called the colonic motor complex. 46 

Motor complexes involve a highly coordinated firing pattern in myenteric neurons with a frequency of 47 

~2Hz. However, it remains unknown how viscerofugal neurons are activated and communicate with 48 

the sympathetic nervous system during this naturally-occurring motor pattern. Here, viscerofugal 49 

neurons were recorded extracellularly from rectal nerve trunks in isolated tube and flat-sheet 50 

preparations of mouse colon held at fixed circumferential length. In freshly dissected preparations, 51 

motor complexes were associated with viscerofugal firing at 2Hz that aligned with 2Hz smooth muscle 52 

voltage oscillations. This behavior persisted during muscle paralysis with nicardipine. Identical 53 

recordings were made after 4-5 days organotypic culture during which extrinsic nerves degenerated, 54 

confirming that recordings were from viscerofugal neurons. Single unit analysis revealed the burst 55 

firing pattern emerging from assemblies of viscerofugal neurons differed from individual neurons, 56 

which typically made partial contributions, highlighting the importance and extent of ENS-mediated 57 

synchronization. Finally, sympathetic neuron firing was recorded from the central nerve trunks 58 

emerging from the inferior mesenteric ganglion. Increased sympathetic neuron firing accompanied all 59 

motor complexes with a 2Hz burst pattern similar to viscerofugal neurons. These data provide 60 

evidence for a novel mechanism of sympathetic reflex activation derived from synchronized firing 61 

output generated by the ENS.  62 
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SIGNIFICANCE STATEMENT 63 

Significant interest exists in how the gut can control other body systems. Enteric viscerofugal neurons 64 

uniquely project axons out the gut wall forming circuits with prevertebral sympathetic neurons. Long 65 

considered principally transmitting mechanosensory information, a new mechanism is demonstrated 66 

here whereby a synchronized ENS-generated firing pattern underlying natural gut motor behaviour is 67 

also relayed through populations of viscerofugal neurons. Remarkably, this caused parallel firing in 68 

sympathetic neurons in the pattern generated by the ENS. This did not require dynamic mechanical 69 

activity. The identification of this mechanism revises the current concept of sympathetic reflexes being 70 

simply distension reflexes.  71 
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The nature of direct communications between the enteric nervous system (ENS; located within the gut 72 

wall) and the sympathetic nervous system (that lie outside the gut wall) which control gastrointestinal 73 

motility and other homeostatic processes remains enigmatic. Anatomical and functional evidence of 74 

entirely peripheral reflex pathways involving enteric viscerofugal neurons and sympathetic 75 

prevertebral neurons abounds (Szurszewski and King, 1989, Szurszewski and Miller, 1994, Szurszewski 76 

et al., 2002, Szurszewski and Linden, 2012). These circuits are formed by enteric viscerofugal neurons 77 

whose nerve cell bodies are located in the gut wall and axons project out through extrinsic nerve 78 

trunks (Szurszewski and Miller, 1994). Viscerofugal synaptic inputs are received by postganglionic 79 

sympathetic neurons (Crowcroft et al., 1971). The axons of sympathetic neurons in turn project back 80 

into the gut wall (Costa and Furness, 1984, Messenger et al., 1994, Olsson et al., 2006).  81 

Intracellular recordings from sympathetic neurons demonstrated that viscerofugal neurons are 82 

activated by gut distension (Crowcroft et al., 1971, Szurszewski and Weems, 1976), with preferential 83 

activation by increased gut volume (circumferential length) rather than pressure (gut wall tension; 84 

(Anthony and Kreulen, 1990, Miller and Szurszewski, 2002). Some of this volume sensitivity arises from 85 

direct mechanotransduction by viscerofugal neurons (Bywater, 1993, Parkman et al., 1993, Stebbing 86 

and Bornstein, 1993, Miller and Szurszewski, 1997), and has been described in detail (Hibberd et al., 87 

2012b, Palmer et al., 2016). However, most activation of viscerofugal neurons is indirect via synaptic 88 

inputs from other enteric neurons (Miller and Szurszewski, 1997, 2002). Previous studies have 89 

demonstrated that viscerofugal neurons receive synaptic inputs from both ascending and descending 90 

pathways in the myenteric plexus but how these relate to motor activity is not clear.  91 

The isolated whole mouse colon provides a unique model for studies of one particular pattern of gut 92 

motility. It displays a cyclical pattern of contractile activity that propagates along the colon and is 93 

highly dependent upon activity in the ENS (Spencer et al., 2018). This pattern of activity is called the 94 

colonic motor complex (CMC), which comprises a period of organized and widespread enteric neuron 95 

activation, whereby many tens of thousands of enteric neurons are synaptically activated at the same 96 
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time in a rhythmic firing pattern at ~2Hz. This behavior emerges from an ongoing periodic excitation 97 

of enteric neural circuits, which can be initiated by maintained distension (Barnes et al., 2014). The 98 

observation that the neural firing pattern underlying the CMC involved the participation of most 99 

myenteric neurons (Spencer et al., 2018) raises the possibility that viscerofugal neurons are also 100 

activated during this pattern.  101 

The aims of this study were to determine the firing properties of viscerofugal neurons during naturally 102 

occurring CMCs and whether dynamic changes in gut wall circumference of muscle contraction were 103 

required for their activation. We also tested whether postganglionic sympathetic neurons are 104 

activated during the CMCs. This study suggests that assemblies of viscerofugal neurons relay with high 105 

fidelity the patterned neural activity from the ENS to the sympathetic nervous system. We present 106 

evidence that firing of multiple viscerofugal neurons are synchronized by underlying 2Hz discharge 107 

pattern of the ENS during CMCs, leading to a similar pattern of discharge in sympathetic neurons. 108 

Furthermore, this activation occurs independent of dynamic changes in intracolonic volume (filling), 109 

muscle contraction, or the expulsion of fluid along the colon suggesting that it is driven by active 110 

enteric motor circuits.  111 
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Methods 112 

Mice of either sex (C57BL/6; 6 - 12 weeks old) were sacrificed by isoflurane overdose followed by 113 

exsanguination (ethics no. 467/17). Following a midline laparotomy, the entire large intestine from 114 

caecum to terminal rectum was removed along with the pelvic plexuses and in some preparations, the 115 

inferior mesenteric ganglion. Tissue was immediately placed in a Sylgard-lined glass petri dish filled 116 

with warmed (32-36°) Krebs solution (in mM: 118 NaCl, 4.7 KCl, 1.0 NaH2PO4, 25 NaHCO3, 1.2 MgCl2, 117 

11 D-glucose, and 2.5 CaCl2; gassed with 95% O2-5% CO2). The caecum was removed, and the colon 118 

was cleared of content by a combination of spontaneous emptying and flushing with Krebs solution. 119 

Preparations were further dissected depending on the experiment. 120 

 121 

Electrophysiological recordings of viscerofugal neuron axons during the motor complex 122 

The firing behaviour of viscerofugal neurons was recorded during CMCs in three types of preparation: 123 

1) organ cultured flat-sheet preparations of colon, 2) fresh flat-sheet preparations of colon, and 3) 124 

fresh intact tubular preparations of colon. In both organ-cultured and fresh flat-sheet preparations, 125 

the full -length colon was cut along the anti-mesenteric border to create a flat-sheet. No longitudinal 126 

cuts were made in intact tube preparations. In all preparations, several (2-6) rectal nerve trunks on 127 

either side of the gut were isolated from surrounding connective tissue. Preparations were transferred 128 

to an organ bath for electrophysiological recordings. Fresh preparations were transferred 129 

immediately, while organ cultured preparations were maintained in culture media for 4 days (see 130 

below) prior to transfer. Flat-sheet preparations were placed in a 20 mL organ bath, and uniformly 131 

stretched to a circumferential length of ~5 – 7 mm with serosa uppermost by entomological pins. 132 

Tube preparations were placed in a 40 mL organ bath with an incompressible stainless steel rod of 2.2 133 

mm diameter (~ 6.9 mm circumference) inside the lumen. For comparison, 6 – 8 week old C57BL/6 134 

mice had natural pellet diameters ranging 1.46 – 3.02 mm (mean 2.01 ± 0.21 mm; Hibberd et al., 135 

2018b). 136 
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In all preparations, rectal nerve trunks were pinned to the base of the organ bath by small tungsten 137 

pins (25-50 μm diameter) and isolated in paraffin oil. Organ baths were located on a heated base and 138 

maintained at a temperature of 35-36°C inside a Faraday cage. Preparations were constantly 139 

superfused with oxygenated Krebs solution at a rate of ~ 3.5 mL/min. Action potentials were recorded 140 

from up to 3 rectal nerve trunks simultaneously by separate platinum electrodes. Neurogenic spike 141 

bursts, were recorded from smooth muscle by an extracellular suction electrode (Hibberd et al., 2017) 142 

applied to the serosal layer 20 - 25 mm from the terminal rectum. These events comprise the 143 

electrical activity in smooth muscle underlying CMCs (Hibberd et al., 2017, Hibberd et al., 2018a, 144 

Spencer et al., 2018) and for simplicity are referred to here as CMCs. Silver chloride pellets located in 145 

the Krebs solution were used for reference electrodes to both nerve and muscle electrophysiological 146 

recordings. Nerve recording signals were amplified (ISO80; WPI, Sarasota, FL, USA) and digitized at 20 147 

kHz (PowerLab 16/35, LabChart 8, ADInstruments, Castle Hill, NSW, Australia). Muscle recording 148 

signals were amplified (DAM-50; WPI, Sarasota, FL, USA) and digitized at 1 kHz. 149 

 150 

Electrophysiological recordings of sympathetic efferent axons during the motor complex 151 

The firing behavior of postganglionic sympathetic efferent neurons was recorded in fresh intact tube 152 

preparations that contained both the pelvic plexuses connected to the inferior mesenteric ganglion. 153 

These preparations were set up as described for tube preparation above. However, nerve recordings 154 

were made from the central cut endings of lumbar colonic nerve trunks close to the ganglion and thus 155 

reflect firing in sympathetic post-ganglionic axons (Figure 1).   156 
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Organotypic culture 157 

Organ cultured preparations were maintained in sterile culture medium [Dulbecco’s modified 158 

Eagle’s/Ham’s F12, Sigma (1:1 ratio mix, supplemented with L-glutamine and 15 mmol L-1 hydroxyethyl 159 

piperazineethanesulfonic acid (HEPES))]; including 10% fetal bovine serum, 1.8 mmol L-1 CaCl2, 100 IU 160 

mL-1 penicillin, 100 μg mL-1 streptomycin D, 2.5 μg mL-1 amphotericin B, 20 μg mL-1 gentamycin, 161 

Cytosystems, Castle Hill, Australia] and slowly agitated for 4–5 days in a humidified incubator (36°C, 162 

5% CO2 in air). To prevent strong contractions from tearing the tissue during incubation, culture 163 

medium contained 1 μM hyoscine (hydrobromide; S0929, Sigma) and 1 μM nicardipine 164 

(hydrochloride; N7510, Sigma). Culture medium was replaced every 24 h. This procedure allowed 165 

degeneration of both spinal afferent neuron axon and autonomic efferent neuron axons in the guinea 166 

pig colon, while viscerofugal neurons persisted (Hibberd et al., 2012a). 167 

 168 

Biotinamide tracing 169 

A bubble of biotinamide solution (5% biotinamide (N-[2-aminoethyl] biotinamide hydrobromide), 170 

dissolved in artificial intracellular solution (150 mmol/L monopotassium L-glutamic acid, 7 mmol/L 171 

MgCl2, 5 mmol/L glucose, 1 mmol/L ethylene glycolbis(b-aminoethyl ether)-N,N,N=,N=-tetraacetic 172 

acid, 20 mmol/L Hepes buffer, 5 mmol/L disodium adenosine triphosphate, 0.02% saponin, 1% 173 

dimethyl sulfoxide, 100 IU/mL penicillin, 100 μg/mL streptomycin, and 20 μg/mL gentamycin sulphate) 174 

was placed on a dissected nerve trunk and normal Krebs solution in the main chamber was replaced 175 

with sterile culture medium (described above). Preparations were incubated overnight (36 °C, 5% CO2 176 

in air). The preparations were fixed overnight in paraformaldehyde (4% in 0.1 M phosphate buffer, pH 177 

7.0). Preparations were cleared using 0.5% Triton-X100 in 0.1 M phosphate buffered saline (PBS; 0.15 178 

M NaCl, pH 7.2; 3 x 10 min washes and then washed in PBS (3 x 10 min washes) followed by 179 

incubation for 3 h in 3-1-O-(2-cyanoethyl)-(N,Ndiisopropyl) indo-carbocyanine (CY3)-conjugated 180 

streptavidin. Preparations were then washed with PBS (3 x 10 min) and equilibrated in a series of 181 
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carbonate-buffered glycerol solutions (50%, 70% and 100% solutions; 3 x 10 min) before mounting on 182 

glass slides in buffered glycerol (pH 8.6). Confocal images were captured using a Zeiss LSM880 183 

confocal microscope with a 20x objective lens. Z-stacks were scanned at 1.25 μm steps through the 184 

full thickness of preparations. The z-stacks were processed to obtain maximum intensity projections 185 

using ImageJ (v1.52a; National Institutes of Health, USA). 186 

 187 

Immunohistochemistry 188 

Following biotinamide tracing, a subset of control and organ-cultured preparations were additionally 189 

assessed for immunoreactivity for calcitonin gene-related peptide (CGRP), expressed in the majority of 190 

colorectal spinal afferent neurons (Robinson et al., 2004, Christianson et al., 2006), and tyrosine 191 

hydroxylase (TH), a marker of sympathetic neurons (Jobling and Gibbins, 1999, Kaestner et al., 2019). 192 

Preparations were incubated with primary antisera for CGRP (rabbit; Peninsula; IHC 6006; RRID: 193 

AB_2314156; 1:2000 dilution) and TH (chicken; Abcam; AB76442; RRID: AB_1524535; 1:200 dilution) 194 

for 48 hours at room temperature, followed by PBS washing (3 x 10 min) and 4 hours incubation in 195 

secondary antisera (Alexa Fluor 488; Donkey anti-rabbit; Thermo Fisher; A21206; RRID: AB_2535792; 196 

1:1000 dilution; and Alexa Fluor 647 Donkey anti-chicken; Jackson ImmunoResearch; 703-605-155; 197 

RRID: AB_2340379; 1:1000 dilution). Preparations were then washed in PBS and equilibrated in 198 

carbonate/bicarbonate-buffered glycerol solutions for mounting on glass slides, as described above. 199 

Confocal images were captured using a Zeiss LSM880 confocal microscope with a 20x objective lens 200 

using identical settings for both control and cultured preparations. Z-stacks were scanned at 1 μm 201 

steps through the full thickness of preparations. The z-stacks were processed to obtain maximum 202 

intensity projections using ImageJ. 203 

 204 

Experimental design and statistical analysis 205 
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Simultaneous smooth muscle and nerve recordings were allowed at least 60 minutes for control 206 

recordings before addition of drugs. All instances of CMCs were included for analysis of smooth 207 

muscle and nerve firing rates (analysed using LabChart 8; ADInstruments). For analysis of nerve firing, 208 

single units were discriminated by spike amplitude, duration and interspike interval using LabChart 8 209 

Spike Histogram software (ADInstruments). The entire duration of CMCs, and 120s pre- and post-CMC 210 

were sampled to determine firing rates. To analyse single unit contributions to burst firing sequences, 211 

all detectable bursts of firing within all instances of CMCs were individually selected and included for 212 

analysis. Action potentials and electrical oscillations in smooth muscle recordings were discriminated 213 

to determine average firing rates using manually set thresholds and median filtering using LabChart 8 214 

(ADInstruments). To analyse the relationship between sequences of burst firing in rectal nerves and 215 

CMCs, the timepoint of each burst firing sequence was recorded while blinded to CMC recordings. 216 

Their latency to the nearest CMC was compared to those of 100 randomly generated times within the 217 

recording period for each preparation. Statistical analysis was performed on preparation averages by 218 

ANOVA (one-way with repeated measures), or Student’s two-tailed t-test for paired or unpaired data 219 

using Prism 8 (GraphPad Software, Inc, La Jolla, CA, USA). Degree of statistical significance was given as 220 

P values. However, where comparisons are made, we have provided Gardner-Altman estimation plots 221 

to focus on effect sizes and confidence intervals (Figure 5; Gardner and Altman, 1986, Ho et al., 2019). 222 

The estimation plots employ a secondary axis showing the size differences between groups as a mean 223 

and 95% confidence interval. For paired comparisons, this is the within-group difference. All data are 224 

presented as mean ± SEM unless otherwise stated. Lower case “n” always indicates the number of 225 

animals. 226 

 227 

Drugs 228 

Stock solutions of drugs were made as follows: 10-1M hexamethonium chloride in water (H2138; 229 

Sigma); 10-2M nicardipine hydrochloride in water (Sigma; N7510); 10-2M N-Vanillylnonanamide 230 
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(synthetic capsaicin) in ethanol (V9130, Sigma); 10-1M 1,1-dimethyl-4-phenylpiperazinium iodide 231 

(DMPP) in water (D5891, Sigma). Drugs were kept refrigerated and diluted to working concentrations 232 

in Krebs solution, shortly before use.  233 
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Results 234 

Viscerofugal neurons recorded in fresh preparations 235 

Evidence suggests that viscerofugal neurons relay mechanosensory afferent information from the gut 236 

to sympathetic neurons such as gut distension (Crowcroft et al., 1971, Bywater, 1993, Stebbing and 237 

Bornstein, 1993). In this series of experiments, simultaneous rectal nerve and smooth muscle 238 

recordings were performed in 8 fresh colon preparations under isometric conditions. Fresh flat-sheet 239 

(n = 4) and intact tube (n = 4) preparations behaved similarly and are therefore presented here 240 

together. Ongoing CMCs were detected in all preparations from EMG recordings (Figure 2A) under 241 

control conditions. They also persisted during smooth muscle paralysis using the L-type calcium 242 

channel antagonist, nicardipine (3 μM; 6/6 preparations tested). CMCs had an average frequency of 243 

0.35 ± 0.06 cpm (n = 8). Within CMCs, smooth muscle electrical activity was characterized by rhythmic 244 

voltage oscillations with or without action potentials at a mean frequency of 1.8 ± 0.1 Hz, for a 245 

duration of 33.8 ± 4.9 s (n = 8; see Figure 2B-C). 246 

 247 

All preparations had detectable ongoing action potential firing in rectal nerves, which was recorded 248 

during 266 individual CMCs (n = 8; Figure 2A). Sequences of burst firing in the rectal nerves were 249 

readily observed during 134 of the 266 CMCs (54 ± 14% per preparation, on average; Figure 2B). Burst 250 

firing had an average frequency of 1.9 ± 0.03 Hz (inter-burst interval 518 ± 18 ms) and typically aligned 251 

with muscle voltage oscillations during the CMC (Figure 2C). Burst firing was significantly associated 252 

with CMCs; bursts occurred 13 ± 6 s (n = 8) from a CMC, compared to 122 ± 13 s for randomly 253 

generated times in the same period (P = 0.013, paired samples t-test, n = 8). The proportions of CMCs 254 

associated with burst firing was not significantly different between control conditions (53 ± 14%) or 255 

nicardipine (3 μM; 63 ± 17%, P = 0.584, independent samples t-test, n = 8). The persistence of burst 256 

firing in nicardipine suggests the burst firing activity accompanies CMCs and this relationship does not 257 

require muscle contractility. A bolus of capsaicin (1 μM) always evoked a barrage of action potentials 258 
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in rectal nerves lasting several minutes but did not abolish CMCs or the associated burst firing in rectal 259 

nerves (n = 8; Figure 3). At the end of experiments, burst firing and CMCs were always abolished by 260 

hexamethonium (400 μM bath concentration, 7/7 preparations tested; Figure 3). In a single 261 

preparation, hexamethonium was washed out, allowing CMCs and burst firing to return. These data 262 

suggest the burst firing activity in rectal nerves is either dependent upon nicotinic input, CMCs, or 263 

both. 264 

 265 

Viscerofugal neurons recorded after organ culture 266 

We sought to test whether axon firing recorded in rectal nerves originated from enteric viscerofugal 267 

neurons or extrinsic afferents whose cell bodies are located outside the gut wall (primarily in dorsal 268 

root ganglia). To test this, we cultured isolated whole mouse colons for 4 days, which causes 269 

degeneration of extrinsic axons and preserves enteric neurons and their axons (Hibberd et al., 2012a) 270 

(n = 6). CMCs occurred in all organ cultured preparations (n = 6). In 2 preparations CMCs occurred 271 

“spontaneously” and in all preparations they could be evoked by focal application of DMPP (5 μL of 10-272 

4M) onto the colorectum by hand pipette. CMCs consisted of voltage oscillations with an average 273 

frequency of 2.1 ± 0.2 Hz and a mean duration of 22.5 ± 3.4 s (n = 6; Figure 4). These values were 274 

similar to CMCs in fresh preparations (P = 0.200 and 0.069, respectively, independent samples t-test; 275 

Figure 5C and 5D, respectively). 276 

 277 

All preparations had ongoing action potential firing in rectal nerves (n = 6). Similar to fresh 278 

preparations, CMCs were accompanied by coordinated bursts of firing in rectal nerve trunks. Bursts of 279 

firing had a similar frequency as muscle voltage oscillations (2.4 ± 0.3 Hz, n = 6; Figure 4). Individual 280 

bursts had an average duration of 160 ± 16 ms (1676 individual bursts, 31 CMCs, n = 6; Figure 5). 281 

Single units were more readily discriminated in rectal nerve recordings of organ cultured preparations, 282 

possibly due to a decreased interference from spinal afferent action potentials. In total 41 single units 283 
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were discriminated (11 nerves, n = 6). Of these, 29 units showed bursts of firing accompanying CMCs. 284 

Their average firing rate was significantly increased during CMCs (2.6 ± 0.5 Hz, 33 CMCs, 29 units, n = 285 

6), compared to their firing rates before and after CMCs (0.3 ± 0.1 and 0.4 ± 0.2 Hz, respectively, P = 286 

0.003 and 0.003, compared to firing rates during CMCs, one way repeated measures ANOVA, Tukey 287 

post test, n = 6; Figure 5E). Single units varied widely in their contributions to burst firing. Some single 288 

units contributed a single action potential to a minority of individual bursts. Other units contributed 289 

multiple action potentials to the majority of bursts. Overall, the average contribution from a single unit 290 

was 1.1 ± 0.2 action potentials per burst of firing (range: 0 - 12 action potentials per burst; 29 units, 291 

1676 bursts, n = 6). The distribution of these data is shown in Figure 5. The remaining 12/41 units did 292 

not contribute to the burst firing associated with CMCs. Their firing rate during CMCs (0.7 ± 0.2 Hz) 293 

was similar to their firing rates before or after CMCs (0.8 ± 0.3 and 0.6 ± 0.2 Hz, respectively, P = 294 

0.285, one way repeated measures ANOVA, n = 6; Figure 5F). 295 

 296 

Burst firing never occurred in the presence of hexamethonium (400 μM; n = 6). However, it should be 297 

noted that hexamethonium also blocked CMCs. Hexamethonium caused a non-significant reduction in 298 

average firing rate across all units (0.4 ± 0.1 vs 0.2 ± 0.1 Hz in control and hexamethonium, 299 

respectively, P = 0.088, paired t-test, 41 units, n = 6). The effect of hexamethonium on single unit firing 300 

rate was significant among those which contributed to burst firing (0.3 ± 0.1 vs 0.03 ± 0.01, control vs 301 

hexamethonium, respectively, P = 0.012, paired t-test, 29 units, n = 6), but not in those which did not 302 

contribute to burst firing (0.4 ± 0.1 vs 0.5 ± 0.1 Hz, control vs hexamethonium, respectively, P = 0.347, 303 

paired t-test, 12 units, n = 6; Figure 5G). Consistent with the degeneration of functional spinal afferent 304 

axons , firing rates were not significantly affected by capsaicin (1 μM; 0.2 ± 0.1 vs 0.1 ± 0.1 Hz, control 305 

versus capsaicin, respectively, P = 0.193, paired t-test, 41 units, n = 6), and there was no differential 306 

effect of capsaicin based on contribution to burst firing behavior. Taken together, these data are 307 
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compatible with enteric viscerofugal neurons being responsible for the burst firing behavior associated 308 

with CMCs that was detected in rectal nerve trunks. 309 

 310 

Rapid neuroanatomical tracing with biotinamide was performed in both organ cultured (n = 5) and 311 

fresh preparations (n = 4). Biotinamide-labelled nerve cell bodies of viscerofugal neurons were 312 

identified in all preparations (Figure 6, n = 9). However, cultured preparations showed a large 313 

reduction in labelled axons compared to fresh preparations, particularly fine varicose fibres 314 

characteristic of spinal afferent and sympathetic efferent neurons. Further confirmation was provided 315 

by immunohistochemical labelling of CGRP and TH in control (n = 3) and organ cultured (n = 3) 316 

preparations (Figure 7). Compared to control preparations, CGRP and TH immunoreactivity was 317 

markedly reduced. As shown previously (Sharrad et al., 2015), relatively weak CGRP labelling of 318 

varicosities persisted after organ culture, consistent with a population of CGRP-immunoreactive 319 

intrinsic enteric neurons (Furness et al., 2004, Smolilo et al., 2020). Intensely CGRP-320 

immunofluorescent axons that are characteristic of the population of TRPV1-immunoreactive extrinsic 321 

afferents (Sharrad et al., 2015) were absent after organ culture. Virtually no TH immunoreactivity 322 

persisted after organ culture, consistent with ablation of sympathetic efferent axons. In addition, 323 

neither CGRP, nor TH co-labelled with biotinamide labelled axons of the recorded nerve trunks after 324 

organ culture (n = 3). These data indicate spinal afferent and sympathetic efferent neurons whose 325 

axons lacked nerve cell bodies degenerated in organ cultured preparations while viscerofugal neurons 326 

whose axons remained attached to nerve cell bodies survived (Hibberd et al., 2012a). This is consistent 327 

with the lack of capsaicin-evoked firing in organ cultured preparations, and the origin of firing 328 

recorded from rectal nerves in organ cultured preparations being viscerofugal neurons. 329 

 330 

Sympathetic efferent firing during the motor complex 331 
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Viscerofugal neurons provide fast nicotinic synaptic inputs to prevertebral sympathetic neurons 332 

(Szurszewski and King, 1989). To study whether viscerofugal inputs can independently drive 333 

postganglionic sympathetic neuron firing in the absence of preganglionic input, ex vivo preparations of 334 

whole colon were setup with intact connections to the decentralized inferior mesenteric ganglion 335 

(Figure 1B). Nerve firing was recorded from the central (efferent) side of cut lumbar colonic nerve 336 

trunks, close to the mesenteric ganglion, presumed to represent activity of the postganglionic 337 

sympathetic neurons to the colon, with a simultaneous extracellular smooth muscle recording to 338 

detect CMCs (18 single units, 6 nerve trunks, n = 4; Figure 1B). Ongoing “spontaneous” CMCs were 339 

detected in all preparations with an average frequency of 0.22 ± 0.07 cpm, featuring voltage 340 

oscillations and action potentials (2.18 ± 0.13 Hz, 23.7 ± 3.6 s duration). A large discharge of 341 

sympathetic firing in lumbar colonic nerves occurred during each CMC and was typically followed by a 342 

modest reduction of firing after CMCs (Figure 8). The average single unit firing rate prior to CMCs was 343 

0.7 ± 0.4 Hz, 1.6 ± 0.8 Hz during the CMC, and 0.5 ± 0.3 Hz immediately after CMCs (P = 0.023, one 344 

way repeated measures ANOVA, n = 4). Sympathetic neuron firing during the CMC was organized into 345 

sequences of synchronized bursts with a mean frequency of 2.22 ± 0.08 Hz, similar to activity shown 346 

by viscerofugal neurons. Indeed, simultaneous recording of colonic viscerofugal afferent and 347 

sympathetic efferent firing was performed in 2 of 4 preparations (Figure 1B), revealing both 348 

viscerofugal burst firing in rectal nerves and sympathetic burst firing in lumbar colonic nerves (Figure 349 

9). Increases in sympathetic neuron firing during the CMC persisted even after smooth muscle 350 

paralysis by 3 μM nicardipine in 3/3 preparations tested. Firing was abolished by crushing the 351 

hypogastric nerves (2/2 preparations tested; Figure 9), confirming the pathway as a source of 352 

peripheral input to the inferior mesenteric ganglion (Job and Lundberg, 1952, Crowcroft and 353 

Szurszewski, 1971).  354 
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Discussion 355 

This study reveals a novel ENS-derived mechanism by which sympathetic gut reflexes are activated. In 356 

this mechanism, the rhythmic ENS-generated firing pattern that underlies CMCs and drives 357 

characteristic rhythmic electrical activity in smooth muscle (Spencer et al., 2018), is also transmitted 358 

to prevertebral ganglia by viscerofugal neurons. Thus, sympathetic reflexes accompany CMC 359 

generation. Reflex activation did not require muscle contraction or dynamic changes in gut wall 360 

circumference. Importantly, the ~2Hz burst firing pattern underlying CMCs coordinated firing of 361 

multiple viscerofugal neurons, causing activation of sympathetic neurons with a similar 2Hz firing 362 

pattern, even without central preganglionic input. Viscerofugal neurons predominantly supply 363 

subthreshold synaptic inputs to sympathetic neurons. Thus, the synchronizing mechanism provided by 364 

the ENS that enables assemblies of viscerofugal neurons to fire concurrently may be critical for their 365 

ability to evoke parallel firing in sympathetic neurons. The present results suggest a major revision of 366 

our conceptual understanding of sympathetic reflexes to the gut is required, which are currently 367 

considered fundamentally sensory in nature, but are here shown to be driven by highly organized 368 

output from the ENS. 369 

Early studies revealed spinal intestino-intestinal reflex pathways (Youmans, 1944, Furness and Costa, 370 

1974, Szurszewski and Miller, 1994). Such pathways were activated by intense intestinal distension 371 

and chemical stimuli and were regarded as a defense response to intestinal insults (Bayliss and 372 

Starling, 1899, Cannon and Murphy, 1906, King, 1924, Pearcy and Liere, 1926, Markowitz and 373 

Campbell, 1927, Douglas and Mann, 1941, Chang and Hsu, 1942). The later discovery of enteric 374 

viscerofugal inputs to prevertebral sympathetic ganglia was shown functionally (Garry, 1933, Lawson, 375 

1934, Lawson and Holt, 1937, Kuntz, 1940, Kuntz and Van Buskirk, 1941, Lium and Portsmouth, 1941, 376 

Kuntz and Saccomanno, 1944, Crowcroft et al., 1971, Weems and Szurszewski, 1977, Kreulen and 377 

Szurszewski, 1979) and anatomically (Ross, 1958, Schofield, 1960, Ungvary and Leranth, 1970 , 378 

Dalsgaard and Elfvin, 1982, Feher, 1982, Kuramoto and Furness, 1989, Messenger and Furness, 1991, 379 
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1992). These findings suggested a parallel mechanism of sympathetic intestinal inhibition that 380 

bypassed the CNS (Furness and Costa, 1974).  381 

Mechanical and electrophysiological investigations of sympathetic prevertebral reflexes in colon 382 

report sympathetic neurons are activated during distension (Crowcroft et al., 1971, Szurszewski and 383 

Weems, 1976, Weems and Szurszewski, 1977, Kreulen and Szurszewski, 1979, Kreulen and Peters, 384 

1986, Peters and Kreulen, 1986, Anthony and Kreulen, 1990, Bywater, 1993, Parkman et al., 1993, 385 

Stebbing and Bornstein, 1993, Miller and Szurszewski, 1997, 2002, 2003, Ermilov et al., 2004). Where 386 

nicotinic or synaptic blockade in the gut has been applied, evidence suggests viscerofugal neurons are 387 

directly mechanosensitive (Bywater, 1993, Parkman et al., 1993, Stebbing and Bornstein, 1993), and 388 

firing correlates more closely with gut length (volume) than tension (Hibberd et al., 2012b, Palmer et 389 

al., 2016). However, where ENS cholinergic transmission is permitted, the higher-order role of 390 

viscerofugal neurons, and their relationship to gut mechanical activity is unclear. Most viscerofugal 391 

neuron input to sympathetic neurons is synaptically driven by other enteric neurons (Crowcroft et al., 392 

1971, Miller and Szurszewski, 1997), and is therefore important for sympathetic reflex activation. 393 

Indeed, direct intracellular recordings from guinea pig colonic viscerofugal neurons show they receive 394 

nicotinic inputs from multiple myenteric neural pathways (Sharkey et al., 1998, Hibberd et al., 2014), 395 

and immunohistochemical analyses suggest myenteric descending interneurons contribute most 396 

cholinergic terminals to viscerofugal nerve cell bodies (Lomax et al., 2000). Thus, viscerofugal neurons 397 

are situated to receive outputs of enteric neural pathways. Nevertheless, the idea that firing 398 

transmitted from viscerofugal neurons encodes sensory information about the gut wall (particularly 399 

gut volume) during sympathetic reflexes remains dominant. 400 

Here, periodic firing transmitted by viscerofugal neurons to sympathetic neurons during CMCs 401 

persisted with constant gut wall length and smooth muscle paralysis, indicating the activity did not 402 

encode mechanosensory information about the gut wall. Rather, we hypothesise viscerofugal enteric 403 

neuron firing was closely related to circuits that generate CMCs. Cholinergic-nicotinic 404 
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neurotransmission is the principle form of fast excitatory neurotransmission in the ENS (Furukawa et 405 

al., 1986, Nurgali et al., 2004) and thus most likely to drive viscerofugal neuron firing. However, 406 

nicotinic transmission is also required for CMCs in mouse colon (Bywater et al., 1989, Lyster et al., 407 

1995, Spencer et al., 1998a, Spencer et al., 1998b, Bush et al., 2000). We suggest this explains the 408 

concomitant abolition of both viscerofugal neuron burst firing and CMCs in the present study. 409 

However, the results do not rule out a possibility that burst firing is driven by a non-nicotinic neural 410 

mechanism during CMCs (Bian et al., 2003, Nurgali et al., 2004). 411 

Most myenteric neurons fire during CMCs at ~2Hz, driving smooth muscle firing at the same frequency 412 

(Spencer et al., 2018). The observation that viscerofugal neurons also fire at this frequency during 413 

CMCs suggest they receive input from circuitry that generate CMCs. This is compatible with evidence 414 

viscerofugal neurons receive inputs from enteric interneurons, as is the observation that multiple 415 

viscerofugal neurons fired together in brief bursts, which may be explained by a coordinating 416 

mechanism provided by common interneuronal connections. Also, individual viscerofugal neurons had 417 

a high probability of not contributing action potentials to individual firing bursts during CMCs (Figure 418 

4, Figure 5B). Thus, while assemblies of multiple viscerofugal neurons clearly showed burst firing 419 

output at 2Hz during CMCs, individual neurons made partial contributions to the overall behaviour. 420 

The output of viscerofugal neuron assemblies thus differed from their individual contributions, 421 

highlighting the role of synchronization among viscerofugal neurons in producing a coherent burst 422 

firing pattern.  423 

Some studies report firing behaviour that also challenge the idea viscerofugal neurons simply relay 424 

mechanosensory information about volume. In guinea pig colon, viscerofugal neurons showed large 425 

bursts of firing that preceded spontaneous and stretch-evoked contractions after organ-culture 426 

(Hibberd et al., 2012a). In mouse colon, large changes in synaptic input frequency to sympathetic 427 

neurons were observed during isovolumetric colonic contractions (Miller and Szurszewski, 2002). 428 

Isovolumetric distension is closely analogous to the maintained isometric conditions used in the 429 
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present study. We hypothesize that in the elegant study of Miller and Szurszewski (2002), bursts of 430 

synaptic input to sympathetic neurons during intracolonic filling were not dependent on filling per se, 431 

but on the ENS activity associated with neurogenic contractions elicited by colonic filling. A major 432 

difference here was use of pharmacological smooth muscle paralysis, enabling isolation of periodic 433 

activation of viscerofugal and sympathetic neurons from dynamic mechanical activities of the gut wall. 434 

Thus, sympathetic reflexes evoked during gut motor activity do not simply reflect mechanosensory 435 

encoding by viscerofugal neurons but rather, transmit the functional state of ENS motor circuits. Thus, 436 

sympathetic reflexes through viscerofugal neurons may represent negative feedback loops for long-437 

range self-regulation of ENS excitability.  438 

The CMC in mouse is a self-organized motor pattern that emerges from the ENS under maintained 439 

distension. CMCs occur rarely without distension, and frequency is graded with increasing amounts of 440 

distension (Barnes et al., 2014, Hibberd et al., 2017). Thus, sustained increases in gut volume 441 

represent an effective initiator of CMCs and this may explain much of the association with 442 

synaptically-driven viscerofugal neuron firing. Additionally, while CMCs may occur without propulsive 443 

movements, as in this study, the ENS-sympathetic peripheral loop may also be activated during 444 

propulsive contractions, since they feature similar coordinated 2Hz firing in smooth muscle (Spencer 445 

et al., 2018). 446 

Interestingly, sympathetic neurons were activated during colonic CMCs in decentralized inferior 447 

mesenteric ganglia. This suggests that intestino-intestinal reflexes may occur entirely peripherally and 448 

does not require ongoing excitation by spinal pre-ganglionic neurons. As noted, viscerofugal neurons 449 

provide numerous “weak” (ie: subthreshold) nicotinic synaptic inputs to sympathetic prevertebral 450 

neurons (McLachlan and Meckler, 1989, Miller and Szurszewski, 1997, McLachlan, 2003). To elicit 451 

firing, weak synapses require integration of multiple inputs via temporal and spatial summation. The 452 

temporally synchronized discharge of viscerofugal neurons identified in the present study may 453 

therefore be significant for determining activation of sympathetic neurons via the well-established 454 
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mechanisms of temporal summation. Indeed, the appearance of large excitatory postsynaptic currents 455 

in postganglionic neurons of mouse superior mesenteric ganglion during colonic distension raised the 456 

question whether viscerofugal inputs could be synchronized (Skok et al., 1998). The present study 457 

argues in favour of this explanation.  458 

Additional sources of input to prevertebral ganglia are axon collaterals of spinal sensory neurons, 459 

which synapse en passant (Matthews and Cuello, 1982, 1984, Matthews et al., 1987). During organ 460 

culture, extrinsic sensory and sympathetic axons degenerate because they are cut off from their cell 461 

bodies. Thus, the conclusion that enteric viscerofugal neurons mediated burst firing behaviour 462 

recorded from rectal nerves during motor complexes in organ cultured preparations cannot be 463 

escaped. However, it may be suggested, at least in control preparations with intact spinal afferent 464 

neurons, that spinal afferent axons branching in prevertebral ganglia potentially activated 465 

postganglionic sympathetic neurons in a mechanism similar to the “Sokownin reflex” (Sokownin, 1877, 466 

Job and Lundberg, 1952, Bulygin, 1983). Spinal afferent collaterals contain peptide transmitters that 467 

can be released during gut distension causing slow depolarization of sympathetic neurons (Dun and 468 

Karczmar, 1979, Dun and Jiang, 1982, Peters and Kreulen, 1986, Webber and Heym, 1988, Dun and 469 

Mo, 1989, Ma and Szurszewski, 1996, Jobling and Gibbins, 1999, Kaestner et al., 2019). Slow 470 

depolarizations range seconds to minutes in duration, making this mode unlikely to account for the 471 

high-fidelity transmission of the ~2Hz burst firing pattern from the gut to sympathetic neurons during 472 

CMCs. However, it is possible that activation of spinal afferent collateral branches in sympathetic 473 

ganglia, can further enhance ENS-mediated excitation of sympathetic neurons, in addition to 474 

participation in long spinal intestino-intestinal inhibitory reflexes (Youmans, 1944, Furness and Costa, 475 

1974, Szurszewski and Miller, 1994).  476 

 In guinea pig, viscerofugal neurons selectively innervate sympathetic motor and secretomotor 477 

neurons, but not vasoconstrictor neurons (Costa and Furness, 1984, Macrae et al., 1986, Meckler and 478 

McLachlan, 1988, Gibbins et al., 2003). The specificity of viscerofugal targets remain to be confirmed 479 
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in mouse and there is currently no useful chemical coding scheme identified among sympathetic 480 

neurons in mouse to differentiate functional subtypes (Kaestner et al., 2019). However, we speculate 481 

the viscerofugal-sympathetic loop ensures CMCs cause inhibition of motility and secretion further oral 482 

along the gut (Messenger and Furness, 1993, Furness et al., 2000, Furness, 2003). CMCs often 483 

propagate along most of the length of colonic preparations isolated from prevertebral ganglia and 484 

may do so at high apparent velocities in either direction (Fida et al., 1997, Costa et al., 2017). One 485 

implication of sympathetic reflex activation during CMCs may be a limitation of ENS excitability to 486 

shorter gut lengths, leading to shorter CMC events. Retrograde CMCs may be particularly limited by 487 

orally-directed sympathetic reflexes. These possibilities remain to be investigated experimentally. 488 

In summary, we show that activation of hardwired ENS-sympathetic reflexes accompanied 489 

physiological motor behavior in mouse colon. Assemblies of viscerofugal neurons fired concurrently in 490 

bursts at a frequency of ~2Hz, leading to parallel activation of sympathetic neurons in lumbar colonic 491 

nerves at a similar frequency. Since the activity transmitted from the ENS to sympathetic ganglia is 492 

highly coordinated, it is likely to represent a powerful mechanism, involving interneuronal processing, 493 

by which sympathetic ganglia read out the functional state of ENS motor circuits.   494 



 

 23 

References 495 

Anthony TL, Kreulen DL (1990) Volume-sensitive synaptic input to neurons in guinea pig inferior 496 
mesenteric ganglion. American Journal of Physiology 259:G490-497. 497 

Barnes KJ, Beckett EA, Brookes SJH, Sia TC, Spencer NJ (2014) Control of intrinsic pacemaker 498 
frequency and velocity of colonic migrating motor complexes in mouse. Frontiers in 499 
Neuroscience 8:96. 500 

Bayliss WM, Starling EH (1899) The movements and innervation of the small intestine. The Journal of 501 
Physiology 24:44. 502 

Bian X, Ren J, De Vries M, Schnegelsberg B, Cockayne DA, Ford APDW, Galligan JJ (2003) Peristalsis is 503 
impaired in the small intestine of mice lacking the P2X3 subunit. The Journal of Physiology 504 
551:309-322. 505 

Bulygin IA (1983) A consideration of the general principles of organization of sympathetic ganglia. 506 
Journal of the Autonomic Nervous System 8:303-330. 507 

Bush TG, Spencer NJ, Watters N, Sanders KM, Smith TK (2000) Spontaneous migrating motor 508 
complexes occur in both the terminal ileum and colon of the C57BL/6 mouse in vitro. 509 
Autonomic Neuroscience 84:162-168. 510 

Bywater RA, Small RC, Taylor GS (1989) Neurogenic slow depolarizations and rapid oscillations in the 511 
membrane potential of circular muscle of mouse colon. The Journal of Physiology 413:505-512 
519. 513 

Bywater RA (1993) Activity following colonic distension in enteric sensory fibres projecting to the 514 
inferior mesenteric ganglion in the guinea pig. Journal of the Autonomic Nervous System 515 
46:19-26. 516 

Cannon WB, Murphy FT (1906) The movements of the stomach and intestines in some surgical 517 
conditions. Annals of Surgery 43:512. 518 

Chang P-Y, Hsu F-Y (1942) The localization of the intestinal inhibitory reflex arc. Quarterly Journal of 519 
Experimental Physiology and Cognate Medical Sciences 31:311-318. 520 

Christianson JA, McIlwrath SL, Koerber HR, Davis BM (2006) Transient receptor potential vanilloid 1-521 
immunopositive neurons in the mouse are more prevalent within colon afferents compared 522 
to skin and muscle afferents. Neuroscience 140:247-257. 523 

Costa M, Furness J (1984) Somatostatin is present in a subpopulation of noradrenergic nerve fibres 524 
supplying the intestine. Neuroscience 13:911-919. 525 

Costa M, Wiklendt L, Keightley L, Brookes SJH, Dinning PG, Spencer NJ (2017) New insights into 526 
neurogenic cyclic motor activity in the isolated guinea-pig colon. Neurogastroenterology & 527 
Motility 29:1-13. 528 

Crowcroft P, Szurszewski J (1971) A study of the inferior mesenteric and pelvic ganglia of guinea-pigs 529 
with intracellular electrodes. The Journal of Physiology 219:421. 530 

Crowcroft PJ, Holman ME, Szurszewski JH (1971) Excitatory input from the distal colon to the inferior 531 
mesenteric ganglion in the guinea-pig. The Journal of Physiology 219:443-461. 532 

Dalsgaard CJ, Elfvin LG (1982) Structural studies on the connectivity of the inferior mesenteric 533 
ganglion of the guinea pig. Journal of the Autonomic Nervous System 5:265-278. 534 

Douglas DM, Mann FC (1941) Effect of Peritoneal Irritation on the Activity of the Intestine. Br Med J 535 
1:227-231. 536 

Dun N, Karczmar A (1979) Actions of substance P on sympathetic neurons. Neuropharmacology 537 
18:215-218. 538 

Dun N, Jiang Z (1982) Non-cholinergic excitatory transmission in inferior mesenteric ganglia of the 539 
guinea-pig: possible mediation by substance P. The Journal of Physiology 325. 540 

Dun N, Mo N (1989) Calcitonin gene-related peptide evokes distinct types of excitatory response in 541 
guinea pig coeliac ganglion cells. Brain Research 476:256-264. 542 

Ermilov LG, Schmalz PF, Miller SM, Szurszewski JH (2004) PACAP modulation of the colon-inferior 543 
mesenteric ganglion reflex in the guinea pig. The Journal of Physiology 560:231-247. 544 



 

 24 

Feher E (1982) Electron microscopic study of retrograde axonal transport of horseradish peroxidase 545 
in the wall of the small intestine in the cat. Acta Anatomica 112:69-78. 546 

Fida R, Lyster DJ, Bywater RA, Taylor GS (1997) Colonic migrating motor complexes (CMMCs) in the 547 
isolated mouse colon. Neurogastroenterology & Motility 9:99-107. 548 

Furness J, Costa M (1974) The adrenergic innervation of the gastrointestinal tract. Ergebnisse der 549 
Physiologie, biologischen Chemie und experimentellen Pharmakologie 69:1-51. 550 

Furness JB, Koopmans HS, Robbins HL, Lin HC (2000) Identification of intestinofugal neurons 551 
projecting to the coeliac and superior mesenteric ganglia in the rat. Autonomic 552 
Neuroscience: Basic and Clinical 83:81-85. 553 

Furness JB (2003) Intestinofugal neurons and sympathetic reflexes that bypass the central nervous 554 
system. Journal of Comparative Neurology 455:281-284. 555 

Furness JB, Robbins HL, Xiao J, Stebbing MJ, Nurgali K (2004) Projections and chemistry of Dogiel type 556 
II neurons in the mouse colon. Cell and Tissue Research 317:1-12. 557 

Furukawa K, Taylor GS, Bywater RA (1986) An intracellular study of myenteric neurons in the mouse 558 
colon. Journal of Neurophysiology 55:1395-1406. 559 

Gardner MJ, Altman DG (1986) Confidence intervals rather than P values: estimation rather than 560 
hypothesis testing. British Medical Journal Clinical Research Ed 292:746-750. 561 

Garry R (1933) The nervous control of the caudal region of the large bowel in the cat. The Journal of 562 
Physiology 77:9. 563 

Gibbins IL, Teo EH, Jobling P, Morris JL (2003) Synaptic density, convergence, and dendritic 564 
complexity of prevertebral sympathetic neurons. The Journal of Comparative Neurology 565 
455:285-298. 566 

Hibberd TJ, Zagorodnyuk VP, Spencer NJ, Brookes SJH (2012a) Viscerofugal neurons recorded from 567 
guinea-pig colonic nerves after organ culture. Neurogastroenterology and Motility 24:1041-568 
e1548. 569 

Hibberd TJ, Zagorodnyuk VP, Spencer NJ, Brookes SJH (2012b) Identification and mechanosensitivity 570 
of viscerofugal neurons. Neuroscience 225:118-129. 571 

Hibberd TJ, Spencer NJ, Zagorodnyuk VP, Chen BN, Brookes SJH (2014) Targeted electrophysiological 572 
analysis of viscerofugal neurons in the myenteric plexus of guinea pig colon. Neuroscience 573 
275:272-284. 574 

Hibberd TJ, Costa M, Travis L, Brookes SJH, Wattchow DA, Feng J, Hu H, Spencer NJ (2017) 575 
Neurogenic and myogenic patterns of electrical activity in isolated intact mouse colon. 576 
Neurogastroenterology & Motility 29:e13089. 577 

Hibberd TJ, Feng J, Luo J, Yang P, Samineni VK, Gereau RWt, Kelley N, Hu H, Spencer NJ (2018a) 578 
Optogenetic Induction of Colonic Motility in Mice. Gastroenterology. 579 

Hibberd TJ, Travis L, Wiklendt L, Costa MC, Brookes SJH, Hu H, Keating DJ, Spencer NJ (2018b) 580 
Synaptic activation of putative sensory neurons by hexamethonium-sensitive nerve pathways 581 
in mouse colon. American Journal of Physiology - Gastrointestinal & Liver Physiology 582 
314:G53-G64. 583 

Ho J, Tumkaya T, Aryal S, Choi H, Claridge-Chang A (2019) Moving beyond P values: data analysis with 584 
estimation graphics. Nat Methods 16:565-566. 585 

Job C, Lundberg A (1952) Reflex excitation of cells in the inferior mesenteric ganglion on stimulation 586 
of the hypogastric nerve. Acta Physiologica Scandinavica 26:366-382. 587 

Jobling P, Gibbins IL (1999) Electrophysiological and Morphological Diversity of Mouse Sympathetic 588 
Neurons. Journal of Neurophysiology 82:2747-2764. 589 

Kaestner CL, Smith EH, Peirce SG, Hoover DB (2019) Immunohistochemical analysis of the mouse 590 
celiac ganglion: An integrative relay station of the peripheral nervous system. Journal of 591 
Comparative Neurology 527:2742-2760. 592 

King CE (1924) Studies on intestinal inhibitory reflexes. American Journal of Physiology 70:183-193. 593 
Kreulen DL, Szurszewski JH (1979) Reflex pathways in the abdominal prevertebral ganglia: evidence 594 

for a colo-colonic inhibitory reflex. The Journal of Physiology 295:21-32. 595 



 

 25 

Kreulen DL, Peters S (1986) Non-cholinergic transmission in a sympathetic ganglion of the guinea-pig 596 
elicited by colon distension. Journal of Physiology 374:315-334. 597 

Kuntz A (1940) The structural organization of the inferior mesenteric ganglia. The Journal of 598 
Comparative Neurology 72:371-382. 599 

Kuntz A, Van Buskirk C (1941) Reflex inhibition of bile flow and intestinal motility mediated through 600 
decentralized celiac plexus. Experimental Biology and Medicine 46:519. 601 

Kuntz A, Saccomanno G (1944) Reflex inhibition of intestinal motility mediated through decentralized 602 
prevertebral ganglia. Journal of Neurophysiology 7:163-170. 603 

Kuramoto H, Furness JB (1989) Distribution of enteric nerve cells that project from the small intestine 604 
to the coeliac ganglion in the guinea-pig. Journal of the Autonomic Nervous System 27:241-605 
248. 606 

Lawson H (1934) The role of the inferior mesenteric ganglia in the diphasic response of the colon to 607 
sympathetic stimuli. American Journal of Physiology 109:257. 608 

Lawson H, Holt J (1937) The control of the large intestine by the decentralized IMG. American Journal 609 
of Physiology 118:5. 610 

Lium R, Portsmouth NH (1941) Peptic ulcer and diarrhea following the removal of the prevertebral 611 
ganglia in dogs. Surgery 9:538-553. 612 

Lomax AE, Zhang JY, Furness JB (2000) Origins of cholinergic inputs to the cell bodies of intestinofugal 613 
neurons in the guinea pig distal colon. The Journal of Comparative Neurology 416:451-460. 614 

Lyster DJK, Bywater RAR, Taylor GS (1995) Neurogenic control of myoelectric complexes in the mouse 615 
isolated colon. Gastroenterology 108:1371-1378. 616 

Ma RC, Szurszewski JH (1996) Release of calcitonin gene-related peptide in guinea pig inferior 617 
mesenteric ganglion. Peptides 17:161-170. 618 

Macrae IM, Furness JB, Costa M (1986) Distribution of subgroups of noradrenaline neurons in the 619 
coeliac ganglion of the guinea-pig. Cell and Tissue Research 244:173-180. 620 

Markowitz J, Campbell WR (1927) The relief of experimental ileus by spinal anesthesia. American 621 
Journal of Physiology 81:101-106. 622 

Matthews M, Connaughton M, Cuello A (1987) Ultrastructure and distribution of substance P 623 
immunoreactive sensory collaterals in the guinea pig prevertebral sympathetic ganglia. The 624 
Journal of Comparative Neurology 258:28-51. 625 

Matthews MR, Cuello AC (1982) Substance P-immunoreactive peripheral branches of sensory 626 
neurons innervate guinea pig sympathetic neurons. Proceedings of the National Academy of 627 
Sciences of the United States of America 79:1668-1672. 628 

Matthews MR, Cuello AC (1984) The origin and possible significance of substance P immunoreactive 629 
networks in the prevertebral ganglia and related structures in the guinea-pig. Philosophical 630 
Transactions of the Royal Society of London - Series B: Biological Sciences 306:247-276. 631 

McLachlan E (2003) Transmission of signals through sympathetic ganglia–modulation, integration or 632 
simply distribution? Acta Physiologica Scandinavica 177:227-235. 633 

McLachlan EM, Meckler RL (1989) Characteristics of synaptic input to three classes of sympathetic 634 
neurone in the coeliac ganglion of the guinea-pig. The Journal of Physiology 415:109-129. 635 

Meckler RL, McLachlan EM (1988) Axons of peripheral origin preferentially synapse with tonic 636 
neurones in the guinea pig coeliac ganglion. Neuroscience Letters 86:189-194. 637 

Messenger JP, Furness JB (1991) Calbindin-immunoreactive nerve terminals in the guinea pig coeliac 638 
ganglion originate from colonic nerve cells. Journal of the Autonomic Nervous System 639 
35:133-142. 640 

Messenger JP, Furness JB (1992) Distribution of enteric nerve cells that project to the coeliac 641 
ganglion of the guinea-pig. Cell and Tissue Research 269:119-132. 642 

Messenger JP, Furness JB (1993) Distribution of enteric nerve cells projecting to the superior and 643 
inferior mesenteric ganglia of the guinea-pig. Cell and Tissue Research 271:333-339. 644 

Messenger JP, Furness J, Trudrung P (1994) Locations of postganglionic nerve cells whose axons enter 645 
nerves originating from prevertebral ganglia. Archives of histology and cytology 57:405. 646 



 

 26 

Miller SM, Szurszewski JH (1997) Colonic mechanosensory afferent input to neurons in the mouse 647 
superior mesenteric ganglion. American Journal of Physiology-Gastrointestinal and Liver 648 
Physiology 272:G357-366. 649 

Miller SM, Szurszewski JH (2002) Relationship between colonic motility and cholinergic 650 
mechanosensory afferent synaptic input to mouse superior mesenteric ganglion. 651 
Neurogastroenterology and Motility 14:339-348. 652 

Miller SM, Szurszewski JH (2003) Circumferential, not longitudinal, colonic stretch increases synaptic 653 
input to mouse prevertebral ganglion neurons. American Journal of Physiology 285:G1129-654 
1138. 655 

Nurgali K, Stebbing MJ, Furness JB (2004) Correlation of electrophysiological and morphological 656 
characteristics of enteric neurons in the mouse colon. The Journal of Comparative Neurology 657 
468:112-124. 658 

Olsson C, Chen BN, Jones S, Chataway TK, Costa M, Brookes SJH (2006) Comparison of extrinsic 659 
efferent innervation of guinea pig distal colon and rectum. Journal of Comparative Neurology 660 
496:787-801. 661 

Palmer G, Hibberd TJ, Roose T, Brookes SJ, Taylor M (2016) Measurement of strains experienced by 662 
viscerofugal nerve cell bodies during mechanosensitive firing using Digital Image Correlation. 663 
American Journal of Physiology - Gastrointestinal & Liver Physiology 311:G869-879. 664 

Parkman HP, Ma RC, Stapelfeldt WH, Szurszewski JH (1993) Direct and indirect mechanosensory 665 
pathways from the colon to the inferior mesenteric ganglion. American Journal of Physiology 666 
265:G499-505. 667 

Pearcy JF, Liere EJV (1926) Studies on the visceral nervous system. American Journal of Physiology 668 
78:64-73. 669 

Peters S, Kreulen DL (1986) Fast and slow synaptic potentials produced in a mammalian sympathetic 670 
ganglion by colon distension. Proceedings of the National Academy of Sciences of the United 671 
States of America 83:1941-1944. 672 

Robinson DR, McNaughton PA, Evans ML, Hicks GA (2004) Characterization of the primary spinal 673 
afferent innervation of the mouse colon using retrograde labelling. Neurogastroenterology 674 
and Motility 16:113-124. 675 

Ross JG (1958) On the presence of centripetal fibres in the superior mesenteric nerves of the rabbit. 676 
Journal of Anatomy 92:8. 677 

Schofield GC (1960) Experimental studies on the innervation of the mucous membrane of the gut. 678 
Brain 83:490-514. 679 

Sharkey KA, Lomax AE, Bertrand PP, Furness JB (1998) Electrophysiology, shape, and chemistry of 680 
neurons that project from guinea pig colon to inferior mesenteric ganglia. Gastroenterology 681 
115:909-918. 682 

Sharrad DF, Hibberd TJ, Kyloh MA, Brookes SJH, Spencer NJ (2015) Quantitative 683 
immunohistochemical co-localization of TRPV1 and CGRP in varicose axons of the murine 684 
oesophagus, stomach and colorectum. Neuroscience Letters 599:164-171. 685 

Skok VI, Farrugia G, Ermilov LG, Miller SM, Szurszewski JH (1998) Patch-clamp recordings of 686 
membrane currents evoked during natural synaptic activity in sympathetic neurons. 687 
Neuroscience 87:509-517. 688 

Smolilo DJ, Hibberd TJ, Costa M, Wattchow DA, De Fontgalland D, Spencer NJ (2020) Intrinsic sensory 689 
neurons provide direct input to motor neurons and interneurons in mouse distal colon via 690 
varicose baskets. Journal of Comparative Neurology 528:2033-2043. 691 

Sokownin N (1877) Materials for the physiology of micturition and ischuria. Izu Nauch Zap Imper 692 
Kazan Univ 44:1243-1283. 693 

Spencer NJ, Bywater RA, Klemm MF (1998a) Effects of sympathetic nerve stimulation on membrane 694 
potential in the circular muscle layer of mouse distal colon. Neurogastroenterol Motil 695 
10:543-552. 696 

Spencer NJ, Bywater RAR, Taylor GS (1998b) Disinhibition during myoelectric complexes in the mouse 697 
colon. Journal of the Autonomic Nervous System 71:37-47. 698 



 

 27 

Spencer NJ, Hibberd TJ, Travis L, Wiklendt L, Costa M, Hu H, Brookes SJ, Wattchow DA, Dinning PG, 699 
Keating DJ, Sorensen J (2018) Identification of a Rhythmic Firing Pattern in the Enteric 700 
Nervous System That Generates Rhythmic Electrical Activity in Smooth Muscle. The Journal 701 
of neuroscience 38:5507-5522. 702 

Stebbing MJ, Bornstein JC (1993) Electrophysiological analysis of the convergence of peripheral 703 
inputs onto neurons of the coeliac ganglion in the guinea pig. Journal of the Autonomic 704 
Nervous System 46:93-105. 705 

Szurszewski J, King B (1989) Physiology of prevertebral ganglia in mammals with special reference to 706 
inferior mesenteric ganglion. Comprehensive Physiology. 707 

Szurszewski J, Miller S (1994) Physiology of prevertebral ganglia. In: Physiology of the gastrointestinal 708 
tract, vol. 1 (Johnson, L. R., ed), pp 795-877 New York: Raven Press. 709 

Szurszewski JH, Weems WA (1976) A study of peripheral input to and its control by post-ganglionic 710 
neurones of the inferior mesenteric ganglion. The Journal of Physiology 256:541-556. 711 

Szurszewski JH, Ermilov LG, Miller SM (2002) Prevertebral ganglia and intestinofugal afferent 712 
neurones. Gut 51 Suppl 1:i6-10. 713 

Szurszewski JH, Linden DR (2012) Physiology of prevertebral sympathetic ganglia. In: Physiology of 714 
the gastrointestinal tract, vol. 1 (Johnson, L. R., ed), pp 583-627: Academic Press. 715 

Ungvary GY, Leranth CS (1970 ) Termination in the prevertebral abdominal sympathetic ganglia of 716 
axons arising from the local (terminal) vegetative plexus of visceral organs. Z Zellforsch 717 
110:185-191. 718 

Webber RH, Heym C (1988) Immunohistochemistry of biogenic polypeptides in nerve cells and fibres 719 
of the guinea pig inferior mesenteric ganglion after perturbations. Histochemistry 88:287-720 
297. 721 

Weems WA, Szurszewski JH (1977) Modulation of colonic motility by peripheral neural inputs to 722 
neurons of the inferior mesenteric ganglion. Gastroenterology 73:273-278. 723 

Youmans W (1944) The intestino-intestinal inhibitory reflex. Gastroenterology 3:8. 724 

  725 



 

 28 

Figure legends 726 

Figure 1: Nerve pathways between colon and the inferior mesenteric ganglion. AA Simplified schematic 727 

diagram showing the nerve connections between the colon, inferior mesenteric ganglion and pelvic 728 

ganglia. While pelvic ganglia are always paired, the inferior mesenteric ganglion was either an 729 

unpaired single ganglion, or more commonly, two separate ganglia, each of which associated with one 730 

of the hypogastric nerves. BB Schematic diagram showing a colonic tube preparation with connections 731 

to the pelvic ganglia and inferior mesenteric ganglion as typically arranged in an organ bath for 732 

recording. Note the diagram shows the most common arrangement featuring a paired IMG with a 733 

single connecting hypogastric nerve trunk. For simplicity, the other IMG is not shown. The central 734 

processes of cut lumbar colonic nerves, which could be seen emerging from the IMG, were isolated in 735 

paraffin oil for sympathetic nerve recordings, as shown. Conversely, rectal nerve recordings (of 736 

viscerofugal neuron activity) were made from the peripheral sides of cut nerves. Smooth muscle 737 

electrical activity was recorded by suction electrode within ~ 5 mm of recorded rectal nerve entry to 738 

the gut wall (15 – 20 mm from the terminal rectum). Abbreviations: IMG, inferior mesenteric ganglion; 739 

LCN, lumbar colonic nerves; PG, pelvic ganglia; HGN, hypogastric nerve; RN, rectal nerve; IMN, 740 

intermesenteric nerve; IMA, inferior mesenteric artery. 741 

 742 

Figure 2: Coordinated burst firing in rectal nerves during motor complexes. AA Colonic EMG and rectal 743 

nerve recording traces showing about 15 minutes of ongoing motor complexes and firing activity. Four 744 

motor complexes can be seen in the EMG trace. BB A single motor complex corresponding to the event 745 

marked by an asterisk below nerve 3 voltage trace in AA. At this timescale, oscillations in the EMG trace 746 

and bursts of firing in the nerve recording traces are evident. There are also several larger amplitude 747 

spikes in nerve recording traces 1 and 2 that do not participate in the burst firing activity. CC A further 748 

expanded view of the motor complex shown in BB. Here, the bursts of firing are clearly seen. 749 
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Furthermore, burst firing appears coordinated between each of the 3 rectal nerves, and EMG 750 

oscillations. 751 

 752 

Figure 3: Drug responses in fresh preparations. AA Example of the prompt abolition of motor complexes 753 

and large reduction in rectal nerve firing by nicotinic receptor antagonist, hexamethonium. Neither 754 

burst firing, nor motor complexes occurred in hexamethonium (n = 7). BB Example of capsaicin-evoked 755 

firing in a fresh preparation, consistent with the presence of spinal afferent neurons.  756 

 757 

Figure 4: Coordinated burst firing in rectal nerves during motor complexes after organ culture. AA 758 

Colonic EMG and rectal nerve recording showing about 15 minutes of ongoing activity in an organ 759 

cultured preparation, including 2 motor complexes. The firing rates and spike shapes of four single 760 

units discriminated from the rectal nerve recording are shown. Most single units showed an increase 761 

in firing rate during motor complexes. BB A single motor complex, revealing burst firing behavior in the 762 

rectal nerve. Several units contributed to the burst firing behavior; their individual spike events are 763 

indicated below the nerve recording trace. CC The same event shown in BB with an expanded timescale, 764 

showing in more detail the individual contributions to burst firing made by 4 single units. DD An 765 

individual burst corresponding to the event marked by an asterisk in CC.  766 

 767 

Figure 5: Viscerofugal neuron burst firing characteristics AA The duration of 1676 individual bursts of 768 

firing in rectal nerves during 31 motor complexes in 6 organ cultured preparations shown as a 769 

frequency distribution. BB Distribution of the average numbers of action potentials each unit 770 

contributed to each burst in rectal nerves. Single units did not contribute to every instance of burst 771 

firing in rectal nerves, as may be seen in Figure 4.. This highlights the importance of synchronization 772 

among multiple neurons, since single units alone were unlikely to encode the entire burst firing 773 
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pattern.  Single units contributed between 0 and 12 action potentials to a burst of firing. CC and  D 774 

Comparisons of CMC smooth muscle firing rate and duration in control and cultured preparations, 775 

showing no significant differences between the two groups (P = 0.200 and 0.069, respectively, 776 

independent samples t-test). Estimated mean differences between the groups are shown in a separate 777 

graph to the right.  E and  F Average single unit firing rates before, during and after CMCs among units 778 

that contributed to burst firing behavior (EE) and those that did not (FF). All data are paired, and mean 779 

differences are shown graphically below mean firing rates. Firing in single units increased by 1 - 3 Hz 780 

among those that contributed to burst firing during the CMC compared to before or after CMCs, but 781 

not among those that did not contribute to burst firing  (FF). See text for details.  G The effect of 782 

hexamethonium on ongoing firing rate was significant among contributing but not non-contributing 783 

burst firing units. 784 

 785 

Figure 6: Persistence of viscerofugal nerve cell bodies in organ cultured preparations A Confocal 786 

micrograph showing biotinamide neuronal tracing from a rectal nerve trunk in a fresh preparation. 787 

The labeled nerve trunk is indicated by an asterisk. Numerous large axons and smaller varicose fibres 788 

can be seen coursing throughout the myenteric plexus in all directions. Viscerofugal nerve cell bodies 789 

were also labelled. BB Biotinamide neuronal tracing from rectal nerves after organ culture also revealed 790 

viscerofugal nerve cell bodies but a substantially reduced density of fine varicose fibres. Calibration, 791 

100 μm. 792 

Figure 7: Loss of CGRP and TH after organ culture A and B show an example of CGRP (AA; green) and TH  793 

(BB; cyan) immunofluorescence in the same biotinamide labelled (red) control preparation. Numerous 794 

varicosities containing TH or CGRP can be seen within the myenteric plexus, with some co-labelling of 795 

biotinamide-labelled axons and varicosities apparent with CGRP (yellow;  A), but not TH (n = 3). This is 796 

consistent with the presence of spinal afferent axons in control preparations. In organ cultured 797 

preparations, immunohistochemically detectable CGRP (CC; green), and TH (DD; cyan) was dramatically 798 
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reduced, showing degeneration of extrinsic nerve fibres, while viscerofugal nerve cell bodies persisted 799 

(biotinamide; red). Additionally, no co-labelling of these markers occurred with biotinamide-labelled 800 

axons. Expectedly, faintly CGRP-immunoreactive varicosities and nerve fibres persisted in organ 801 

cultured preparations. This is consistent with a population of intrinsic enteric neurons. Together these 802 

data support a viscerofugal origin of the activity recorded from rectal nerve trunks in organ cultured 803 

preparations.  804 

  805 

Figure 8: Sympathetic neuron firing and motor complexes. AA Colonic EMG and lumbar colonic nerve 806 

recordings (central efferent side) showing ongoing motor complexes over ~10 minutes. Sympathetic 807 

firing increased during each motor complex. BB A single motor complex showing sympathetic burst 808 

firing at close to 2Hz and single unit spikes. 809 

 810 

Figure 9: Simultaneous afferent/efferent nerve recording and the abolition of lumbar colonic nerve 811 

efferent firing by hypogastric nerve crush. AA Example of 3 motor complexes and associated firing in 2 812 

efferent recordings (lumbar colonic nerves) and a single afferent recording (rectal nerve). BB The 813 

second motor complex shown in AA on an expanded timescale. Note the coordination of efferent firing 814 

between the two lumbar colonic nerves. Some burst firing activity in the rectal nerve (afferent) can be 815 

seen among dense ongoing firing. CC Part of the same event shown in BB with an expanded timescale. At 816 

this scale both afferent (rectal nerve) and efferent (lumbar colonic nerves) burst firing can be 817 

visualized. DD Abolition of efferent nerve firing by hypogastric nerve crush. Motor complexes persisted 818 

following hypogastric nerve crush, without associated bursts of sympathetic neuron firing. 819 




















