
Involvement of parasympathetic pelvic efferent pathway in 
psychological stress-induced defecation

Kazunori Suda, Hiromi Setoyama, Masanobu Nanno, Satoshi Matsumoto, Mitsuhisa Kawai

Kazunori Suda, Hiromi Setoyama, Masanobu Nanno, Sa-
toshi Matsumoto, Mitsuhisa Kawai, Yakult Central Institute for 
Microbiological Research, Tokyo 186-8650, Japan
Author contributions: Suda K and Kawai M designed experi-
ments, carried out research and analyzed data; Setoyama H per-
formed immunohistochemical analysis for c-Fos staining; Suda 
K, Matsumoto S and Kawai M prepared the manuscript; Nanno 
M and Matsumoto S provided helpful suggestions for all of the 
experiments; and all authors discussed the results and commented 
on the manuscript.
Correspondence to: Kazunori Suda, MSc, Yakult Central 
Institute for Microbiological Research, Yaho 1796, Kunitachi, 
Tokyo 186-8650, Japan. kazunori-suda@yakult.co.jp
Telephone: +81-42-5778960  Fax: +81-42-5773020
Received: August 3, 2012       Revised: October 30, 2012 
Accepted: November 6, 2012
Published online: February 28, 2013 

Abstract
AIM: To investigate the role of the pelvic nerve path-
way in stress-induced acceleration of colorectal transit 
and defecation in rats.

METHODS: Surgical transection of rectal nerves (rec-
tal branches of the pelvic nerve), vagotomy (Vag) or 
adrenalectomy (Adx) were performed bilaterally in 
rats. Number of fecal pellet output of these rats was 
measured during 1-h water avoidance stress (WAS). To 
evaluate the colonic transit, rats were given phenol red 
through the catheter indwelled in the proximal colon 
and subjected to WAS. After WAS session, entire colon 
and rectum were isolated and distribution of phenol 
red was measured. Distal colonic and rectal transit was 
evaluated using glass bead. Rats were inserted the 
glass bead into the distal colon and evacuation rate 
of the bead was measured. Neural activation was as-
sessed by immunohistochemical staining of c-Fos and 
PGP9.5 in colonic whole-mount preparations of longi-

tudinal muscle myenteric plexus (LMMP).

RESULTS: In the sham-operated rats (sham op), WAS 
significantly increased defecation and accelerated 
colorectal transit with marked elevation of plasma cor-
ticosterone level. Compared with sham-operated rats, 
increase in the excretion of fecal pellets during WAS 
was significantly reduced by rectal nerve transection 
(RNT) (sham op: 6.9 ± 0.8 vs  RNT: 4.3 ± 0.6, P  < 0.05) 
or Vag (sham op: 6.4 ± 0.8 vs  Vag: 3.7 ± 1.1, P  < 
0.05), although corticosterone level remained elevated. 
Adx-rats significantly increased the defecation despite 
the lower corticosterone level. Distribution pattern of 
phenol red showed RNT inhibited distal colonic and 
rectal transit accelerated by WAS, while Vag inhibited 
proximal colonic transit. Suppression of distal colonic 
and rectal transit by RNT was further confirmed by 
the bead evacuation rate (sham op: 80.0% vs  RNT: 
53.8%). WAS significantly increased the number of 
c-Fos-immunoreactive neural cells in the LMMP of the 
proximal and distal colon, whereas c-Fos expression 
was decreased by RNT in the distal colon (sham op: 9.0 
± 2.0 vs  RNT: 4.4 ± 1.0, P  < 0.05) and decreased by 
Vag in the proximal colon. 

CONCLUSION: Pelvic nerve conveys WAS stimuli from 
the brain to the distal colon, and directly activate the my-
enteric neurons, followed by the increase of its motility.
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INTRODUCTION
Stress is a key factor in causing abnormal bowel habits, 
such as constipation and diarrhea, and has been known 
to exacerbate these symptoms[1-4]. Accumulating evidence 
suggests that various stressors stimulate colonic motor 
functions in humans and animals[5-7]. In patients with irri-
table bowel syndrome, psychological and physical stressors 
increase colonic slow-wave, contractile, and motor activi-
ties[8]. In laboratory animals, acute exposure to restraint, 
cold restraint, or water avoidance stress (WAS) enhances 
colonic motor activity (e.g., colonic motility, colonic transit, 
and defecation)[9-11]. The stress response is a complicated 
process that involves the endocrine and nervous systems. 
Corticotropin-releasing factor (CRF) level is increased in 
the hypothalamic paraventricular nuclei (PVN), amygdala, 
and Barrington’s nucleus after acute exposure to stressful 
stimuli[12-15]. CRF is released in the PVN, resulting in the 
secretion of  adrenocorticotropic hormone (ACTH) from 
the anterior pituitary into the bloodstream. ACTH then 
increases the release of  glucocorticoid from the cortex 
of  the adrenal gland, which is called the hypothalamic-
pituitary-adrenal axis (HPA-axis)[16]. Another endocrine 
system, the sympathetic-adrenal-medullary axis (SAM-axis), 
is activated by stress and subsequently induces the adrenal 
medulla to release adrenaline and noradrenaline[17]. These 
two major bodily pathways cause metabolic, cardiovascular, 
immune, and behavioral responses[18-20]. The gastrointesti-
nal tract from the esophagus to the distal colon is innervat-
ed by parasympathetic vagal efferent fibers from the dorsal 
motor nucleus in the medulla oblongata[21]. Recently, it was 
demonstrated that vagotomy (Vag) reduced the restraint 
stress-induced increase in colonic transit in rats[22,23]. This 
evidence suggests that physical stress causes colonic dys-
motility via parasympathetic vagal activation. On the other 
hand, the efferent fiber from Barrington’s nucleus projects 
to the sacral spinal cord and terminates in the region of  
the preganglionic pelvic nerves[24,25]. This pelvic efferent is 
also classified as the parasympathetic nerve and projects to 
the distal colon and rectum[26]. In rats, activation of  the pel-
vic nerve regulates distal colonic and rectal motility under 
physiological conditions[27], and electrical nerve stimulation 
elicits contractions in the rectum[28]. Million et al[29] dem-
onstrated that WAS activates the sacral parasympathetic 
nucleus. However, it is still unclear whether activation of  
the pelvic nerve is involved in altered colonic and rectal 
motilities under stressed conditions.

In this study, we examined the role of  the pelvic 
nerve pathway in the activation of  defecation, colorectal 
transit, and myenteric neurons under psychological stress 
by surgically transecting the rectal branches of  the pelvic 
nerve in rats. Additionally, we compared the differences 
between colorectal functional changes in pelvic nerve 
transected rats and vagotomized rats.

MATERIALS AND METHODS
Animals
Male Sprague-Dawley rats (Japan SLC, Shizuoka, Japan) 

weighing 300-400 g were maintained under a 12-h/12-h 
light dark cycle (8:00-20:00) with free access to food and 
water. All animal experiments were approved by the ethi-
cal committee for animal experiments of  Yakult Institute. 
All animals were kept in individual cages in a controlled 
environment with constant temperature (23 ℃ ± 2 ℃) 
for at least 1 wk before experiments.
 
WAS
Rats were placed on a rectangular platform (11 cm × 7 
cm × 8 cm) in the center of  a plastic cage (41 cm × 25 
cm × 20 cm) for a 1-h or 2-h period. The cage was filled 
with water kept at room temperature to the height of  
1 cm from the top of  the platform. Control rats were 
placed on the same platform for 1 or 2 h in a cage with-
out water (sham stress). After loading stress, the number 
of  fecal pellets excreted in the cage was counted. WAS 
and sham stress tests were carried out between 9:00 and 
12:00. The animals were placed in a plastic cage for 1 h 
the day before the experiments, and the rats that excreted 
more than 5 fecal pellets were excluded from the stress 
experiment. Each rat was exposed to WAS only once.

Measurement of fecal pellet output and plasma 
corticosterone
The number of  fecal pellets found in the tank was count-
ed and blood samples were collected into heparinized 
tubes from the tail vein immediately after the 1-h WAS 
or sham stress session. Blood samples were centrifuged 
and plasma was stored at -80 ℃ until measurement. The 
plasma corticosterone concentration was analyzed by the 
Correlate-EIA corticosterone enzyme immunoassay kit 
(Enzo Life Sciences, Farmingdale, NY, United States) ac-
cording to the manufacturer’s instructions. 

Surgical procedure
Rectal nerve transection (RNT), subdiaphragmatic Vag, 
or adrenalectomy (Adx) was performed in rats that were 
anesthetized by intraperitoneal injection (ip) of  pentobar-
bital sodium (50 mg/kg; Somnopentyl, Kyoritsu Seiyaku, 
Tokyo, Japan). We transected the rectal nerve branches 
from the pelvic plexus to avoid the impairment of  the 
micturition reflex in the present study. A midline incision 
was made in the abdomen and the rectal nerves were bilat-
erally transected at a short distance from the major pelvic 
ganglion. Anterior and posterior branches of  the Vag were 
resected above the hepatic and celiac branches, and the 
adrenal glands were removed bilaterally. These procedures 
were performed using forceps under a microscope. Sham-
operated animals underwent the same procedure without 
the above-described resection and removal. The abdominal 
wall and skin were sutured after completion of  surgery. 
Rats that did not show elevated body weight during the 
recovery period were excluded from the experiments. Ex-
periments were performed 7-10 d after the surgery. 

Assessment of colonic transit
Rats were anesthetized by pentobarbital sodium (50 mg/
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kg, ip). A polyethylene catheter (PE-50, Becton, Dickinson 
and Company, Franklin Lakes, NJ, United States) was in-
serted from the cecum, and the tip was positioned in the 
proximal colon 1 cm distal to the cecocolonic junction. 
The other side of  the catheter was tunneled subcutane-
ously to the posterior neck. Rats were given phenol red 
(10 mg/mL in a volume of  0.4 mL, Sigma-Aldrich, St 
Louis, MO, United States) through the catheter that was 
positioned in the proximal colon and subjected to WAS or 
sham stress for 1-h at 7-10 d after surgery. After the stress 
session, rats were euthanized with an ip overdose of  pen-
tobarbital sodium. The entire colon and rectum were iso-
lated and divided into 8 equal segments, where the num-
ber of  the segments from 1 to 8 was consistent with each 
segment that was isolated from the start of  the proximal 
colon to the rectum. Segments 1-5 were defined as proxi-
mal colon while segments 6-8 were defined as distal colon 
and rectum. The number of  fecal pellets in segments 6-8 
was counted. Each segment was transferred into tubes 
and washed 3 times in phosphate buffered saline (PBS), 
to which followed the addition of  5 mol/L NaOH by one 
fifth volume. The absorbance was measured at 560 nm to 
calculate the volume of  phenol red. The geometric center 
was calculated using the following equation.

Geometric center = Σ (fraction of  phenol red per 
segment × segment number)

Assessment of transit in distal colon and rectum
The rats were fasted overnight with water ad libitum 
before the experiment. A single 5-mm glass bead was 
inserted into the distal colon (3 cm proximal to the anus). 
The rat was subjected to WAS or sham stress for 2-h im-
mediately after bead insertion and the evacuation rate was 
monitored over a 2-h period.

Immunohistochemical analysis
Rats were euthanized with an ip overdose of  pentobar-
bital sodium 1 h after the WAS or sham stress session. 
The proximal colon (2 cm distal to the cecocolonic junc-
tion) and distal colon (4 cm proximal to the anus) were 
isolated and placed in 0.01 mol/L PBS (pH 7.4). The 
isolated colon was opened along the mesenteric border, 
stretched and pinned flat on a Silicon-coated petri dish 
(Shin-Etsu Chemical, Tokyo, Japan), and fixed overnight 
in 4% paraformaldehyde in 0.1 mol/L phosphate buffer 
at 4 ℃. The following day, tissues were washed (3 × 10 
min) in PBS, the mucosa, submucosa, and circular muscle 
were removed, and whole mount preparations of  longi-
tudinal muscle myenteric plexus (LMMP) were prepared. 
The preparations were washed (3 × 10 min) in PBS and 
incubated in 5% normal donkey serum (Jackson Immuno 
Research Laboratories, West Grove, PA, United States) in 
PBS containing 0.3% Triton X-100 (PBS-T) for 30 min at 
room temperature. The preparations were incubated with 
rabbit anti-c-Fos (1:10000; Ab-5; Merck Calbiochem, 
Darmstadt, Germany) and mouse anti-protein gene 
product 9.5 (PGP9.5, a marker of  enteric neurons, 1:50; 
ab8189; Abcam, Cambridge, United Kingdom) overnight 

at 4 ℃. The preparations were washed (3 × 10 min) in 
PBS-T and incubated with donkey anti-rabbit Alexa 488 
(Molecular probes, Eugene, OR, United States) and don-
key anti-mouse IgG Cy3-conjugated antibody (Millipore, 
Billerica, MA, United States). After washing (3 × 10 min) 
in PBS-T, the preparations were mounted on glass slides 
using VECTASHIELD (Vector Laboratories, Burlin-
game, CA, United States) and analyzed by the Zeiss LSM 
510 confocal microscope with LSM Image Browser soft-
ware (Carl Zeiss, Jena, Germany). The number of  c-Fos 
immunoreactive (IR) cells was counted in 10 randomly 
selected ganglia in each preparation per rat and the means 
of  c-Fos-IR cells per rat were used to calculate the mean 
of  each group.

Statistical analysis
All results are presented as mean ± SE. Comparisons be-
tween 2 groups were evaluated using the unpaired Student’s 
t test or χ 2 test. Comparisons between the mean values of  
multiple groups were performed with one-way analysis of  
variance followed by Dunnett’s multiple comparison test. P 
values of  < 0.05 were considered statistically significant. 

RESULTS
Effect of RNT, Vag and Adx on the WAS-induced increase 
in defecation
When rats were subjected to acute WAS for 1-h, the num-
ber of  excreted fecal pellets was significantly increased 
compared to rats under sham stress (4.6 ± 1.0 vs 0.8 ± 
0.4, P < 0.01). Plasma corticosterone levels markedly rose 
in rats just after WAS compared with those under sham 
stress (161.6 ± 29.5 ng/mL vs 24.2 ± 5.3 ng/mL, P < 0.01) 
(Figure 1A).

The sham-operated rats in RNT or Vag (Figure 1B-C) 
evacuated more fecal pellets and showed higher level of  
corticosterone in plasma after WAS treatment. The WAS-
induced increase in fecal pellet output was significantly 
suppressed by treating RNT beforehand (sham op-WAS: 
6.9 ± 0.8, RNT-WAS: 4.3 ± 0.6, P < 0.05), although the 
elevation of  corticosterone was almost equally observed 
in RNT-rats and sham-operated rats (Figure 1B). Defeca-
tion under the condition of  sham stress did not differ in 
RNT-rats and sham-operated rats. Similarly, Vag signifi-
cantly reduced the WAS-induced increase in fecal pellet 
output (sham op-WAS: 6.4 ± 0.8, Vag-WAS: 3.7 ± 1.1, P 
< 0.05), but did not suppress the increase in corticoste-
rone levels induced by WAS (Figure 1C). 

On the other hand, WAS significantly increased the 
number of  fecal pellets in Adx-rats compared with sham 
stress (7.4 ± 0.8 vs 3.6 ± 0.9). The baseline levels of  plasma 
corticosterone were lower in Adx-rats than in sham-oper-
ated rats, and an obvious change in plasma corticosterone 
level was not observed after WAS in Adx-rats (Figure 1D).

Effect of RNT and Vag on WAS-induced acceleration of 
colonic transit
We evaluated whether the pelvic nerve pathway is in-
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(sham op-WAS: 5.2 ± 0.4, Vag-WAS: 3.8 ± 0.2, P < 0.001, 
Figure 2B). 

In sham-stressed RNT- and Vag-rats, the phenol red 
was distributed over a wide range from segments 1-8 
with peaks at segments 3-4. The phenol red contents 
decreased in segments 1-4 and increased in segments 6-8 
in sham-operated rats after WAS loading compared with 
sham stress (Figure 2C and E). In RNT-rats, the peak of  
phenol red at segment 3 during sham stress shifted to 
segments 4-6 after WAS loading (Figure 2D). However, 
the distribution pattern of  phenol red did not change in 

volved in the colonic transit during the stress session. 
Phenol red, a non-absorbable marker, was injected into 
the proximal colon via a catheter before stress, and geo-
metric center was measured in the rats under the differ-
ent stress conditions. In sham-operated rats, WAS signifi-
cantly increased the geometric center (4.6 ± 0.4 vs 3.5 ± 
0.1, P < 0.05, Figure 2A), and also RNT-rats were found 
to exhibit the higher geometric center after WAS treat-
ment although the difference was not statistically signifi-
cant (Figure 2A). In contrast, WAS-induced increase of  
geometric center was completely suppressed in Vag-rats 
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Figure 1  Involvement of parasympathetic nerves and corticosterone in the accelerated defecation induced by acute water avoidance stress. A: The naive 
rats showed increases in defecation and corticosterone levels after 1-h of water avoidance stress (WAS) compared with sham stress; B-D: Effects of rectal nerve tran-
section (RNT), vagotomy (Vag) and adrenalectomy (Adx) on WAS-induced increases in defecation and plasma corticosterone in rats. Each value represents the mean 
± SE (n = 6-12 per group). aP < 0.05, bP < 0.01 vs the response of sham stress rats; cP < 0.05, dP < 0.01 vs sham-operated (sham op) rats. 
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Vag-rats even after WAS was treated (Figure 2F). 
The number of  luminal feces in the distal colon and 

rectum was higher in RNT-rats and Vag-rats than in 
sham-operated rats during sham stress (baseline values) 
[sham op (RNT): 2.3 ± 0.5, RNT-rats: 4.1 ± 0.4, sham op 
(Vag): 2.1 ± 0.4, Vag-rats: 3.0 ± 0.5, Table 1]. WAS tend-
ed to reduce luminal feces in sham-operated and Vag-rats, 
with differences of  -0.6 and -1.8 between luminal feces 
in sham stress and in WAS, respectively (Table 1). The 
number of  fecal pellets was increased by WAS in RNT-
rats, but was decreased in sham op- and Vag-rats. (B)-(A) 
indicates the differences of  the influx and efflux of  fecal 
pellets from the distal colon and rectum. However, the 
difference between sham stress and WAS was 0.1 feces in 
RNT-rats, indicating that the luminal feces in segments 6-8 
did not decrease under WAS in these rats. 

Effect of RNT and Vag on WAS-induced acceleration of 
distal colonic and rectal transit
Preganglionic parasympathetic pelvic nerves project from 
the sacral spinal cord to the distal colon and rectum[26]. 
Thus, to investigate the effect of  RNT on WAS-induced 
distal colonic and rectal transit, a glass bead was inserted 
until 3 cm depth from the anus into the distal colon, and 
the evacuation rate of  the bead was monitored over a 2-h 
period. 

In sham-operated rats, WAS significantly increased 
the rate of  bead evacuation to 80% compared to 38% in 
sham stress, but this increase was not observed in RNT-
rats subjected to WAS (Figure 3A). On the other hand, 
Vag did not affect the WAS-induced increase in the bead 
evacuation rate (Figure 3B).
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Figure 2  Involvement of parasympathetic nerves in the bowel movement. A, B: Effects of rectal nerve transection (RNT) (A) and vagotomy (Vag) (B) on the 
colonic transit presented by geometric center of moved phenol red; C-F: Relative distribution of phenol red through the entire colon and rectum after water avoidance 
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c-Fos expression in LMMP of RNT- and Vag-rats after 
WAS treatment
After rats were exposed to WAS for 1 h, the number of  
c-Fos-IR cells was examined in whole mount prepara-
tions of  LMMP from the distal colon at 0, 1, 2 and 4 h 
later. The maximum increase after WAS was found at 0 
h, and this number returned to a normal level within 4 h 
(data not shown). Therefore, we measured c-Fos expres-
sion immediately after the WAS session (1-h) in all of  the 
following experiments using denervated rats.

The number of  c-Fos-IR cells per ganglia in the 
LMMP of  both the proximal and distal colon (Figures 4 
and 5) was increased by WAS compared with sham stress. 
RNT significantly reduced the WAS-induced increase of  
c-Fos-IR cells in the LMMP by 52% in the distal colon 
compared with sham-operated rats (4.4 ± 1.0 vs 9.0 ± 
2.0, P < 0.05, Figure 5B). In contrast, Vag inhibited the 
increase in c-Fos-IR cells after WAS in the LMMP of  
proximal colon but not of  distal colon (1.7 ± 1.0 vs 5.2 ± 
1.3, Figure 5C and D).

DISCUSSION
In the present study, we demonstrated the functional im-
portance of  the pelvic nerve pathway in the response to 
psychological stress by showing that transection of  the 
rectal branches of  the pelvic nerve (RNT) inhibited the 
WAS-induced increase in fecal pellet output in rats. This 
inhibitory effect is supported further by the observation 
that the RNT inhibited the increased propulsive activity 
of  the distal colon and rectum as shown in the analysis 
of  the colorectal excretion rate of  glass beads. Therefore, 
it is likely that WAS accelerates distal colonic and rectal 
motilities via activation of  the pelvic nerve, resulting in 
increased defecation in the rat. Lenz[22] and Nakade et 
al[23] showed that Vag reduced the restraint stress-induced 
increase in colonic motility in rats, suggesting that physi-
cal stress causes colonic dysmotility via parasympathetic 
vagal activation. Vag also suppressed the WAS-induced 
increase in fecal pellet output in our study, which is con-
sistent with their results. Our study also confirmed that 
proximal part of  the colonic transit was accelerated in 
RNT-rats, whereas it was inhibited in Vag-rats under 
stressed conditions. In fact, many hard fecal pellets re-
mained in the distal colon and rectum of  RNT-rats in 

spite of  WAS loading. In contrast, luminal fecal pellets in 
the distal part of  the colon and rectum were decreased 
in sham-operated and Vag-rats after WAS. These results 
suggest that pelvic nerve activation by WAS accelerates 
motor activities of  distal colon and rectum, but not in 
those of  proximal colon. On the other hand, Vagus nerve 
activation accelerates the proximal colonic transit, but not 
the distal colonic and rectal transit. Therefore, the differ-
ence in projection sites of  the gut between the pelvic and 
vagal efferent nerves may be responsible for the differ-
ential actions in the gut[21,26]. The pelvic nerve innervates 
the distal colon and rectum, and regulates rectal motility 
in the physiological conditions[27]. In this study, a larger 
number of  fecal pellets remained in the distal colon and 
rectum in RNT-rats without stress, compared with sham-
operated rats. These observations suggest that the pelvic 
nerve pathway may be involved in colorectal motility in 
the non-stressed conditions. In addition, our findings 
demonstrate that acute psychological stress stimulates 
colorectal transit via the pelvic nerve pathway. 

Recently, c-Fos protein expression has been used as 
a marker of  neural cell activation[30]. c-Fos expression 
was significantly increased in PGP9.5-positive myenteric 
neurons in the proximal and distal colon after WAS. 
This finding is similar to that of  a study by Miampamba 
et al[31], who reported increased c-Fos expression in the 

Number of fecal pellets in the distal colon and rectum

Sham stress (A) WAS (B) (B) - (A)

  Sham op (Vag)         2.1 ± 0.4            1.5 ± 0.2 -0.6
  Vag         3.0 ± 0.4            1.2 ± 0.5a -1.8
  Sham op (RNT)         2.3 ± 0.5            1.1 ± 0.3 -1.2
  RNT         4.1 ± 0.4c            4.3 ± 0.4d   0.1

Table 1  Number of luminal fecal pellets remaining in the distal 
colon and rectum after sham stress or water-avoidance stress

Each value represents the mean ± SE (n = 6-8 per group). aP < 0.05 vs sham 
stress; cP < 0.05 , dP < 0.01 vs sham operated (sham op) rats. WAS: Water-
avoidance stress; Vag: Vagotomy; RNT: Rectal nerve transection.
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Figure 3  Involvement of parasympathetic nerves in the fecal expulsion 
through the distal colon. A, B: Effects of rectal nerve transection (RNT) (A) 
and vagotomy (Vag) (B) on the rate of bead evacuation from the distal colon 
during 2-h water avoidance stress (WAS). The increased rate of bead evacua-
tion in sham-operated rats was inhibited in RNT-rats. Each value represents the 
mean ± SE (n = 11-15 per group). aP < 0.05 vs sham stress rats.
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myenteric ganglia of  the proximal and distal colon after 
WAS. Enhanced c-Fos expression was correlated with 
the number of  fecal pellets in the rats and was signifi-
cantly suppressed in the distal, but not proximal, colon 
by the denervation of  pelvic nerve branches after WAS. 
On the other hand, Vag suppressed c-Fos expression in 
the proximal colon but had no effect in the distal colon. 
These results concerning c-Fos expression are consistent 
with the differences in the functional site of  action be-
tween the vagus and pelvic nerves, as discussed above. 

It is yet unclear whether c-Fos expression, which was 
induced by WAS-loading, is a direct or indirect response 
to pelvic efferent nerve activation. As a direct effect, c-Fos 
expression could be due to inputs from the preganglionic 
efferent fibers to the myenteric neurons[21,26]. As indirect 
effect, this may be due to mechanisms such as colonic 
motility and secretory responses, sensory neurons and 
interneurons in enteric nervous systems, or the release 
of  gastrointestinal hormones and other factors that acti-
vate myenteric neurons. Although we did not clarify the 
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Figure 4  Induction of c-Fos expression after exposure to water avoidance stress. Confocal microscope images showing the staining of c-Fos (green) and pro-
tein gene product 9.5 (PGP9.5, red) in whole mount preparations of longitudinal muscle myenteric plexus in rectal nerve transection (RNT) (A) and vagotomy (Vag) 
rats (B). WAS: Water avoidance stress; Sham op: Sham-operated.
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types of  neurons that expressed c-Fos protein in these 
experiments, myenteric neurons are generally classified 
as motor neurons, sensory neurons, and interneurons 
based on histological and morphological properties[31,32]. 
A double-labeling study revealed that 24%-25% of  the 
total peripheral-choline acetyltransferase-positive neu-
rons, which are mostly motor neurons in the myenteric 
plexus[32], were c-Fos positive in the proximal and distal 
colon after WAS[31]. Furthermore, the muscarinic receptor 
antagonist atropine inhibits the WAS-induced increase 
in fecal pellets without reducing the elevation of  c-Fos-
IR nuclei in the proximal and distal colonic LMMP[31,33]. 
Taken together, these results suggest that myenteric neu-
rons in the distal and proximal colon are activated directly 
via the pelvic and vagal efferent, respectively, followed by 
acceleration of  colonic transit and defecation. 

The HPA-axis is also known as a key stress response 
pathway. HPA-axis activation ultimately induces corti-
costerone release from the adrenal gland[16]. In this study, 
the failure to release corticosterone by bilateral Adx did 
not affect the WAS-induced increase in fecal pellets. Fur-
thermore, Lenz[22] showed that Adx or hypophysectomy 
did not alter the restraint stress-induced acceleration of  
colonic transit. These results indicate that the HPA-axis is 
not mainly involved in acute stress-induced acceleration 
of  colorectal transit and defecation. Our results from 
adrenalectomized rats in this study also imply that the 
SAM-axis is of  little importance in acute stress-induced 
colonic dysmotility because Adx inhibits the SAM-axis in 
addition to the HPA-axis[34]. It was shown recently that 
a corticoid-receptor antagonist inhibits chronic stress-

induced defecation, indicating that the HPA-axis could 
be involved in the acceleration of  colonic motor function 
by stress[35]. It is not clear why this corticoid-receptor 
antagonist decreased stress-induced colonic motor func-
tion, but this might be due to the different mechanisms 
that are involved in acute and chronic stress. In fact, it 
has been reported that chronic exposure of  the amygdala 
to corticosterone delayed colorectal transit after WAS[36]. 
The current study has only examined the involvement of  
the parasympathetic nerves in stress-induced acceleration 
of  colonic transit and defecation. The colon and rectum 
also receives sympathetic inputs from the lumbar colonic 
nerves and hypogastric nerves. It has been shown that 
stimulation of  sympathetic nerves inhibits rectal motil-
ity in guinea pigs and cats[37-39]. Furthermore, it has been 
reported that sympathetic nerve denervation increased 
the c-Fos immunoreactivity in the LMMP[40] and the 
rectal motility[27]. These results suggested that sympa-
thetic nerves may negatively regulate the colonic motor 
function. In the stressed-condition, however, it remains 
to be determined whether sympathetic nerve activity 
participates in the acceleration of  colorectal transit and 
defecation induced by stress. Further experimental inves-
tigations are needed to understand the involvement of  
sympathetic nerves in stress-induced colonic dysmotility.

In conclusion, we have shown that WAS-induced ac-
celeration of  distal colonic transit and defecation is medi-
ated by the parasympathetic pelvic efferent. The pelvic 
nerve may convey stress stimuli from the brain to the 
distal colon and rectum, directly activating myenteric neu-
rons and subsequently accelerating distal colonic motility. 
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Figure 5  Effects of vagotomy and rectal nerve transection on the induction of c-Fos-expressing cells in the colon after water avoidance stress. Using whole 
mount preparations of longitudinal muscle myenteric plexus in the proximal (A, C) and distal colons (B, D), numbers of c-Fos immunoreactive cells per ganglia in the 
proximal and distal colons of rectal nerve transection (RNT) rats (A, B) and vagotomy (Vag) rats (C, D) after water avoidance stress (WAS) treatment were counted 
and compared to those of sham stress rats. Each value represents the mean ± SE (n = 6-12 per group). aP < 0.05 vs sham stress rats; cP < 0.05 vs sham-operated (sham 
op) rats.
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In contrast, WAS-induced acceleration of  colonic transit 
and activation of  myenteric neurons in proximal colon is 
mediated by parasympathetic vagal efferent.
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COMMENTS
Background
Stress is a key factor in causing abnormal bowel habits, such as constipation 
and diarrhea, and has been known to exacerbate these symptoms. It has been 
described that various stressors stimulate colonic motor functions. Although it is 
reported that the activation of colonic motor function is mediated via the para-
sympathetic vagus nerve, there are few studies that have reported the involve-
ment of the parasympathetic pelvic nerve in stress-induced gut dysmotility.
Research frontiers
The pelvic efferent projects from the sacral parasympathetic nucleus to the dis-
tal colon and rectum. It is reported that water avoidance stress (WAS) activate 
the sacral parasympathetic nucleus, however, it is still unclear whether activa-
tion of the pelvic nerve is involved in altered colonic and rectal motilities under 
stressed conditions.
Innovations and breakthroughs
This study demonstrated the importance of the pelvic nerve in the response to 
WAS-induced acceleration of distal colonic transit and increase of defecation. 
Furthermore, the results confirmed the involvement of vagus nerve to WAS-in-
duced acceleration of proximal colonic transit. This is the first study to report the 
differences in the functional site of action between two nerves under stressed 
condition. 
Applications
By understanding how stress stimuli cause the colonic dysmotility, these results 
would be useful for the therapeutic applications of stress-related colonic motor 
dysfunction, such as irritable bowel syndrome.
Terminology
Longitudinal muscle myenteric plexus (LMMP): LMMP is generally used as im-
munohistochemical study of the myenteric plexus; c-Fos: c-Fos protein is the 
product of immediate-early gene, c-fos, which is used as a marker of neural 
activation. 
Peer review
The authors clearly demonstrated involvement of pelvic nerve in the psychologi-
cal stress-induced acceleration of distal colonic transit and defecation. Addition-
ally this study suggested that pelvic nerve directly activate the myenteric neu-
rons and subsequently accelerating distal colonic motility. This is an interesting 
study, that clarify the role of the pelvic and vagus nerve in the stress-induced 
colonic dysmotility.
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