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Background/Aims 
Interstitial cells play important roles in gastrointestinal (GI) neuro-smooth muscle transmission. The underlying mechanisms of colonic 
dysmotility have not been well illustrated. We established a partial colon obstruction (PCO) mouse model to investigate the changes of 
interstitial cells and the correlation with colonic motility. 

Methods
Western blot technique was employed to observe the protein expressions of Kit, platelet-derived growth factor receptor-α (Pdgfra), 
Ca2+-activated Cl– (Ano1) channels, and small conductance Ca2+- activated K+ (SK) channels. Colonic migrating motor complexes 
(CMMCs) and isometric force measurements were employed in control mice and PCO mice.

Results 
PCO mice showed distended abdomen and feces excretion was significantly reduced. Anatomically, the colon above the obstructive 
silicone ring was obviously dilated. Kit and Ano1 proteins in the colonic smooth muscle layer of the PCO colons were significantly 
decreased, while the expression of Pdgfra and SK3 proteins were significantly increased. The effects of a nitric oxide synthase inhibitor 
(L-NAME) and an Ano1 channel inhibitor (NPPB) on CMMC and colonic spontaneous contractions were decreased in the proximal and 
distal colons of PCO mice. The SK agonist, CyPPA and antagonist, apamin in PCO mice showed more effect to the CMMCs and colonic 
smooth muscle contractions.

Conclusions
Colonic transit disorder may be due to the downregulation of the Kit and Ano1 channels and the upregulation of SK3 channels in 
platelet-derived growth factor receptor-α positive (PDGFRα+) cells. The imbalance between interstitial cells of Cajal-Ano1 and PDGFRα-
SK3 distribution might be a potential reason for the colonic dysmotility.
(J Neurogastroenterol Motil 2019;25:589-601)

Key Words
Chloride channels; Interstitial cells of Cajal; Small-conductance calcium-activated potassium channels

http://crossmark.crossref.org/dialog/?doi=10.5056/jnm19136&domain=pdf&date_stamp=2019-10-04


590

Qianqian Wang, et al

Journal of Neurogastroenterology and Motility 590

Introduction 	

Gastrointestinal (GI) smooth muscles are composed of 3 types 
of cells, including smooth muscle cells, interstitial cells of Cajal 
(ICC), and platelet-derived growth factor receptor-α positive 
(PDGFRα+) cells, which is called the smooth muscle cells, ICC, 
and PDGFRα+ cells (SIP) syncytium.1-3 

Myenteric ICCs (ICC-MY) have a pacemaker role to generate 
spontaneous electrical activity.4 Calcium activated chloride channels 
(Ano 1, a molecular candidate) are highly expressed in ICCs and 
may be a candidate conductance of pacemaker potentials.4,5 Intra-
muscular ICCs (ICC-IM) display close anatomical apposition to 
nerve varicosities.6 ICC-IM respond to excitatory and inhibitory 
neurotransmitters between neurons and smooth muscles.6 Acetyl-
choline, which is a major excitatory neurotransmitter induced depo-
larization by activation of Ano1 currents. The effect of nitric oxide 
(NO), an inhibitory neurotransmitter, is also mediated by ICC-
IM, however the ionic conductance activated or inhibited by NO 
has not been clarified. 

PDGFRα+ cells were identified in the muscle layers of the GI 
tract and showed close apposition with enteric motor neurons.7 These 
cells are mainly distributed in the muscle layers of murine and hu-
man colon and mediate purinergic inhibitory neurotransmission.7,8 
PDGFRα+ cells uniquely express the purinergic P2Y1 receptor 
and small-conductance Ca2+-activated K+ channels (a molecular 
candidate Kcnn3, SK3) which are mainly responsible conductance 
for purines released from inhibitory enteric motor neurons.9 Activa-
tion of SK channels in PDGFRα+ cells induces hyperpolarization.8 

Our previous study has shown that the density of ICC distribu-
tion was different from proximal and distal colons. ICCs are highly 
distributed in the proximal colon than in the distal colon. In con-
trast, density of PDGFRα+ cells in the distal colon is higher com-
pared to the proximal colon.10 However, there is no clear description 
on the role of this different cellular distribution on colonic motility 
including colonic migrating motor complex (CMMC). 

The mechanisms of colonic dysmotility in partial colon obstruc-
tion (PCO) is not fully clarified. In previous studies, obstructed ani-
mal models and patients with idiopathic chronic pseudo-obstruction 
showed a decreased density of the ICCs.11-14 In the study of murine 
proximal colon, PCO did not affect ICC density on days 1 and 
3. However, the ICC network was disrupted on day 7 of PCO.15 
These data suggested that partial loss of ICC may be associated 
with colonic dysmotility. However, besides studies of morphological 
changes, the mechanisms of functional alteration in the PCO colon 

have not been studied. 
In the present study, we established a murine PCO model to 

investigate the changes in protein expression of Kit, platelet-derived 
growth factor receptor-α (Pdgfra), Ano1, and SK3 channels us-
ing western blotting. We also examined the functional alteration in 
PCO mice by measuring colonic CMMCs and isometric force 
measurements. 

Materials and Methods 	

Ethics Statement
This study was performed in compliance with the recommen-

dations in the Guide for the Care and Use of Laboratory Animals 
of the Science and Technology Commission of P.R.C. (STCC Pub-
lication No. 2, revised 1988). The protocol followed the instructions 
by the Committee on the Ethics of Animal Experiments (Permit 
No. Hu 686-2009).

Animal Model 
Male specific pathogen-free (SPF) C57BL/6 mice aged 5-6 

weeks with body weights of 20 ± 4 g were used (Shanghai SLAC 
Laboratory Animal Co, Shanghai, China). The mice were housed 
under 22-24℃ (12 hour- light and 12-hour dark cycle), with free 
access to food and water. PCO mouse model was prepared by the 
following procedures. The mice were fasted for 6 hours before 
surgery, and then were anesthetized with 2% isoflurane inhalation. 
A midline laparotomy was performed on the mice. A silicon ring 
(4 mm x 4 mm, 3 mm internal diameter) was applied to the distal 
colon 3 cm proximal to the end of the murine colon. After surgery, 
all efforts were made to minimize suffering, including analgesic 
medications and put the mice in a 35℃ water bath. The mice were 
kept for 7 days until euthanasia. Monitoring was kept for weight, 
fecal pellets, and mental condition of the postoperative mice every 
day. Experiments were performed with the murine colons 7 days 
after surgery. The mice were euthanized with 2% isoflurane and 
sacrificed by cervical dislocation. The colon tissue from the ileocecal 
valve to the distal colon of obstruction was removed and pinned to 
the base of a Sylgard silicone elastomer dish containing oxygenated 
(95% O2 and 5% CO2) Krebs solution.

Western Blot Analysis
Protein samples were harvested from colonic smooth muscle 

and homogenized in ice-cold RIPA buffer (1:10; P0013; Beyotime 
Chemical Co, Jiangsu, China) and 1% protease inhibitor cocktail 
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(P2714; Sigma Aldrich, County Wicklow, Ireland). The homog-
enates were centrifuged at 12000 rpm for 15 minutes at 4℃. The 
supernatant collection and protein extraction were described previ-
ously.9 In brief, primary antibodies were incubated overnight at 4℃ 
and secondary antibodies at room temperature for 2 hours. An anti-
Pdgfrα antibody (1:1000; 3174; Cell Signaling Technology, Dan-
vers, MA, USA), anti-SK3 antibody (1:500; ab28631; Abcam, 
Cambridge, UK), anti-Kit antibody (1:1000; 3074; Cell Signaling 
Technology), anti-Ano1 antibody (1:1000; ab191040; Abcam), 
anti- glyceraldehyde-3-phosphate dehydrogenas antibody (1:1000; 
GB11002; Servicebio, Wuhan, China), and HRP-linked anti-
rabbit antibody (1:1000; 7074; Cell Signaling Technology) were 
used.

CMMC Experiments
Mice were sacrificed with overdose isoflurane inhalation fol-

lowed by cervical dislocation. The whole colon was extracted from 
the body and carefully dissected to remove mesentery and fat tis-
sues. All fecal materials were carefully expelled with repeated injec-
tion of Krebs solution. A glass capillary tube was inserted through 
the empty lumen to fix the colon segment to the dish floor. The 
colon segment was perfused with warm Krebs solution (37℃, 5% 
CO2 and 95% O2) and stabilized for 30-40 minutes to recover 
colonic contraction activity. Silk thread (USP 5/0) was applied to 
proximal and distal parts of the colon to connect force transducers. 
The CMMC activity was recorded by an isometric force transduc-
er (RM6240C; Chengdu Instrument Factory, Chengdu, China). 

Spontaneous Contractions of Smooth Muscle
The mice were sacrificed as described above. The mucosa and 

submucosa layers were removed by fine dissecting scissors under a 
microscope. The smooth muscle strips (8 mm × 2 mm) were cut 
along the circular axis. A force transducer (RM6240C; Chengdu) 
was used for contractions along the longitudinal axis in 10 mL 
organ baths with 37℃ oxygenated (95% O2 and 5% CO2) Krebs 
solution. Krebs solution was recycled every 20 minutes. The area 
under the curve (AUC) was calculated by adjustment of resting 
tension to baseline in control traces. Spontaneous contractions for 
2 minute recordings and CMMC for 10 minutes recordings were 
used for analysis. AUC was normalized to control to compare with 
effects of drugs. 

Solutions and Drugs
The Krebs solution: NaCl, 118.5 mM; KCl, 4.5 mM; MgCl2, 

1.2 mM; NaHCO3, 23.8 mM; KH2PO4, 1.2 mM; glucose 11.0 

mM; and CaCl2, 2.4 mM. NG-Nitro-l-arginine methyl ester 
hydrochloride (L-NAME), 5-Nitro-2-(3-phenylpropylamino) 
benzoic acid (NPPB), Apamin and CyPPA were purchased from 
Tocris Bioscience (Ellisville, MO, USA).

Statistical Methods
Data are shown as the mean ± SEM. Student’s unpaired t test 

was carried out to compare statistical significance in groups. Dif-
ferences at P < 0.05 level were considered statistically significant. 
N values represent the number of animals used in the experiments. 
Data analysis was performed with GraphPad Prism 6.0 (GraphPad 
Software, La Jolla, CA, USA). 

Results 	

Anatomic and Histological Changes in PCO Mice
Distended abdomen was detected on the 7th day after surgery, 

with the absence of fecal pellet production. The colon was obvi-
ously distended, and large amounts of feces accumulated above the 
ring (Fig. 1A). The colon tissue in the proximal dilated segment 
(> 2 cm) and the distal segment (< 2 cm) from the inserted ring 
was dissected and analyzed by hematoxylin & eosin (HE) staining 
(Fig. 1B), and the results showed that the smooth muscle layer was 
hypertrophied. The weight of the colonic smooth muscle layers in 
PCO mice increased significantly after removing the mucosa (Fig. 
1C). The average thickness of the smooth muscle layer in control 
and PCO mice was significantly different (Fig. 1D). 

The Alteration of ICCs and Ano1 in Hypertrophic 
Colonic Smooth Muscle Layers

To determine the remodeling of ICCs due to PCO, western 
blot approach was used to examine the expression of Kit and Ano1. 
We explored the density of Kit and Ano1 protein expression in the 
colonic smooth muscle tissues. Kit expression was higher in the 
proximal colon than in the distal colon (Fig. 2A). In the comparison 
of Kit in PCO and control colons, Kit in PCO was decreased to 0.48 
± 0.12 compared to control mice (3.24 ± 0.45) in the proximal 
colon and to 0.61 ± 0.14 compared to control mice (1.79 ± 0.26) 
in the distal colon (*P < 0.05, n = 6; Fig. 2A and 2C). Similarly, 
Ano1 expression was slightly lower in the distal colon compared to 
the proximal colon. In PCO colon, Ano1 was downregulated to 1.06 
± 0.20 compared to control (1.73 ± 0.35) in the proximal colon 
and to 0.85 ± 0.11 compared to control (1.34 ± 0.15) in the distal 
colon (*P < 0.05, n = 6; Fig. 2B and 2D).
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The Responses of Colonic Smooth Muscle to 
L-NAME and NPPB

To observe the remodeling of ICCs and Ano1 channels in con-
trol and PCO colons, the effects of the NO synthase inhibitor L-
NAME and the Ano1 channel inhibitor NPPB on CMMC were 
examined using whole colons and muscle strips. 

L-NAME (100 μM) significantly enhanced the area under 
the curve (AUC) values of CMMCs. L-NAME increased the 
AUC of the proximal colon increased to 158.7 ± 6.5% in control 

mice and 113.6 ± 6.5% in the PCO mice (*P < 0.05, n = 5; Fig. 
3A-C). In the distal colon, the corresponding AUC values also 
increased to 114.6 ± 7.6% and 111.2 ± 2.0% (*P < 0.05, n = 
5; Figure 3A, B and D). However, the effectiveness of L-NAME 
was significantly decreased in PCO compared to control (#P < 
0.05 in proximal colons, #P < 0.05 in distal colons; Fig. 3C and 
3D). To evaluate the function of Ano1 channel, NPPB (5 μM) 
was applied. The colonic transmission in the proximal colon was 
reduced to 46.2 ± 1.8% in the control mice and 57.5 ± 3.4% in 
the PCO mice (*P < 0.05, n = 5; Fig. 3E-G). In the distal colon, 

Figure 1. Surgically induced partial colon obstruction (PCO) in a mouse model. (A) Pictures showing the anatomic changes in control (Con) and 
PCO mice. (B, D) Comparison of the thickness of the smooth muscle layer between control and PCO mice by H&E staining (×200 magnifica-
tion) and statistical analysis (*P < 0.05, n = 7). (C) Summarized data showing the colonic muscle layer weight in control and PCO mice (*P < 0.05, 
n = 7). 
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the CMMC transmission was reduced to 84.2 ± 2.9% and 91.4 
± 2.1%, respectively (*P < 0.05, n = 5; Fig. 3E, 3F, and 3H). 
NPPB showed less effect on CMMCs in PCO compared to con-
trol (#P < 0.05 in proximal colons, #P < 0.05 in distal colons; Fig. 
3G and 3H).

The effects of L-NAME and an Ano1 blocker to colonic 
muscle spontaneous contraction were investigated. L-NAME 
remarkably strengthened spontaneous contractions of the proximal 
colon in controls to 137.9 ± 3.9% (*P < 0.05, n = 5; Fig. 4A 
and 4C), and in PCO mice to 119.9 ± 5.5% (*P < 0.05, n = 5; 
Fig. 4A and 4C). In the distal colon, AUC after L-NAME were 
also enhanced to 119.5 ± 4.1% (*P 0.05, n = 5; Fig. 4B and 4D) 
in control and 110.2 ± 10.7% (*P < 0.05, n = 5; Fig. 4B and 
4D) in PCO, respectively. However, the effect of L-NAME was 
significantly decreased in PCO mice compared to the control mice 
(#P < 0.05 in proximal colons, #P < 0.05 in distal colons; Fig. 4C 
and 4D). NPPB decreased the AUC of spontaneous contractions 

to 48.9 ± 6.7% vs 67.0 ± 9.5% in the proximal colon (control vs 
PCO mice, n = 5, P < 0.05; Fig. 4E and 4G) and 66.5 ± 3.9% 
vs 80.0 ± 4.1% in the distal colon (control vs PCO mice, n = 5, 
P < 0.05; Fig. 4F and 4H). However, the inhibitory effects of 
NPPB were decreased in the PCO murine colon smooth muscle 
compared to control mice (#P < 0.05 in proximal colons, #P < 
0.05 in distal colons; Fig. 4G and 4H). Therefore, it was indicated 
that NO contributed significantly to the regulation of CMMC 
frequency, and ICCs and Ano1 channels may be downregulated in 
PCO mice in both the proximal and distal colons.

The Alteration of PDGFRα+ Cells and SK3 in 
Hypertrophic Colonic Smooth Muscles 

The western blot showed that the expression levels of Pdgfra 
protein were much higher in the PCO colon compared to those in 
control mice (*P < 0.05, n = 6; Fig. 5A and 5C). In the control 
group, the relative expression rates were 0.68 ± 0.09 in the proxi-

Figure 2. Expression of Kit and Ano1 in the colonic muscle layers of control (Con) and partial colon obstruction (PCO) mice. Western blot 
analysis of  Kit (A) and Ano1 (B) in control and PCO mice. (C, D) The data were analyzed using densitometric quantification by Quantity One 
(% glyceraldehyde-3-phosphate dehydrogenase [Gapdh], normalized to data from control mice; n = 6, *P < 0.05, PCO vs control, #P < 0.05 
proximal vs distal).
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mal colon and 1.28 ± 0.93 in the distal colon (#P < 0.05, n = 6; 
Fig. 5A and 5C). In the PCO group, the relative expression rates 
were 1.35 ± 0.08 in the proximal segment and 2.50 ± 0.25 in the 

distal segment (#P < 0.05, n = 6; Fig. 5A and 5C). The expres-
sion of SK3 protein was higher in the PCO murine proximal and 
distal colon compared with those in control mice (*P < 0.05, n = 6; 

Figure 3. Effects of inhibitors of nitric oxide synthase (NOS) and Ca2+-activated Cl– channel (Ano1) on colonic migrating motor complexes 
(CMMCs) in the colonic muscles of control (Con) and partial colon obstruction (PCO) mice. (A, B) The inhibitory effects of NG-Nitro-l-argi-
nine methyl ester hydrochloride (L-NAME; 100 μM) on CMMCs in the proximal and distal colons of both control and PCO mice. (C, D) The 
area under the curve (AUC) were normalized to the control (before the application of L-NAME) (n = 5; *P < 0.05, L-NAME vs control; #P 
< 0.05, PCO vs control mice). (E, F) Response of CMMCs to 5-Nitro-2-(3-phenylpropylamino) benzoic acid (NPPB; 5 μM) in the proximal 
and distal colons in both control and PCO mice. (G, H) Summary of the response of CMMCs to NPPB in colonic muscles of control and PCO 
mice. The data were normalized to the control value (before the application of NPPB) (n = 5; *P < 0.05, NPPB vs control; #P < 0.05, PCO vs 
control mice).
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Fig. 5B and 5D). These results directly show that PCO mice have 
less density of ICCs and higher density of PDGFRα+ cells in both 
proximal and distal colons.

The Effect of Apamin and CyPPA on Colonic Smooth 
Muscle 

To investigate the functional alteration of SK3 channels in 
PDGFRα+ cells, the effects of the SK agonist, CyPPA and antag-

Figure 4. Contractile responses to inhibitors of nitric oxide synthase (NOS) and Ca2+-activated Cl– channel (Ano1) in the colonic muscles of 
control (Con) and partial colon obstruction (PCO) mice. (A, B) The inhibitory effects of NG-Nitro-l-arginine methyl ester hydrochloride (L-
NAME; 100 μM) on spontaneous contractions in the proximal and distal colons of both control and PCO mice. (C, D) Summary data shows the 
normalized area under the curve (AUC) in control and after the application of L-NAME (n = 5; *P < 0.05, control vs L-NAME; #P < 0.05, 
control vs PCO mice). (E, F) Response of colonic smooth muscle contractions to 5-Nitro-2-(3-phenylpropylamino) benzoic acid (NPPB; 5 μM) 
in the proximal and distal colon in both control and PCO mice. (G, H) Summary of the contractile responses to NPPB as indicated by the AUC 
in colonic muscles of control and PCO mice. The data were normalized to the control value (before the application of NPPB) (n = 5; *P < 0.05, 
NPPB vs control; #P < 0.05, PCO vs control mice).
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onist, apamin on CMMC and contractions of colonic muscle strips 
were observed.

In the proximal colon, CyPPA (300 nM) reduced the AUC 
to 91.9 ± 2.7% in control and 88.6 ± 0.8% in PCO mice, respec-
tively. These effects were significantly different in control and PCO 
(*P < 0.05, n = 5; Fig. 6A-C). In the distal colon, CyPPA also 
decreased the AUC to 79.7 ± 2.2% in control and to 36.1 ± 5.3% 
in PCO mice. These effects were also different in control and PCO 
(*P < 0.05, n = 5; Fig. 6A, 6B, and 6D). The relaxation effect of 
the SK agonist was more obvious in the PCO murine colon (#P < 
0.05 in proximal colons, #P < 0.05 in distal colons, Fig. 6C and 
6D). Apamin (300 nM) enhanced the AUC of CMMC activity to 
106.2 ± 7.7% in control and 116.9 ± 3.6% in PCO of the proxi-
mal colon (*P < 0.05, n = 5; Fig. 6E-G), and to 120.7 ± 3.6% in 
control and 128.3 ± 9.3% in PCO of the distal colon (*P < 0.05, 
n = 5; Fig. 6E, 6F, and 6H). The effects of apamin were more 
remarkable in the PCO mice (#P < 0.05 in proximal colons, #P < 

0.05 in distal colons; Fig. 6G and 6H).
Isometric force measurements using colonic muscle strips were 

also performed to test effectiveness of CyPPA and apamin. CyPPA 
reduced the AUC of proximal colonic smooth muscle to 55.2 ± 
5.7% in control and 37.8 ± 8.0% in PCO (*P < 0.05, n = 5; Fig. 
7A and 7C), respectively. In the distal colon, the AUC by CyPPA 
treatment were decreased to 33.3 ± 3.2% in control and 16.3 ± 
7.9% in PCO (*P < 0.05, n = 5; Fig. 7B and 7D). The PCO 
colonic strips were more sensitive to CyPPA compared with control 
mice (#P < 0.05 in proximal colons, #P < 0.05 in distal colons; 
Fig. 7C and 7D). In control muscle strips, apamin enhanced to 
123.9 ± 5.9% in the proximal colon (*P < 0.05, n = 5; Fig. 7E 
and 7G) and 147.5 ± 6.8% in the distal colon (*P < 0.05, n = 5; 
Fig. 7F and 7H). Interestingly, in the PCO colon, apamin dramati-
cally increased the AUC to 200.3 ± 10.8% in proximal colon (*P 
< 0.05, n = 5; Fig. 7E and 7G) and 196.8 ± 29.2% in the distal 
colon (*P < 0.05, n = 5; Fig. 7F and H). Murine colonic smooth 

Figure 5. Western blot analysis of platelet-derived growth factor receptor-α (Pdgfra; A) and small conductance Ca2+-activated K+ channel 3 (SK3; 
B) in control (Con) and partial colon obstruction (PCO) mice. (C, D) The data were analyzed using densitometric quantification by Quantity One 
(% glyceraldehyde-3-phosphate dehydrogenase [Gapdh], normalized to data from control mice; n = 6, *P < 0.05 vs control, #P < 0.05 proximal 
vs distal).
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Figure 6. Response of colonic migrating motor complexes (CMMCs) to a small conductance Ca2+-activated K+ channel (SK) agonist and antago-
nist in the colonic muscles of control (Con) and partial colon obstruction (PCO) mice. (A, B) The inhibitory effects of SK agonist, CyPPA (300 
nM), on CMMCs in the proximal and distal colons in both control and PCO mice. (C, D) Summary of the area under the curve (AUC) data 
shows the normalized values to the control (before the application of CyPPA) (n = 5; *P < 0.05, CyPPA vs control; #P < 0.05, PCO vs control 
mice). (E, F) Response of CMMCs to apamin (300 nM) in the proximal and distal colons in both control and PCO mice. (G, H) Summary of 
the CMMCs to apamin in colonic muscles from control and PCO mice. The data were normalized to the control value (before the application of 
apamin) (n = 5; *P < 0.05, apamin vs control; #P < 0.05, PCO vs control mice).
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muscle in PCO showed greater effectiveness of apamin (#P < 0.05 
in proximal colons, #P < 0.05 in distal colons; Fig. 7G and 7H). 
According to these results, we suggest that PDGFRα+ cells and 
SK3 channels may be upregulated in PCO mice in both the proxi-

mal and distal colons.

Figure 7. Contractile responses to the small conductance Ca2+-activated K+ channel (SK) agonist and antagonist in the colonic muscles of control 
(Con) and partial colon obstruction (PCO) mice. (A, B) The inhibitory effects of SK agonist, CyPPA (300 nM), on spontaneous contractions in 
the proximal and distal colons in both control and PCO mice. (C, D) Summary of the area under the curve (AUC) in control and PCO. The data 
were normalized to the control (before the application of CyPPA) (n = 5; *P < 0.05, CyPPA vs control; #P < 0.05, PCO vs control mice). (E, 
F) Response of colonic smooth muscle contractions to apamin (300 nM) in the proximal and distal colon in both control and PCO mice. (G, H) 
Summary of the contractile responses to apamin in the colonic muscles of control and PCO mice. The data were normalized to the control value 
(before the application of apamin) (n = 5; *P < 0.05, apamin vs control; #P < 0.05, PCO vs control mice).
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Discussion 	

PCO occurs on account of mechanical or functional obstruc-
tion.16,17 Mechanical obstruction happens due to a block of the 
intraluminal passage including adhesions, hernias, carcinoma and 
diverticulitis.18,19 Functional obstruction could be due to neuromus-
cular disorders such as Hirschsprung’s disease.20-22 Mechanical 
and functional obstruction induces distended proximal colon in the 
obstruction site with accumulation of the feces and gas.23 The ob-
structed segments displayed altered motility and increased thickness 
of the smooth muscle layer.24,25 Besides the morphological changes 
in PCO, the pathophysiological mechanisms of colonic dysmotility 
in PCO are not known.18,19 

A reliable PCO model had been established by using a silicon 
band around the distal colon wall through the mesentery in litera-
ture.26-28 In the present experiments, the silicon ring was placed at 
the end of distal colon. Feces were accumulated at the distal end of 
the colon from the obstructed lesion due to difficulty of feces to pass 
through the obstructed colonic segment. After surgery, the mice 
gradually developed abdominal distention. The mice were sacri-
ficed 7 days after operation. H&E staining showed muscle layer 
hypertrophy (Fig. 1). This PCO model was used to investigate the 
mechanism of colonic dysmotility. 

Generation of CMMC is due to activation of the enteric 
nervous system that drives fecal pellets in an aboral direction.29 Ex-
citatory and inhibitory neurotransmitters affect the activity of ICC 
and induce CMMC via smooth muscle contractions in the intact 
colonic segment. In previous reports, a partial intestinal obstruc-
tion mouse model showed ICC remodeling.30,31 Loss of ICC could 
disrupt CMMC. The present data showed significant changes in 
the frequency of CMMC (decreased AUC) in PCO compared to 
controls. 

To determine the relationship between ICCs and colonic dys-
motility in PCO mice, we examined the expression of Kit and Ano1 
proteins. Kit and Ano1 decreased significantly in the proximal 
(> 2 cm from oral to obstructed lesion) and distal segment (2 cm 
from oral to obstructed lesion) in PCO mice. In previous reports, 
loss or disruption of ICC networks was reported in an obstruction 
model.14 Furthermore, when ICCs in the small intestine were dis-
rupted by the obstruction, the loss of pacemaker electrical activity 
and responses to neurotransmitters were observed.11 Ano1 channels 
in ICC are the main conductance to generate pacemaker activ-
ity.32 In the present study, we used NPPB, an Ano1 blocker to test 
functional changes of Ano1 in PCO. Colonic muscle strips were 

used for measuring spontaneous contractions. NPPB showed less 
effect in PCO than in control contractions. Similar responses were 
observed on CMMCs. These data suggest that PCO exhibited 
functional downregulation of Ano1 channels in ICC. The underly-
ing mechanisms of downregulation of Kit and Ano1 in PCO are 
unknown. 

ICC-IM in the colon are the main target cells of NO. NO is 
one dominating inhibitory neurotransmitter in the colon.33,34 We 
tested the effect of the NO synthase inhibitor on the spontaneous 
contractions of smooth muscle and CMMCs in control and PCO 
mice. The results showed that contractions of colonic smooth mus-
cle were enhanced after the addition of L-NAME in control co-
lons. The effect of L-NAME was less sensitive in PCO compared 
to controls. This result could be due to downregulation of nNOS 
shown in colonic pseudo-obstruction,35 and downregulation of Kit 
based on the present findings. 

PDGFRα+ cells express SK3 protein. Inhibitory neurotrans-
mitters, mainly purines bind to G-protein coupled P2Y1 receptors 
in PDGFRα+ cells,4,9,36 increase intracellular Ca2+, activate SK3 
channels, and induce hyperpolarization.37,38 In the present study, 
western blot displayed that the Pdgfra and SK3 proteins were 
significantly upregulated in PCO colon compared with those of 
control mice. We also tested the effects of SK channel agonist and 
antagonist on the spontaneous contractions of muscle strips from 
the proximal and distal colons in controls and PCO. The results 
showed that the SK agonist, CyPPA significantly decreased con-
tractions in control colonic muscles. PCO colons were more sensi-
tive to CyPPA compared to responses in control colonic muscles. 
Apamin, a SK antagonist increased the AUC of spontaneous 
contractions in controls. Moreover, apamin sensitivity was higher 
in PCO than in control colons. In CMMC, the effects of apamin 
were also significantly stronger in the PCO mice than in the nor-
mal control colons. Our data suggest that the upregulation of the 
Pdgfra and SK3 channels in the PCO colon induced significant 
inhibitory effects by SK agonist and excitatory effects by SK antago-
nist on muscle contractions and CMMCs. Mechanisms of gain or 
upregulation of Pdgfra and SK3 are not known. Understanding 
mechanisms of upregulation of these proteins will be an interesting 
future project.

In summary, PCO mice displayed different patterns of smooth 
muscle contractions and CMMCs. PCO mice exhibited colonic 
dysmotility due to downregulation of Kit and Ano1 channels, 
and upregulation of Pdgfra and SK3 channels. These data were 
supported by functional analysis. Spontaneous contractions and 
CMMCs were less sensitive to nNOS and Ano1 inhibitors but 
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more sensitive to SK modulators in PCO colons. In conclusion, 
PCO leads to colonic dysmotility due to density changes in ICC 
and PDGFRα+ cells and their subsequent changes in excitability. 
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