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Abstract
Background: Clinical studies show that disturbed colonic motility induced by extrinsic nerves
damage is restored over time. We studied whether 5-HT3 and 5HT4 receptors are involved in
mediating the adaptive mechanisms following parasympathetic denervation.

Methods: Parasympathetic denervation of the entire colon was achieved by bilateral pelvic nerve
transection and truncal vagotomy in rats. Colonic transit was measured by calculating the
geometric center (GC) of 51Cr distribution. Expression of 5-HT3 and 5HT4 receptor mRNA was
determined by real time RT-PCR.

Results: Parasympathetic denervation caused a significant delay in colonic transit (GC=4.36) at
postoperative day (POD) 1, compared to sham operation (GC=6.31). Delayed transit was
gradually restored by POD 7 (GC=5.99) after the denervation. Restored colonic transit was
antagonized by the administration of 5-HT3 and 5HT4 receptors antagonists at POD 7. 5-HT3 and
5HT4 receptors mRNA expression were significantly increased in the mucosal/submucosal layer at
POD 3 or POD 7, whereas no significant difference was observed in the longitudinal muscle
layers adherent with the myenteric plexus (LMMP).

Conclusions: It is suggested that upregulation of 5-HT3 and 5-HT4 receptors expression in the
mucosal/submucosal layer is involved to restore the delayed transit after the parasympathetic
denervation in rats.
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Introduction
The autonomic nervous system plays an important role in regulating colorectal motility. The
colon is supplied by dual parasympathetic innervation, namely the vagus and pelvic nerves
1-3. Injury to these nerves from surgical and obstetrical trauma has long been cited as a
cause for abnormal colorectal motility in humans 4-6. The pelvic plexus is presumably
susceptible during hysterectomy, especially those nerves lying in the base of the broad
ligament that are ligated with the uterine arteries 7-9. Similar nerve injury can occur,
possibly by mechanical stretching of nerves during prolonged childbirth 4, 10. Transection of
pelvic nerves has been shown to decrease contractile complexes in the colon of dogs 11. In
humans, defecation is impeded after surgical sectioning of the pelvic nerves 12, 13. However,
the effect of extrinsic nerve injury on colorectal motility has not been fully investigated.

While 5-HT acts as a neurotransmitter of the central and enteric nervous system, the
majority of 5-HT is stored in enterochromaffin (EC) cells in the gastrointestinal (GI) tract.
EC cells act as sensory transducers that activate the mucosal processes of both intrinsic and
extrinsic primary afferent neurons through their release of 5-HT acting on multiple distinct
5-HT receptors 14-16. To date, fourteen 5-HT receptors have been characterized and divided
into seven classes 17. Among them, 5-HT3 and 5-HT4 receptors appear to play significant
roles to regulate colonic peristalsis.

In vitro studies have shown that the stimulation of intrinsic primary afferent neurons
(IPANs) activates excitatory motor neurotransmitters including acetylcholine (ACh) and
substance P (SP) as well as inhibitory motor neurotransmitters such as nitric oxide (NO) and
vasointestinal polypeptide (VIP) within the myenteric plexus. This leads to an orad
contraction of the smooth muscle and coordinated aboral relaxation, respectively, generating
a pressure gradient and peristalsis 18. 5-HT acts via receptors located on the sensory
calcitonin gene-related peptide (CGRP) neurons. CGRP release induced by mucosal
stimulation is abolished by 5-HT4 antagonists in rats and humans and by a combination of 5-
HT3 and 5-HT4 antagonists in guinea pigs 18. Thus, 5-HT-induced peristalsis is mediated
exclusively via 5-HT4 receptors in human and rat colon, whereas 5-HT acts via both 5-HT3
and 5-HT4 receptors in guinea pig in vitro 18.

In addition, 5-HT3 receptors of extrinsic origin are involved in the regulation of colonic
peristalsis in rats in vivo 19. Accelerated colonic transit and diarrhea induced by stress are
inhibited by 5-HT3 receptor antagonists in conscious rats 20. 5-HT3 receptors are
synthesized at the nodose ganglia (NG) of vagal afferent nerves 21 and the dorsal root
ganglia (DRG) of pelvic nerve afferents 22, 23, as well as IPANs 24. 5-HT3 receptors are then
retrogradely transported to the nerve terminals of vagal and pelvic afferents where 5-HT can
stimulate them as has been demonstrated 16, 25, 26. Intraluminal infusion of 5-HT increases
vagal afferent discharges in the same NG neurons that are activated by luminal stimuli 26.
Thus, 5-HT3 receptors are both of intrinsic and extrinsic origins in rats 21. In contrast, there
have been no reports that 5-HT4 receptors are synthesized in the NG or DRG.

We have previously shown that 5-HT released from EC cells stimulates 5-HT3 receptors
located on the vagal sensory fibers. The sensory information is transferred through the brain
stem (nucleus tractus solitarius and dorsal motor nucleus of vagi), to the vagal efferent and
stimulates the release of acetylcholine from the colonic myenteric plexus, resulting in
acceleration of colonic transit 27, 28. Thus, 5-HT3 receptors of extrinsic origin mediate
colonic peristalsis via extrinsic neural pathways in conscious rats in vivo 27, 28.

Clinically, it has been demonstrated that adaptation occurs to restore impaired colonic
motility after extrinsic denervation 29. However, the mechanism by which this adaptation
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process takes place remains unclear. It also remains unknown whether the expression of 5-
HT3 and 5-HT4 receptors of the colonic wall is altered in response to extrinsic nerve injury.

The aims of this study were to investigate the effects of parasympathetic denervation on
colonic transit and elucidate the adaptation mechanisms responsible for its restoration over
time. We tested the hypothesis that 5-HT3 and 5-HT4 receptors of intrinsic origin are
upregulated in order to compensate for the loss of 5-HT3 receptors of extrinsic origin after
parasympathetic denervation.

Materials and Methods
Animals

Animals were maintained and handled in accordance with policies of the Animal Care and
Use Committee of Clement J. Zablocki VA Medical Center (Milwaukee, WI). Male
Sprague-Dawley rats were obtained from Charles River Laboratories (Hollister, CA; initial
weight 225-250 g) and maintained in the animal care facility at the Clement J. Zablocki
VAMC, Milwaukee WI. The animals were housed in a controlled environment (21±1°C,
50-70% humidity, 12 hour light dark cycle) and given free access to tap water and standard
rat chow (LabDiet 5001-Rodent Diet, PMI International). All rats were housed at standard
conditions for at least 7 days prior to any experimentation. Rats were individually caged
following each procedure.

Colonic transit study after the parasympathetic denervation
Under the isoflurane (2%) anesthesia, a midline abdominal incision was made and the
stomach pulled in the caudal direction to expose the distal part of esophagus in male
Sprague-Dawley rats. As previously reported 30, bilateral diaphragmatic truncal vagotomy
was performed under a dissecting microscope. Pelvic ganglia were identified in each animal
using gentle manipulation with cotton tipped applicators, as previously reported 31. Bilateral
pelvic nerves were sectioned where it emerged from sacral root. Sham operated rats served
as controls.

Sixty two male rats underwent placement of a silicone tube into the proximal colon, as
previously reported 28, 31. A silicone tube (ID= 1/32in, OD=3/32in) was placed within the
proximal colon through a colotomy made in the cecum. The catheter was secured to the
cecum using 3-0 silk in a purse-string fashion. The proximal portion of the tube was brought
through the left abdominal wall and tunneled beneath the skin to the posterior neck and fixed
to the skin. To prevent urine retention, the bladder was manually decompressed twice daily
in rats who underwent pelvic nerve transaction, as the pelvic nerve regulates bladder
emptying. Carprofen (5 mg/kg, once a day for 2 days) was be given subcutaneously after the
surgery for analgesia.

To evaluate colonic transit after nerve transection, 0.2 ml of 51Cr (2.5 μCi/ml; Perkin Elmer,
Waltham, MA) was injected and flushed with 0.2 ml normal saline via the catheter into the
proximal colon on postoperative days (POD) 1, 3, and 7. Three hours after the
administration of 51Cr, the entire colon was removed and divided into 10 equal segments.
Feces excreted within the 3 hour period were collected and referred to as segment 11. The
radioactivity of each segment was ascertained by use of a gamma counter (Perkin
Elmer-2470, Waltham, MA).

To determine the involvement of 5-HT3 and 5-HT4 receptors in mediating colonic transit
following the parasympathetic denervation, ondansetron (1 mg/kg) or GR125,487 (1 mg/kg)
were administrated subcutaneously 15 min prior to 51Cr injection at POD 7. The dose of
ondansetron (1 mg/kg) and GR125,487 (1 mg/kg) was selected based our previous study 32.
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The distribution of radiochromium was quantified as a geometric center (GC), as previously
reported 28, 31.

Real time RT-PCR
At POD 1, 3 and 7, rats were euthanized by isoflurane (5%). The entire colon was excised
rapidly and placed into ice-cold DNase and RNase free water (W4502, Sigma, MO). A 2 cm
segment of proximal colon, mid colon, and distal colon were harvested and opened along the
mesenteric border, the contents were flushed out with RNase-free water. 5-HT3 and 5-HT4
receptors mRNA are detected in the cell bodies of the myenteric plexus and submucosal
plexus. Under a dissecting microscope, each sample was separated as mucosal/submucosal
layer and longitudinal muscle layers adherent with the myenteric plexus (LMMP). The
tissues then were homogenized in Trizol (Invitrogen, Carsvad, CA) and immediately stored
at −80° C.

The total RNA isolation and real time Reverse Transcription-PCR (RT-PCR) have been
previously described in detail 33. Briefly, total RNA was extracted from tissue using Trizol
(Invitrogen, Carsbad, CA) according to manufacturer's instructions. Potential trace DNA
contamination was removed by DNase digestion (Promega, Madison, WI). Complementary
DNA (cDNA) was synthesized from 3 μg total RNA using Superscript III reverse
transcriptase (Invitrogen, Carsbad, CA). The resulting cDNA was used as template for real-
time PCR using LightCycler 480 (Roche, Diagnostics, Mannheim, Germany) with SYBR
Premix Ex Taq™ (#RR041A, Takara Bio, Madison, WI, USA) according to manufacturer's
protocol. Standard curves were performed for each gene by serial dilutions (Easy dilution,
Takara Bio, Madison, WI) of the corresponding cDNA. Primer (Integrated DNA
Technologies, Coralville, IA, USA) sequences were: β-actin (106 bp) as previously reported
34, forward primer: 5′- TTGAGCCCAGAGCACCAGAAA-3′, reverse primer: 5′-
GGGTCATCTTTTCACGGTTGG-3′; 5-HT3 receptor (67 bp), as previously reported 35,
forward primer 5′-TGCATACCATCCAGGACATCA-3′, reverse primer: 5′-
CTCTTGTCCGAC CTCACTTCTTC-3′; 5-HT4R (212 bp, designed with Primer 3 software,
NCBI), forward primer: 5′-GAGACCAAAGCAGCCA AGAC-3′, reverse primer: 5′-
AGGAAGGCACGTCTGAAAG A-3′. Amplifications were performed in a final volume of
20 μl of a commercial reaction mixture according to the manufacturer's instructions. The
primers for the amplification of cDNA encoding β-actin, 5-HT3 receptor, and 5-HT4
receptor were used at a final concentration of 0.4 μM. Thermal cycling parameters were 10
sec at 95 ° C, followed by 40 cycles for 10 sec at 95° C, 15 sec at 60° C and 20 sec at 72° C.
Melting point analysis was undertaken on each set of reactions to determine that only a
single product was produced. Amplicon sizes were confirmed by 2% agarose gel
electrophoresis. Each sample was analyzed in triplicate and to ensure measurements form
different PCR runs were cross-comparable, one particular sample from each group were
used as reference (or “calibrator”) for each PCR run. Quantification of 5-HT3 and 5-HT4
receptors mRNA expression was performed relative to housekeeping gene (b-actin)
measured in simultaneous runs of the same sample cDNA.

Chemicals
Ondansetron was purchased from Hospira (Lake Forest, IL) and GR125,487 sulfamate was
purchased from Tocris (Ellisville, MO).

Statistical analysis
All data were expressed as means ± SEM (standard error of mean). Statistical analysis was
carried out with GraphPad Prism 5.0 software (San Diego, CA). Effect of 5-HT3 and 5-HT4
antagonists on colonic transit at POD7 was analyzed by one-way ANOVA followed by the
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post hoc Bonferroni test. All other data were analyzed by two-way ANOVA followed by the
post hoc Bonferroni test. Statistical significance was defined as P <0.05.

Results
Colonic transit after the parasympathetic denervation

Postoperative ileus is transient bowel dysmotility following abdominal surgery. We have
previously shown that colonic transit is delayed 3 hrs after abdominal surgery (intestinal
manipulation) and that delayed colonic transit is partially restored 27 hrs after intestinal
manipulation in rats 36. In previous unpublished work we have found that at POD 5 rats
undergoing placement of a colonic catheter without further surgical manipulation have a GC
measuring 7.55±0.54 (n=6). Our current study demonstrates that delayed colonic transit
observed at POD 1was augmented by POD 3 and remained stable at POD 7 in sham
operated rats (n=6), suggesting that postoperative ileus is resolved within 3 days (Fig. 1).

After parasympathetic denervation, a significant delay in colonic transit was observed at
POD 1 and POD 3. The animals with parasympathetic denervation demonstrated delay in
colonic transit with a GC of 4.36±0.64 (n=6, P<0.05) at POD 1and 5.19±0.49 (n=8, P<0.05)
at POD 3, compared to that of the sham group [POD 1: 6.31±0.62 (n=8); POD 3: 7.63±0.21
(n=7)]. The delayed colonic transit induced by the denervation was significantly accelerated
at POD 7 (GC=5.99±0.58, n=8, P>0.05), compared to POD 1 (Fig. 1). These observations
indicate that the delayed colonic transit induced by parasympathetic nerve damage can be
restored over time in rats.

Effects of 5-HT3 and 5-HT4 receptor antagonists on colonic transit after parasympathetic
denervation

On POD 7 following parasympathetic nerve transection, colonic transit was partially
restored. The restored colonic transit was significantly antagonized by ondansetron (1 mg/
kg, sc) (GC=4.16±0.3, n=6, P<0.01), compared to that of saline-injected rats
(GC=6.32±0.42, n=6). The restored colonic transit was also significantly antagonized by
GR125,487 (1 mg/kg, sc) (GC=5.65±0.23, n=6, P<0.05) (Fig. 2).

Expression of 5-HT3 and 5-HT4 receptor mRNA in mucosal/submucosal layer following the
parasympathetic denervation

No significant difference was observed at POD 1 in both 5-HT3 and 5-HT4 receptors mRNA
expression. At POD 3, 5-HT3 receptor mRNA expression was significantly increased from
the proximal to distal colon when compared to the sham group (Fig. 3A). Upregulated 5-
HT3 receptor mRNA expression was no longer observed at POD 7 (Fig. 3A).

Interestingly, at POD 3, the significantly increased 5-HT4 receptor mRNA expression was
revealed only in the distal colon (Fig. 3B), while the increase of proximal colon and mid
colon achieved significance on POD 7, compared to sham group (Fig. 3B).

Expression of 5-HT3 and 5-HT4 receptor mRNA in the longitudinal muscle layer adherent
with myenteric plexus (LMMP) following parasympathetic denervation.

5-HT3 and 5-HT4 receptors are also expressed in the myenteric plexus of the rat colon 21,37.
At POD 1, 3 and 7, there were no significant changes observed in mRNA expression of 5-
HT3 and 5-HT4 receptors of the entire colon, compared to that of sham-operated rats (Fig.
4).

Tong et al. Page 5

J Surg Res. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
Extrinsic nerve injury has long been cited as a potential cause for several colorectal motility
disorders 4, 7, 38, 39. Childbirth has also been associated with slow transit constipation with a
putative mechanism of pelvic nerve crush injury following prolonged delivery 4, 5. It has
been demonstrated that colonic transit is delayed in patients with paraplegia secondary to
injury to parasympathetic outflow tracts 40. Canine studies have shown a long lasting
decrease in contractile complexes of colon following extrinsic denervation 11.

We have previously showed that transection of pelvic nerves leads to a dramatic decrease in
rectal motility whereas transection of hypogastric nerves causes an increase in rectal motility
31. Our recent study demonstrated that there is a pattern of dual innervation by
parasympathetic fibers from both the vagus and pelvic nerves in the mid and distal colon in
rats 3. Therefore, in the current study, we chose parasympathetic denervation by bilateral
truncal vagotomy plus pelvic nerve transection.

At POD 1 and POD 3 after parasympathetic denervation, colonic transit was significantly
delayed. With time, the delayed colonic transit trended toward increasing GC. At POD 7, the
colonic transit was significantly accelerated, compared to that of POD 1. The adaptive
changes have also been described clinically after colorectal operation, especially during the
first year 41, 42. In a prospective study of total mesorectal excision for rectal carcinoma,
anorectal function after rectal surgery with or without radiotherapy is greatly hampered.
However, the abnormalities partially recovered by 12 months postoperatively, indicating the
motility of colon and rectum adapt over time 41. In a vagotomized patient, no significant
spontaneous contractions of the transverse colon were observed for 18 days after vagotomy.
Then, the colonic contractions began to return slowly and almost reached preoperative levels
6 weeks after the operation 29. In dogs, recovery of colonic motility after autonomic
denervation occurs within several months 11. However, the mechanism by which this
adaptation process takes place remains unclear.

One possible compensatory or adaptive mechanism is the modulation of 5-HT receptors
within the intrinsic nervous system of the colonic wall. The coordinated movement of bowel
is dependent on 5-HT-mediated regulation of smooth muscle tone, peristalsis, mucosal
secretion, and visceral perception 43, 44 via intrinsic and/or extrinsic afferent neurons 45, 46.
More than 90% of total body 5-HT is synthesized, stored and released by intestinal EC cells
47, 48. In response to chemical or mechanical luminal stimulation, 5-HT is released from EC
cells into the lamina propria acting on distinct 5-HT receptors (mainly 5-HT3 and 5-HT4
receptors) at extrinsic and intrinsic primary afferent neurons 43, 45, 46, 49. An In vitro study
showed that the peristaltic reflex was antagonized by the mucosal application of 5-HT3 and
5-HT4 receptor antagonists in the guinea pig colon 18.

To test the hypothesis that 5-HT3 and 5-HT4 receptors are involved in the adaptive
mechanism following the parasympathetic denervation, we administered 5-HT3 and 5-HT4
receptor antagonists at POD 7 and measured colonic transit. The restored colonic transit was
significantly attenuated by 5-HT3 or 5-HT4 receptors antagonists. This suggests that 5-HT3
and 5-HT4 receptors of intrinsic origin may play a role in mediating colonic peristalsis
following the extrinsic denervation.

To determine whether 5-HT3 and 5-HT4 receptor mRNA expression is upregulated
following parasympathetic denervation, quantitative real time RT-PCR was employed to
detect the change in mRNA expression from POD 1 to POD 7 of the mucosal/submucosal
layer as well as LMMP. In the mucosal/submucosal layer, 5-HT3 receptor mRNA
expression was significantly increased in the proximal, mid and distal colon at POD 3. The
upregulated 5-HT3 receptor mRNA expression was no longer observed at POD 7.
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5-HT3 receptors of extrinsic origin initiate peristalsis via extrinsic neural pathways in rats in
vivo 27, 28. It has been shown that fibers immunoreactive for 5-HT3 receptors in the
duodenal mucosa are markedly reduced by subdiaphragmatic vagotomy or chemical
denervation of vagal afferents in rats 21. Following damage to vagus and pelvic nerves, 5-
HT3 receptors synthesized at the NG and DRG of the parasympathetic afferent cannot be
transported to the nerve terminals of the lamina propria. It is likely that 5-HT3 receptor
expression may be upregulated in the mucosal/submucosal layer, to compensate the loss of
5-HT3 receptors of extrinsic origin following the denervation.

We found that only the distal colon displayed significantly increased 5-HT4 receptor mRNA
expression at POD 3. However, at POD 7, both the proximal colon and mid colon showed
significant increase of 5-HT4 receptor mRNA expression. It seems that upregulation of 5-
HT4 receptor mRNA expression in response to the parasympathetic denervation occurred
later than that of 5-HT3 receptor. The mechanism of delayed development of 5-HT4 receptor
mRNA expression remains to be studied. One possible explanation is due to the difference
of their distribution. In contrast to 5-HT3 receptors, 5-HT4 receptors are exclusively located
on the terminals of IPANs in both of the submucosal and myenteric plexus 50, 51. Although
there is an early change in 5-HT3 receptor expression, extrinsic denervation may cause long
term effects via 5-HT4 receptor expression within the enteric nervous system. It still remains
unknown whether upregulated 5-HT3 and 5-HT4 receptors act differently in the modulation
of restored colonic transit after the parasympathetic denervation.

A 5-HT4 agonist (mosapride) enhances intrinsic rectorectal and rectoanal reflexes after the
removal of extrinsic nerves in guinea pigs in vivo 52. This suggests that extrinsic denervation
may increase the sensitivity to 5-HT4 receptors of the guinea pig rectum. However, it still
remains unclear whether a 5-HT4 receptor agonist acts on the mucosal/submuosal or
muscular layers following extrinsic denervation.

Whereas significant upregulation of 5-HT3 and 5-HT4 receptor mRNA expression was
observed in the mucosal/submucosal layer, neither 5-HT3 nor 5-HT4 receptors mRNA
expression was significantly altered in the LMMP from POD 1 to POD 7. This suggests that
5-HT3 and 5-HT4 receptors of the myenteric plexus may not play a major role in restoring
colonic transit after the parasympathetic denervation in rats.

In conclusion, we showed that colonic transit was significantly delayed in the early phase of
parasympathetic denervation and that the delayed transit was recovered in a week after the
denervation in rats. Upregulated 5-HT3 and 5-HT4 mRNA receptors expression in the
mucosal/submucosal layer may be involved in the mechanism of restored transit after the
denervation. The related study of protein expression of 5-HT3 and 5-HT4 receptors is now
ongoing in our laboratory.

Changes in serotonin signaling have been demonstrated in inflammatory bowel disease,
irritable bowel syndrome, post-infectious irritable bowel syndrome and idiopathic
constipation 53. We have demonstrated, for the first time, that extrinsic denervation
upregulates the expression of 5-HT receptors in the rat colon.
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Abbreviations

EC enterochromaffin

IPANs intrinsic primary afferent neurons

POD postoperative day

GC geometric center

LMMP longitudinal muscle layers adherent with the myenteric plexus
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Fig. 1.
Effect of the parasympathetic denervation (vagotomy plus pelvic nerve (PN) transection) on
colonic transit. The geometric center (GC), measured with the distribution of 51Cr,
significantly decreased at POD 1 and POD 3, compared to sham group. The delayed colonic
transit was restored at POD 7 (Two-way ANOVA, n=6-8, * p<0.05).
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Fig. 2.
Effects of 5-HT3 and 5-HT4 receptors antagonist on colonic transit after the parasympathetic
denervation. At POD 7 after parasympathetic denervation, the restored colonic transit was
significantly antagonized by the administration of ondansetron (1 mg/kg, sc) when
compared to that of the saline-injected animals. GR125,487 also significantly attenuated
colonic transit, compared to the saline-injected animals (One-way ANOVA, *p<0.05,
**p<0.01, n=6).
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Fig. 3.
Relative expression of 5-HT3 receptor (A) and 5-HT4 receptor (B) mRNA within the
mucosal/submucosal layer of the colon after the parasympathetic denervation [vagotomy
plus pelvic nerve (PN) transection]. 5-HT3 receptor mRNA expression was significantly
increased at the proximal, mid and distal colon at POD 3 (A). 5-HT4 receptor mRNA
expression was significant increased only in the distal colon at POD 3, while 5-HT4 receptor
mRNA expression was significantly increased at the mid and distal colon at POD 7 (B)
(Two-way ANOVA, * p<0.05 compared to sham group, n=6).
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Fig. 4.
Relative expression level of 5-HT3 receptor (A) and 5-HT4 receptor (B) mRNA within the
LMMP of the colon after the parasympathetic denervation [vagotomy plus pelvic nerve (PN)
transection]. At POD 1, 3 and 7, there were no significant changes observed in mRNA
expression of 5-HT3 and 5-HT4 receptors of the entire colon, compared to sham groups.
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