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ABSTRACT

Objectives: Acupuncture has been used for treating gastrointestinal (GI) disorders such as postoperative

nausea and vomiting. Electroacupuncture (EA) accelerates GI transit following surgery and ameliorates

postoperative ileus (POI) to restore colonic transit (CT); however, the mechanisms of this EA-induced resto-

ration remain unclear. The aims of this study were to show CT following surgery and the effects of EA at ST 36

on POI induced by surgical stress (SS) in 45 conscious, male Sprague–Dawley rats.

Materials and Methods: An operation was performed in each rat, setting a cannula into the cecum to connect

the proximal colon to inject markers. On the day after surgery, 20 metal radiopaque markers were administered

to the proximal colon of each rat. These markers were visible throughout the GI tract on soft X-ray immediately

after administration and up to 240 minutes afterward. The rats were divided into 5 groups with 9 rats in each

group: (1) SS; (2) 5 days post surgery (POST-5D); (3) SS + phentolamine; (4) EA alone; and (5) EA + atropine.

The EA was performed at ST 36 for 20 minutes at a frequency of 10 Hz and agents were administered in the

appropriate groups before markers were administered and measurements were taken. Measurements were

performed the day after surgery except in the POST 5-D group. CT was calculated by the geometric center on

the images showing the CT for each rat.

Results: CT after surgery was delayed significantly and phentolamine accelerated CT. EA restored CT fol-

lowing surgery and atropine abolished the effect of EA on CT.

Conclusions: The current study demonstrated that surgery induced a delay in CT through the sympathetic

pathway via a-adrenoreceptors; CT was restored by EA. These results suggest that EA can be used to treat POI

through mediation of the autonomic nervous system.
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INTRODUCTION

The primary symptoms of postoperative ileus (POI)

include nausea and vomiting, inability to tolerate oral

intake, abdominal distension, and delayed passage of flatus

and/or stools.1 POI is a common occurrence following gas-

trointestinal (GI) and other types of surgery,2–5 and leads to

increased morbidity and hospital costs.6–8 The pathogenesis

of POI is multifactorial and involves inflammatory and hu-

moral factors, which mediate the first phase of a reaction to

surgery.1 Furthermore, colonic transit (CT) following surgery

in rats is delayed via a2-adrenoceptors.9

Acupuncture is used to treat GI disorders such as post-

operative nausea and vomiting.10 In a clinical study, elec-

troacupuncture (EA) was found to be effective for reducing

the time to defecation after surgery.11 It has been reported

that EA stimulates distal colonic motility and accelerates

CT via the sacral parasympathetic efferent pathway in
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normal rats.12 Enhancement of the parasympathetic path-

way, which includes the vagus and pelvic nerves, acceler-

ates colonic motility.13–15 In addition, the enteric nervous

system consists of cholinergic nerves that function as ex-

citatory muscle motor neurons.16 EA ameliorates colonic

disorders, such as constipation and/or diarrhea, in rats.17,18

It was also reported that EA accelerates GI transit following

surgery. However, the mechanism of EA-induced restora-

tion of CT is still unclear.

General techniques for measuring colonic motility in-

clude the use of strain-gauge transducers and administration

of nonabsorbable radioactive markers. Although the strain-

gauge transducer method can record gut contractions over

an extended period in conscious animals, it cannot be used

to measure transit in the gut. CT can be measured using the

nonabsorbable radioactive marker method, which is cur-

rently widely used. However, the sacrifice of many animals

is necessary to obtain data for time-series experiments. To

circumvent these problems, the current authors developed a

new method that uses radiopaque markers under X-ray vi-

sualization to measure CT over a time-series in rats.

It is important to measure total CT in a time-course analysis

to understand problems with colonic regulation due to com-

plications in innervation. With the new method, the effects of

surgery and EA on rat CT can be measured over a time-series.

The aims of this study were to demonstrate CT following

surgery on rats, to determine the effects of EA administered at

the ST 36 acupoint on POI induced by surgical stress (SS),

and to investigate the mechanisms of EA-induced CT resto-

ration by using pharmacologic techniques in conscious rats.

MATERIALS AND METHODS

Animals

Forty-five male Sprague–Dawley rats (weight, 200–

340 g) were obtained from a commercial supplier (CLEA

Japan, Inc., Tokyo, Japan). The animals were individually

housed under controlled temperature (22�C–24�C), humid-

ity, and light (a 12:12-hour light/dark cycle with the light

cycle starting at 7:00 am), with ad libitum access to labo-

ratory food and water. To ensure proper acclimatization, all

rats were housed under standard conditions for at least

7 days before any experimentation. All experiments were

started at 9:00 am. All procedures were performed accord-

ing to the United Kingdom Home Office Guidelines on

Animals (Scientific Procedures) Act of 1986 and the pro-

tocols were approved by the Animal Research Committee of

the Meiji University of Integrative Medicine, Kyoto, Japan.

Operative Procedure Including SS to Induce POI

The rats were fasted overnight and anesthetized using 2%

isoflurane. After a midline abdominal incision was made, an

indwelling silastic cannula (inner diameter, 2 mm; outer

diameter, 4 mm) was inserted into each rat’s cecum and

positioned to enter the proximal colon. The proximal part of

the tube was moved through the left abdominal wall and

tunneled beneath the skin to the posterior neck, where it was

fixed to the skin.

Measurement of CT

The rats were randomly divided into 5 groups as follows:

(1) an SS group (n = 9), designated as the POI group, with

measurement performed on the day after surgery; (2) a POST-

5D group (n = 9), designated as the recovery group (normal

state), with measurement performed 5 days after surgery; (3)

an SS + PA group (n = 9), with measurement performed fol-

lowing the administration of phentolamine on the day after

surgery; (4) an EA alone group (n = 9), with EA performed

before measurement on the day after surgery; and (5) an

EA + A group (n = 9), with EA and administration of atropine

performed before measurement on the day after surgery.

The animals were fasted for 24 hours before measurement.

Twenty metal radiopaque markers (diameter, 1.5 mm) were

administered to each rat’s proximal colon with 1.0 mL of

saline on the first or fifth day after surgery. The markers could

be observed through the entire GI tract with soft X-ray visu-

alization under light anesthesia with 2% isoflurane for *2

minutes from immediately after the administration of markers

to 240 minutes thereafter. Nine images were captured every

30 minutes. After the measurement of CT, 1 mL of barium

was administered to the proximal colon and was visible on the

imaging of the entire colon. The rats were free to move in their

cages under no anesthetic influence and with ad libitum access

to water between the 9 periods of X-ray imaging.

Calculation of the Geometric Center

After processing the images using GIMP, version 2.8.22

software, the distance covered by the marker was calculated,

and the colon was divided into 10 equal segments (ImageJ

1.50i, National Institutes of Health, Bethesda, MD). The

geometric center (GC) of distribution of the radiopaque

markers within the colon was calculated using the following

formula for each X-ray image:

GC¼S number of markersð Þ · segment numberð Þ:

GC was expressed in arbitrary units.

Pharmacologic Treatment

To investigate the role of a-adrenergic receptors in

mediating the effects of SS, 1 mg/kg of phentolamine

(Sigma-Aldrich, St Louis, MO) with 0.5 mL of saline were

administered intraperitoneally (i.p.) just before the admin-

istration of the markers.

To investigate the role of the cholinergic pathway in

mediating the effects of EA on SS-induced changes in CT,
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0.05 mg/kg of atropine (Mitsubishi Tanabe Pharma Cor-

poration, Osaka, Japan) with 0.5 mL of saline were admin-

istered i.p. just before the EA.

EA Protocol

Hook-shaped needles were used to avoid spontaneous

removal of inserted acupuncture needles from the rats’

bodies.12,19 Before administration of the markers, stainless-

steel acupuncture needles (diameter, 0.34 mm; length,

30 mm; Asahi Co., Saitama, Japan) were inserted bilaterally

into the skin and underlying muscles at the ST 36 acupoint

to a depth of 5 mm. The ST 36 acupoint is located *5 mm

lateral and inferior to the anterior tubercle of the tibia. The

inserted needles were connected to an electrical pulse gen-

erator (Ohm Pulser LFP-2000e, Zeniryoki Co., Fukuoka,

Japan) and stimulated by an electric current (alternating

current with a frequency of 10 Hz, duration of 50 ms, and

intensity of 0.01 mA) for 20 minutes with each rat under

anesthesia maintained with 1% isoflurane.

Statistical Analysis

Data were expressed as mean – standard error of the

mean. Statistical comparisons between groups for each

period were first made using a one-way analysis of variance,

and post hoc analysis was performed if differences were

found. A Dunnett test was used to determine changes in GC

in each group compared with those in the SS group; P < 0.05

was considered statistically significant. Data were analyzed

using JMP version 12.2.0 (SAS Institute Japan).

RESULTS

Representative images of colonic transit from all proce-

dures in each group are shown in Figure 1. The markers

were in the proximal colon from 0 to 240 minutes in the SS

group (1 day after the operation; Fig. 1A). The markers

reached the distal colon at 180 minutes in the POST-5D

group when the rats had recovered following the operation

(Fig. 1B). In the SS + PA group, some markers were ex-

creted via the anus at 30 minutes as CT was accelerated by

the action of phentolamine (Fig. 1C). Furthermore, markers

were found in the distal colon at 90 minutes in the EA group,

which means that CT was accelerated increasingly in the EA

group more than in the SS group, and the transportation of

markers was similar to that in the POST-5D group (Fig. 1D).

However, markers were detected at the end of the proximal

FIG. 1. Imaging of each groups’ colonic transit of radiopaque markers. Scale bar = 50 mm. The markers were colored differently for
each time point. (A) Surgical stress (SS) group. (B) Five days after surgery [POST-5D] group. (C) SS + PA [phentolamine] group. (D)
EA [electroacupuncture] alone group. (E) EA + A [atropine] group. Color images are available online.
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colon at 240 minutes in the EA + A group (Fig. 1E). This

means that atropine neutralized the effect of EA on CT.

Although no differences were found between the groups

with respect to GC immediately after marker injection,

significant changes from 30 to 240 minutes were noted

(Table 1). At 30 and 60 minutes, GC increased significantly

more in the SS + PA group than in the SS group. However,

there were no differences in GC between the SS group and

the other groups.

At 90 minutes, the GCs in the POST-5D, SS + PA, and EA

groups, unlike the GC in the EA + A group, were significantly

greater than the GC in the SS group. Compared to the SS

group, significant changes in GC were found in the POST-5D,

SS + PA, and EA groups from 120 to 210 minutes. However,

no differences in GC were found between the EA + A and SS

group from 120 to 210 minutes. Compared to the SS group,

significant changes were found in the POST-5D and SS + PA

groups at 240 minutes, while the GCs in the EA and EA + A

groups did not differ from the GC in the SS group.

DISCUSSION

Utility of the Method for Measuring CT

The advantage of the new measurement method, which

used radiopaque markers under X-ray visualization, was the

ability to make repeated evaluations of CT in the same rat. It

was therefore possible to perform time-series experiments

with smaller sample sizes. The current authors previously

did measurements for 2 consecutive days to assess repro-

ducibility.* For comparison with earlier studies,12,17 male

Sprague–Dawley rats were used in the current study. Female

rats was not chosen because the estrous cycle affects the

autonomic nervous system (ANS) of female rats.20 Many

studies on GI function reported recovery after *5 days.9,21

CT in the POST-5D (recovery) group was regarded as the

normal state in this study.

Pathophysiology of POI

POI is characterized by cessation of transit and coordi-

nated bowel motility after surgical intervention, which

prevents effective transit of intestinal contents or tolerance

to oral intake.22,23 A complex interplay among neurogenic,

inflammatory, humoral, and pharmacologic factors is im-

plicated in the development of POI.1,24–26 The physiologic

stress response seems to allow a short period of intestinal

paralysis after surgery with return of GI function occurring

in the following stages: (1) the small bowel recovers be-

tween 0 and 24 hours; (2) the stomach recovers between 24

and 48 hours; and (3) the colon recovers between 48 and

72 hours.27 In the current study, the operation to fix the

indwelling cannula was considered the SS that induced POI

in the rats. Thus, although handling and incision primarily

involved the cecum, the current authors reckoned that

damage to the stomach and colon as well as the resulting

bowel-wall inflammation pervaded the GI tract.28,29

Impairment of nerve activity occurs during and immedi-

ately after surgery, which, in turn, induces delay of GI

motility.1 Pain sensations from somatic wounds to the ab-

dominal wall and from visceral wounds caused by surgery

are carried via the somatic neurons of the lower intercostal

and upper lumbar nerves and the vagus nerve, respective-

ly.30 The open abdominal surgery and cannulation of the

cecum were integral aspects of the operative procedure in

this study. Therefore, the afferent pathway perceived that

the abovementioned nerves carried information to the cen-

tral nervous system, resulting in the delayed CT observed on

the first day after surgery. Neurogenically mediated GI

dysmotility following surgery favors sympathetic over

parasympathetic outflow as the efferent pathway.24

Catecholamines, released by sympathetic nerves, act on

presynaptic parasympathetic nerves to inhibit the release of

Table 1. The Geometric Centers of All Groups at Each Time Period

Minutes SS POST-5Da SS+PA EA EA + A p

0 21 – 1 21 – 1 25 – 2 22 – 1 25 – 2 0.1681

30 40 – 7 50 – 7 158 – 13 ** 52 – 4 36 – 6 <0.01

60 43 – 7 69 – 13 166 – 12 ** 78 – 13 47 – 6 <0.01

90 42 – 6 86 – 16 * 169 – 11 ** 89 – 13 * 58 – 6 <0.01

120 47 – 7 109 – 19 ** 179 – 7 ** 98 – 17 * 70 – 8 <0.01

150 51 – 8 116 – 20 ** 183 – 7 ** 101 – 18 * 77 – 9 <0.01

180 55 – 9 123 – 19 ** 181 – 9 ** 112 – 15 * 90 – 10 <0.01

210 62 – 9 131 – 19 ** 184 – 8 ** 111 – 16 * 101 – 12 <0.01

240 72 – 12 143 – 21 ** 185 – 8 ** 115 – 16 106 – 13 <0.01

Data are expressed as mean – standard error of the mean.
aFive days after surgery.

*p < 0.05; **p < 0.01; both significantly different from SS group.

SS, surgical stress; PA phentolamine; EA, electroacupuncture; A, atropine.

*Article on this previous research is in submission.
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acetylcholine, which increases smooth-muscle excitabili-

ty,31–33 and act directly on myocytes to stimulate produc-

tion of nitric monoxide.34 After abdominal surgery, the

activated sympathetic pathway inhibits upper GI motility

via a2-adrenoreceptors, but not via b-adrenoreceptors.9 In

this time-series study, it was investigated if PA could

eliminate CT delay following surgery. PA reduced CT

delay caused by SS 30 minutes after administration, with

CT in the SS + PA group being faster than in the POST-5D

(recovery) group. The a2-receptor agonist idazoxan was

reported as the most likely candidate for controlling fecal

excretion via inhibition of acetylcholine release.35 The

antagonization of a-adrenoreceptors induces enhancement

of the parasympathetic pathway in the colon.31,32,35 Sur-

gically induced delay of CT is regarded as being caused

by enhancement of sympathetic-nerve activity via a-

adrenoreceptors.

Effect of EA on Delayed CT Induced by SS

It has been reported that EA improves CT by restraint

stress via corticotropin-releasing factor (CRF) type-1 re-

ceptors and mitigates delayed gastric emptying via CRF

type-2 receptors, which mediate outflow of the parasym-

pathetic efferent pathway.36–38 Furthermore, impaired GI

transit following abdominal surgery was ameliorated by EA

at the ST 36 acupoint.17 EA at the ST 36 acupoint stimulated

colonic motility significantly, but did not do so at BL 21,

which is located 5 mm lateral to the spinous process of the

twelfth thoracic vertebrae in rats.12 The current study

demonstrated that EA at the ST 36 acupoint improved CT

following surgery. Moreover, it has been reported that EA

stimulated the distal colon, but not the proximal colon, via

the pelvic nerves, and that the effect persisted for 1–

3 hours.12 In the current study, EA was performed before

measurement and the effect was observed from 90 to 210

minutes in the EA group. Almost all of the markers were in

the proximal colon at 90 minutes in the SS group (Fig. 1A).

This result suggests that EA affects the proximal colon as

well as the distal colon.

Additionally, EA + A was administered to 9 rats to test if

the effect of EA on the colon involved the parasympathetic

pathway. No changes were found in CT following EA + A

administration. A previous study reported no changes in CT

following administration of 0.1 mg/kg of atropine; however,

administration of a higher concentration of atropine (0.3 mg/

kg) was found to delay CT significantly compared to con-

trols.39 It was therefore unlikely that 0.05 mg/kg of atropine

would delay CT directly in the current study. Given that the

effect of EA on CT was neutralized by atropine, these re-

sults suggest that EA enhances the parasympathetic path-

way. It is also possible that EA inhibits sympathetic nerves,

as catecholamines act on presynaptic parasympathetic

nerves to inhibit release of acetylcholine.31–33 Thus, the

enhancement of parasympathetic nerves observed in the

current study might have resulted from inhibition of sym-

pathetic nerves by EA. Although it is unclear if EA affects

parasympathetic nerves directly or through the sympathetic

pathway, as the effect of EA was neutralized by atropine,

this study at least revealed that EA improved CT following

surgery through the parasympathetic pathway.

Opioid release after surgery inhibits GI motility periph-

erally via l-opioid receptors.40 The l-opioid receptors in-

hibit release of acetylcholine from the myenteric plexus in

the gut.41,42 There is a possibility that peripheral opioids are

involved in CT delay following surgery. Additionally, EA

induces release of peripheral opioids to relieve pain.43

However, the peripheral opioids induced by EA would not

lead to a disorder of colonic motility, as EA was shown in

the current study to improve CT following surgery. Al-

though pain was not evaluated in the current study as in

previous reports,43 peripheral opioids might have had an

analgesic effect against surgical pain. It is well-known that

pain upregulates the sympathetic pathway,44 which induces

CT delay. The analgesic effect of EA might play a role in

improving impaired CT.

Furthermore, it has been shown that endogenous CRF

inhibits gastric motor function following SS.45–47 It was

also reported that the most significant effects of EA in-

cluded prevention of postoperative stress and hypergly-

cemia in anesthetized patients.48 Intracerebroventricular

injection of CRF was reported to cause delayed gastric

emptying and inhibition of accelerated CT.37 EA was also

shown to evoke upregulation of hypothalamic oxytocin

(OXT) and inhibition of parasympathetic nerve activity,

and to improve CT associated with acute and chronic

heterotypic stress.18,37

This study showed that EA improved CT after surgery

through the enhancement of the parasympathetic pathway.

However, the involvement of EA and its effect via the

sympathetic pathway, opioids, OXT, and anti-inflammatory

responses are yet unclear. This study enabled description of

rat CT in greater detail than has been shown in earlier

studies. With the new measurement method, CT can be

studied using fewer experiments and animals, which, in

turn, can accelerate data accumulation.

CONCLUSIONS

This study showed that EA reduces CT delay caused by

SS through the sympathetic pathway via a-adrenoreceptors.

This suggests that EA can be used to treat POI through

mediation of the ANS.
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