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Abstract
Background—Several disease processes of the colon and rectum, including constipation and
incontinence, have been associated with abnormalities of the autonomic nervous system. However,
the autonomic innervation to the colon and rectum are not fully understood. The aims of this study
were to investigate the effect of stimulation of vagus nerves, pelvic nerves (PN) and hypogastric
nerves (HGN) on colorectal motility in rats.

Methods—Four strain gauge transducers were implanted on the proximal colon, mid colon,
distal colon and rectum to record circular muscle contractions in rats. Electrical stimulation was
administered to the efferent distal ends of the cervical vagus nerve, PN and HGN. Motility index
(MI) was evaluated before and during stimulation.

Key Results—Electrical stimulation (5–20 Hz) of the cervical vagus elicited significant
contractions in the mid colon and distal colon, whereas less pronounced contractions were
observed in the proximal colon. PN stimulation elicited significant contractions in the rectum as
well as the mid colon and distal colon. Atropine treatment almost completely abolished the
contractions induced by vagus nerve and PN stimulation. HGN stimulation caused relaxations in
the rectum, mid colon and distal colon. The relaxations in response to HGN stimulation were
abolished by propranolol.

Conclusions & Inferences—Vagal innervation extends to the distal colon, while the PN has
projections in the distribution of the rectum through the mid colon. This suggests a pattern of dual
parasympathetic innervation in the left colon. Parasympathetic fibers regulate colorectal
contractions via muscarinic receptors. The HGN mainly regulates colorectal relaxations via beta-
adrenoceptors.
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INTRODUCTION
During the past decades, much attention has been paid to abnormalities of autonomic nerves
that are associated with colorectal motility disorders, including constipation and
incontinence. Such problems may occur spontaneously or after childbirth, hysterectomy and
colorectal surgery. Postoperative functional disorders in colorectal motility and defecation
such as frequent and irregular evacuation, sensory disorders, and fecal incontinence are
closely related to autonomic nerve injury 1–4. The autonomic nervous system can be divided
into parasympathetic and sympathetic components. Parasympathetic, general visceral
efferent innervation of the large bowel is derived from the dorsal motor nucleus of vagi
(DMV) and the sacral parasympathetic nucleus.

It is generally believed that vagal innervation to the large bowel terminates at the level of the
splenic flexure 5–9, while the remainder of the colon, including the rectum, receives
parasympathetic input from the pelvic nerves (PN) 10–12. However, the extent of innervation
from the vagus and PN is still a matter of debate. Electrophysiological studies have resulted
in conflicting data. Hulten and Jodal 13 reported that efferent vagal stimulation caused
contraction of the right colon in cats, while others showed that the entire colon responded to
vagal stimulation in rats 14 and monkeys 15. In contrast, Gillis et al. 16 demonstrated that
vagal stimulation did not cause any colonic contractions in cats.

The role of the PN on colonic motility, especially for the proximal and mid colon, remains
unclear. As early as 1895, Langley and Anderson 17, 18 demonstrated that stimulation of the
PN induces contractions in the distal colon. Since then, it has been well established that PN
stimulation elicits rectal and distal colon contractions in dogs 19, 20 and cats21. This was
supported by a recent retrograde labeling study which showed that the left colon receives
parasympathetic input from the PN in cats 11. In contrast, others have demonstrated that
contractile responses were observed in the entire colon, including the proximal colon,
secondary to PN stimulation in cats 22.

The distal colon and rectum also receives sympathetic input from the hypogastric nerves
(HGN) 7. The sympathetic fibers to the large intestine are mainly derived from the lumbar
preganglionic outflow that runs to the inferior mesenteric ganglia, which is also called
hypogastric ganglion. Caudally, the continuation of the inferior mesenteric ganglion is the
HGN, a bilateral sympathetic nerve that reaches the pelvic plexus. The innervation and
functional role of the HGN on the internal anal sphincter have well been studied 23.
However, it still remains unclear how the HGN regulates colorectal motility.

Our recent study indicates that transection of pelvic nerves leads to a dramatic decrease in
rectal motility whereas transection of HGN causes an increase in rectal motility in rats 24.
The aims of the present study were to investigate the effect of stimulation of vagus nerves,
pelvic nerves (PN) and hypogastric nerves (HGN) on colorectal motility in rats.

METHODS
Preparation of Animals

Eighteen adult male Sprague Dawley (SD) rats weighing 280–350 g were housed in
individual cages under conditions of controlled temperature (22–24°C) and illumination (12-
hr light cycle starting at 6:00 AM) for at least 7 days prior to experimentation. Rats were
given ad libitum access to food and water. Protocols describing the use of rats were
approved by the Animal Care and Use Committee of Clement J. Zablocki Veterans Affairs
Medical Center (Milwaukee).
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The rats were divided into 3 groups: vagal stimulation, PN stimulation and HGN
stimulation. Animals were placed on a thermal mattress and a heat lamp was directed at the
operative field to ensure adequate body temperature.

Operative Procedure
Under anesthesia by isoflurane, a tracheal cannula was inserted. A median abdominal
incision was made and four strain-gauge transducers (SGs) were implanted on the colon and
rectum. Each SG was calibrated before the operation with 10 g weights. The four SGs were
sutured to the seromuscular layer, perpendicular to the longitudinal axis of the colon and
rectum. The four SGs were affixed at the following sites: SG1 was sutured on the proximal
colon, 1 cm distal to the ileocecal junction; SG2 on the mid colon, 5 cm distal to SG1; SG3
on the distal colon, 5 cm proximal to the sacral promontory; and SG4 on the rectum, 3 cm
proximal to the anus.

For vagus nerve stimulation, the left cervical vagus was isolated under a dissecting
microscope and transected. The distal cut end was stimulated with bipolar electrodes. For
PN stimulation, the right PN was dissected free and sectioned where it emerged from the
sacral roots. The peripheral end was prepared for subsequent efferent electrical stimulation.
The right HGN was transected distal to the IMG at the level of the sacral promontory.

Nerve stimulation and motility recordings
SGs were connected to a recording system (Power Lab 8SP, AD Instruments, Colorado
Springs, CO). Colorectal motility was recorded for 1h prior to electrical stimulation.
Electrical stimulation was administered at the distal ends of the left cervical vagus nerve,
right PN and right HGN. Electrical stimulation parameters were 30 sec at 10V with 2 ms
pulse duration (Harvard Apparatus, 62020 stimulator, England). Frequency of electrical
stimulation was serially increased from 1–20 Hz with a 5 min interval between stimulations.
After finishing the first series of electrical stimulation, rats were administered atropine,
phentolamine or propranolol accordingly, and similar electrical stimulations (1–20 Hz) were
repeated.

Administration of drugs
To investigate whether beta-adrenoceptors are involved in the response to sympathetic nerve
stimulation, propranolol hydrochloride (1 mg/kg) were injected intramuscularly (IM) 15 min
before the nerve stimulation. To investigate whether muscarinic receptors are involved in the
response to parasympathetic nerve stimulation, atropine sulfate (1 mg/kg) was injected (IM)
15 min prior to nerve stimulation. All chemicals were purchased from Sigma Chemical
Company (St. Louis, MN, USA).

Statistical analysis
Quantification of colorectal motility was achieved by calculating a motility index (MI) 30
sec prior to stimulation and again during the 30 sec stimulation. The MI was calculated by
integrating the area under the transducer tracing from baseline. (PowerLab, ADInstruments
Colorado Springs, CO), as previously reported 25. The percent increase or decrease in MI
(MI of during the stimulation/MI prior to the stimulation) was calculated to compare the
stimulation induced motility change. Statistical analysis was performed with SPSS (SPSS
Inc., Chicago, IL, USA) system for Windows, version 17.0. Differences between the
prestimulation and stimulation at serial frequency (1–20 Hz) were examined by repeated
measures analysis of variance (ANOVA), followed by Bonferroni test. A p value <0.05 was
considered statistically significant. Results are expressed as mean±SE of the groups
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RESULTS
Effects of vagus nerve stimulation on colorectal motility

Vagal nerve stimulation at 1 Hz did not cause contractions throughout the colon. Vagal
nerve stimulation at 5, 10, and 20Hz elicited significant contractions in the mid colon and
distal colon, while less pronounced contractions were observed in the proximal colon.
Contractions in the proximal colon, mid colon and distal colon, secondary to vagal
stimulation, were rapid in onset and simultaneous. This suggests a non-propagated colonic
contraction (Fig. 1a). Maximum effects were observed at 10 Hz, which increased MI to
232±47% (n=6, P<0.05), 692±154% (n=6, P<0.01) and 331±103% (n=6, P<0.01) of basal in
the proximal colon, mid colon and distal colon respectively (Fig. 1b).

Following atropine (1 mg/kg) administration, the contractile responses after vagal
stimulation were almost completely abolished (Fig. 1a).

Effects of PN stimulation on colorectal motility
PN stimulation elicited significant contractions in the rectum as well as distal colon and mid
colon. Maximum effects were observed at 10 Hz, which increased MI to 931±157% of
baseline in the rectum (n=6, p<0.01), to 364±162% in the mid colon (n=6, p<0.05) and to
255±54% (n=6, p<0.05) in the distal colon. No responses were observed in the proximal
colon (Fig. 2a and 2b).

After atropine (1 mg/kg) administration, the contractile responses evoked by PN stimulation
were almost completely abolished (Fig. 2a).

Effects of HGN stimulation on colorectal motility
Following 2 Hz to 20 Hz stimulation, obvious relaxations were observed in the rectum, mid
colon and distal colon, but not in the proximal colon (Fig. 3a). Maximum effects were
observed at 10 Hz, which decreased the MI to 161±18% of baseline (n=6, p<0.05) in the
rectum. HGN stimulation at 10 Hz slightly attenuated the MI to 127±11% (n=6, p<0.05) in
the mid colon and 148±11% (n=6, p<0.05) in the distal colon, (Fig. 3b).

Relaxation in response to HGN stimulation was almost completely abolished by the
administration of propranolol (1 mg/kg) (Fig. 3a).

DISCUSSION
It has been assumed that in humans the vagus nerve innervates the right and transverse colon
5, 7, 9, 12. Our knowledge concerning extrinsic innervations of the human colon is mainly
derived from dissection studies. For this reason the distribution of autonomic nerves still
presents uncertainties and therefore remains controversial.

In animals, the nerves conveying the parasympathetic or sympathetic outflow to the large
bowel vary across species. These differences in anatomy between and within species of
laboratory animals are highlighted in the exhaustive work of Langley and Anderson 17, 18.
In cats, Gillis et al. 16 demonstrated that vagal stimulation did not cause any contractions in
the colon. In contrast, Hulten and Jodal 13 observed contractions of the right colon following
vagus stimulation, whereas Rostard26 showed responses in the entire colon. In monkeys,
vagus nerve stimulation also causes contractions in the entire colon 15.

Our current study showed that vagus nerve stimulation evoked contractions from the
proximal colon to the distal colon, which suggests that vagal innervation extends throughout
the entire colon in rats. This is supported by a retrograde neuronal tracer study in rats14, 27.
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A recent immunohistochemical study also described vagal projections throughout the colon
in zebra fish 28.

Vagus nerve stimulation caused significant contractions in the mid colon and distal colon,
whereas less pronounced contractions were observed in the proximal colon. This may due to
the variable distribution of neurotransmitters within the myenteric plexus as well as vagal
projection density 29. There are regional differences in acetylcholine release in response to
nerve stimulation between the proximal colon and distal colon in guinea pigs; more
acetylcholine is released in the distal colon than the proximal colon 30.

While vagus nerve stimulation did not cause any response in the rectum, PN stimulation
elicited significant contractions in the rectum. Simultaneously, prominent contractions were
observed in the mid colon and distal colon, but not in the proximal colon. Our result from
rats is consistent with the previously studies in canines 19, 20 and cats 21. In contrast, Fasth
22 observed contractile response in the entire colon of cats secondary to PN stimulation, and
Ishikawa 31 reported reduced proximal colon motility after PN denervation in dogs. Thus the
functional role of the PN in the proximal colon remains to be studied. Fukai and Fukuda 32

suggested that some rectal branches of the PN ascend between the longitudinal and circular
muscular layers of the colon to about 60% of its length, which were called ascending
intramural PN in dogs. This may be the morphological basis for long distance innervation of
the PN. After atropine treatment, the contractile responses evoked by vagus and PN
stimulation were almost completely abolished. This suggests that both parasympathetic
nerves regulate colorectal contractions via muscarinic receptors.

Taken together, the present study suggests a pattern of dual parasympathetic innervation in
the left colon by both the vagus and PN in rats. This area appears to extend from the distal
portion of the mid colon through the end of distal colon. This pattern of overlapping
innervation of parasympathetic nerves has also been described in cats and dogs 17, 18. This
pattern of dual parasympathetic innervation in the left colon may contribute to the
compensatory mechanism of colonic motility following colorectal surgery. The manner in
which colorectal motility is coordinated given this pattern of dual innervation and its
adaptive response to injury require further exploration.

The effects of HGN stimulation on rectal motility have not been fully studied in rats.
Hedlund 33 reported that sympathetic nerves to the rectum exert both excitatory and
inhibitory responses in cats, while others reported excitatory responses to HGN stimulation
are only occasionally observed 23. The present study revealed that HGN stimulation induced
colorectal relaxations, followed by rebound contractions. This suggests a predominant
inhibitory role of HGN innervation in rats. It has been assumed that rebound or post-
stimulus contractions result from either release of an excitatory effect (normally masked by
inhibition during stimulation) or to be a myogenic rebound phenomenon 34, 35.

The relaxation and rebound contraction induced by HGN stimulation was antagonized by
propranolol. This supports the previous findings that the inhibitory response elicited by
sympathetic nerve stimulation is a result of activation of postganglionic fibers acting on beta
adrenoceptors of the colorectal smooth muscle cells 33, 36. It seems that the influence of the
HGN on colonic motility is not limited to the rectum but extends to the distal colon and mid
colon.

In addition to HGN, the colon and rectum also receive sympathetic input from lumbar
colonic nerves (LCN) 7. It has been shown that stimulation of LCN inhibits rectal motility in
guinea pigs 37, 38 and cats 33. LCN stimulation-induced relaxations are antagonized by
yohimbine (an alpha2-adrenoceptor antagonist) and propranolol of the guinea pig rectum 38

and cat rectum 39, respectively. In contrast, the excitatory effects of LCN stimulation have
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been shown in the cat rectum 33, 39, 40. LCN stimulation-induced contractions were
antagonized by phentolamine in the cat rectum 39. Others showed that LCN stimulation-
induced contractions were antagonized by atropine 33 in the cat rectum. This suggests that
LCN contains excitatory cholinergic fibers (postsynaptic parasympathetic efferents and/or
presynatptic sympathetic efferents) innervating to the rectum in cats. Thus, the functional
role of LCN innervation needs be determined.

In conclusion, the vagus nerve has a major influence on the entire colon, while the PN has
projections from the rectum through the distal colon and mid colon. Both the vagus and PN
regulate colorectal contractions via muscarinic receptors, while the HGN mainly regulates
colorectal relaxations via beta-adrenoceptors in rats. A pattern of dual, coordinated,
parasympathetic innervation in the left colon may regulate motor activity between the
proximal colon and rectum. To our knowledge, this is the first demonstration of the pattern
of dual parasympathetic innervation, maintained by the vagus and PN, in the rat colon. This
information may have important physiological implications and may help to explain the
adaptive mechanism frequently observed following colorectal surgery.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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PN pelvic nerves

HGN hypogastric nerves
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Figure 1.
Colorectal responses to vagal stimulation (a). Vagus efferent stimulation elicited significant
contractions in the entire colon, which could be antagonized by atropine administration. MI
changes in response to the vagal stimulation (b). ANOVA for repeated measures
(p<0.001, F=12.09, r2=0.3482) followed by posthoc Bonferroni test compared to pre-
stimulation (n=6, *P<0.05, **P<0.01). PC: proximal colon, MC: mid colon, DC: distal
colon, R: rectum.
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Figure 2.
Colorectal responses to PN stimulation (a). PN efferent stimulation caused prominent
contractions from the rectum extending to the mid colon, which could be antagonized by
atropine administration. MI changes in response to PN stimulation (b). ANOVA for
repeated measures (p<0.001, F=7.917, r2=0.2267) followed by posthoc Bonferroni test
compared to pre-stimulation (n=6, *P<0.05, **P<0.01). PC: proximal colon, MC: mid
colon, DC: distal colon, R: rectum.
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Figure 3.
Effects of HGN stimulation on colorectal motility (a). HGN efferent stimulation evoked
apparent relaxation in the rectum, distal colon as well as mid colon, which could be
abolished by propranolol administration. MI changes in response to HGN stimulation (b).
ANOVA for repeated measures (p<0.01, F=4.495, r2=0.2725) followed by posthoc
Bonferroni test compared to pre-stimulation (n=6, *P<0.05). PC: proximal colon, MC:
mid colon, DC: distal colon, R: rectum.
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