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Abstract

The aging-associated cellular and molecular changes in esophagus have not been estab-

lished, yet. Thus we evaluated histological structure, interstitial cells of Cajal (ICCs), neuro-

nal nitric oxide synthase (nNOS)-positive cells, and contractility in the esophagus of Fischer

344 rat at different ages (6-, 31-, 74-weeks, and 2-years). The lamina propria thickness and

endomysial area were calculated. The immunoreactivity of c-Kit, nNOS and protein gene

product (PGP) 9.5 was counted after immunohistochemistry. Expression of c-Kit, stem cell

factor (SCF), nNOS and PGP 9.5 mRNA was measured by real-time PCR, and expression

of c-Kit and nNOS protein was detected by Western blot. Isovolumetric contractile force

measurement and electrical field stimulation (EFS) were conducted. The lamina propria

thickness increased (6 week vs 2 year, P = 0.005) and the endomysial area of longitudinal

muscle decreased with aging (6 week vs 2 year, P<0.001), while endomysial area of circular

muscle did not significantly decrease. The proportions of NOS-immunoreactive cells and c-

Kit-immunoreactive areas declined with aging (6 week vs 2 year; P<0.001 and P = 0.004,

respectively), but there was no significant change of PGP 9.5-immunopositiviy. The expres-

sions of nNOS, c-Kit and SCF mRNA also reduced with aging (6 week vs 2 year; P = 0.006,

P = 0.001 and P = 0.006, respectively), while the change of PGP 9.5 mRNA expression was

not significant. Western blot showed the significant decreases of nNOS and c-Kit protein

expression with aging (6 week vs 2 year; P = 0.008 and P = 0.012, respectively). The EFS-

induced esophageal contractions significantly decreased in 2-yr-old rat compared with 6-

wk-old rats, however, L-NG-Nitroarginine methylester did not significantly increase the

spontaneous and EFS-induced contractions in the 6-wk- and 2-yr-old rat esophagus. In con-

clusion, an increase of lamina propria thickness, a decrease of endomysial area, c-Kit, SCF

PLOS ONE | https://doi.org/10.1371/journal.pone.0186322 November 28, 2017 1 / 17

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Kim HJ, Kim N, Kim YS, Nam RH, Lee

SM, Park JH, et al. (2017) Changes in the

interstitial cells of Cajal and neuronal nitric oxide

synthase positive neuronal cells with aging in the

esophagus of F344 rats. PLoS ONE 12(11):

e0186322. https://doi.org/10.1371/journal.

pone.0186322

Editor: Seungil Ro, University of Nevada School of

Medicine, UNITED STATES

Received: February 1, 2017

Accepted: September 28, 2017

Published: November 28, 2017

Copyright: © 2017 Kim et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper.

Funding: This work was supported by a National

Research Foundation (NRF) of Korea grant for the

Global Core Research Center (GCRC) funded by the

Korea government (MSIP) (No. 2011-0030001).

The funder had no role in study design, data

collection and analysis, decision to publish, or

preparation of the manuscript.

https://doi.org/10.1371/journal.pone.0186322
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186322&domain=pdf&date_stamp=2017-11-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186322&domain=pdf&date_stamp=2017-11-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186322&domain=pdf&date_stamp=2017-11-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186322&domain=pdf&date_stamp=2017-11-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186322&domain=pdf&date_stamp=2017-11-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186322&domain=pdf&date_stamp=2017-11-28
https://doi.org/10.1371/journal.pone.0186322
https://doi.org/10.1371/journal.pone.0186322
http://creativecommons.org/licenses/by/4.0/


and NOS expression with preserved total enteric neurons, and contractility in aged rat

esophagus may explain the aging-associated esophageal dysmotility.

Introduction

Aging affects the structure and function of gut as a result of accumulation of diverse deleteri-

ous cellular and biochemical changes [1]. Several human studies reported aging-associated

changes in the esophageal motility such as increased esophageal stiffness, reduced peristaltic

function [2] and decreased lower esophageal sphincter (LES) relaxation [3, 4]. A recent human

research showed decreased upper esophageal sphincter pressure, distal esophageal motility

and peristaltic velocity with advancing age using high resolution esophageal manometry [5].

These changes may be a major contributor to dysphagia and reflux symptom which are com-

monly reported in elderly individuals [6, 7].

The cellular and molecular changes exhibited by the aging gut cells vary. Aged intestinal

smooth muscle cells (SMCs) exhibit a number of changes in the signaling pathways that regu-

late contractions [8, 9]. Researches on aging enteric neurons reported a neuronal loss or

degeneration in the aged gut [8, 10–13]. The extent of enteric neuronal loss during aging is

likely to be variable in different studies. Specifically, different neuronal subpopulations may be

differentially affected. Several studies have provided evidence that excitatory cholinergic neu-

rons were reduced in number in older animals, whereas inhibitory nitrergic neurons have

been reported to be spared [14–18]. However, our group reported a decrease of nitrergic neu-

rons in the colon [19] and stomach [20] of aged F344 rats. In addition, there have been evi-

dences for age-related enteric neurodegeneration. Swollen and dystrophic nerve fibers have

been described in the aging rat [15] and mouse [17].

Interstitial cell of Cajal (ICC) plays a pivotal role as the pacemakers in the control of gastro-

intestinal (GI) motility. They generate electrical pacemaker activity that provides the muscula-

ture with the mechanism to produce propulsive rhythmic contractile activity [21, 22] and they

appear to be conduits for nitrergic innervation of muscle [23]. ICCs express c-Kit, which is a

membrane receptor with tyrosine kinase activity [24], and stem cell factor (SCF) serves as a

ligand of Kit. It is well established that ICCs survival and function depend on the activation of

c-Kit [25]. In spite of the role that ICCs paly in the control of motility, very few studies have

investigated changes in properties or numbers of ICCs in aging. Gomez-Pinilla et al. showed

the number and volume of ICC networks in the normal human stomach and colon decline

with aging using immunohistochemistry (IHC) analysis [26] and recently our group also

reported a decrease of ICC expressions with aging in the stomach of F344 Fischer rats using

IHC, real-time PCR and Western immunoblotting [20].

The majority of research on aging of GI tract has been carried out in the stomach, small

intestines and colons, and to the best of our knowledge, there have been only two early studies

on the effect of aging on esophagus which reported total neuronal loss in rat and human,

respectively [27, 28]. No data address the effect of age on ICCs of esophagus. From this back-

ground, the aim of this study is to assess the changes of histological structure and expressions

of ICCs, neuronal nitric oxide synthase (nNOS)-immunoreactive neurons with SCF in the

esophagus of 6-, 31-, 74-wk and 2-yr aged F344 rats, which are equivalent to 5, 30, 60 and 80

years of human age, respectively. In addition, esophageal contractility was compared between

young and old aged rats using electrical field stimulation (EFS).

ICC and nNOS in aged rat esophagus
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Materials and methods

Animals and tissue preparation

Specific pathogen-free, male Fischer 344 rats (Orient Co. Ltd., Seoul, Korea), 6-, 31-, and 74-

week and 2- year of age were used for the experiments (each, n = 6). The animals were housed

in a cage maintained at 23˚C, with 12:12-h light-dark cycles under specific pathogen-free con-

ditions. The rats were fasted but allowed water for 12 h before the experiments. All rats were

euthanized by carbon dioxide after experiments approved in our IACUC Animal Care and

Use Protocol. 1 cm length of the distal esophagus per rat was obtained, and fixed in 10% buff-

ered formalin for histology. The specimens were embedded in paraffin, sectioned perpendicu-

larly to the lumen (section thickness, 4 μm) and stained with hematoxylin and eosin (H&E).

All experimental procedures described here were approved by the Institutional Animal Care

and Use Committee of Seoul National University Bundang Hospital (BA1403-148/012-02).

Histology

The histology was analyzed following the methods of our previous reports [19, 20]. The histology

was evaluated by a pathologist (H. S. Lee) blinded to the age of the animal. One H&E-stained

slide per rat (n = 6 for each age group) and four to five fields per slide were randomly selected

and checked under 40×objective lens. The thicknesses of the total esophageal wall and lamina

propria were quantified using the Image- Pro Plus analysis system (Media Cybernetics, San-

Diego, CA). The thickness of lamina propria was expressed as a percentage of thickness of the

total esophageal wall. The areas of the circular muscle (CM) endomysium and longitudinal mus-

cle (LM) endomysium were quantified using the Image- Pro Plus analysis system (Media Cyber-

netics, SanDiego, CA). The endomysial area was expressed as a percentage of total muscle area.

Immunohistochemistry for c-Kit, nNOS, protein gene product (PGP) 9.5

The immunohistochemistry was performed following the methods of our previous reports [19,

20]. The tissue sections were incubated with the following primary antibody: anti-nNOS anti-

body (dilution 1:500; AB5380 Chemicon Millipore Corporation, Billerica, MA, USA), anti-c-

Kit antibody (dilution 1:100; polyclonal rabbit anti-human CD117, DAKO, Glostrup, Den-

mark) and anti-PGP 9.5 antibody (dilution 1:250; CM 329 AK; Biocare Medical, Concord,

CA) after deactivation of endogenous peroxidase with 3% hydrogen peroxide and blocking of

nonspecific binding sites. The immunostaining was performed using an automatic immunos-

tainer (BenchMark XT, Ventan Medical Systems, Inc., Tucson, AZ, USA) according to the

manufacturer’s instructions. An UltraView Universial DAB detection Kit (Ventana Medical

Systems) was used as secondary antibody. The negative control for immunohistochemistry

was performed without primary antibody. The immunostained tissues were examined under a

light microscope (Carl Zeiss, Jena, Germany) linked to a computer-assisted image analysis sys-

tem (AxioVision Rel.4.8; Carl Zeiss). Two immunostained slides per each rat (n = 6 for each

age group) were prepared, and four to five fields per slide were randomly selected to obtain

micrographs at x1000 for nNOS, PGP 9.5, c-Kit and PGP 9.5. Mast cells, known to express c-

Kit were excluded by their round or oval shape and lack of processes were excluded from

counts [26, 29, 30]. Quantitative assessment of c-Kit, nNOS and PGP 9.5 immunoreactivity

was performed using the Image- Pro1 Plus analysis system (Media Cybernetics, SanDiego,

CA, USA). c-Kit- positive areas expressed as a percentage of c-Kit-positive areas/total areas.

nNOS-positive cells expressed as a percentage of number of nNOS-positive cells/total cells.

Likewise, PGP 9.5-positive cells and areas expressed as a percentage of number of PGP 9.5-

positive cells/total cells and PGP 9.5-positive areas/total areas.

ICC and nNOS in aged rat esophagus
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Real-time PCR for c-Kit, SCF and nNOS

c-Kit, SCF and nNOS mRNA levels were measured by real-time PCR (q-PCR) according to the

method in our previous reports [19, 20]. RNA was extracted from the esophageal muscle tis-

sues devoid of the mucosa, submucosa and preferably serosa using an RNeasy Plus Mini Kit

(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. RNA samples were

diluted to a final concentration of 0.5 mg/mL in RNase-free water and stored at -80˚C until

use. Synthesis of the cDNA was performed with 1 mg of total RNA with M-MLV reverse tran-

scription reagents (Invitrogen, Carlsbad, CA, USA). The 20 μL reverse transcription reaction

consisted of 4 μL of first-strand buffer, 500 mM deoxynucleoside triphosphate mixture, 2.5

mM oligo (dT) 12–18 primer, 0.4 U/mL ribonuclease inhibitor, and 1.25 U/mL Moloney

murine leukemia virus 152 reverse transcriptase (Invitrogen). The thermal cycling parameters

for the reverse transcription were 10 minutes at 65˚C, 50 minutes at 37˚C and 15 minutes at

70˚C. Real-time PCR amplification and determination were performed using SYBR Premix Ex

TaqTM (Takara Bio, Shiga, Japan) according to the manufacturer’s protocols. The following

primers were used: c-Kit forward, TTC CTG TGA CAG CTC AAA CG; c-Kit reverse, AGC
AAA TCT TCC AGG TCC AG; SCF forward, CAA AAC TGG CGA ATC TT; SCF reverse,

GCC ACG AGG TCA TCC ACT AT; nNOS forward, CTA CAA GGT CCG ATT CAA CAG;

nNOS reverse, CCC ACA CAG AAG ACA TCA CAG; GAPDH forward, AGG TGA AGG TCG
GAG TCA; and GAPDH reverse, GGT CAT TGA TGG CAA. The GAPDH gene was used as an

endogenous reference as a control for expression that was independent of sample-to-sample

variability. The amplification protocol consisted of an initial denaturation step at 95˚C for 10

seconds, followed by 40 cycles of denaturation for 5 seconds at 95˚C and annealing/extension

of 33 seconds at 55˚C. The relative expression levels of target genes were normalized by divid-

ing the target Ct values by the endogenous Ct values. All equipment was purchased from

Applied Biosystems and used according to their protocols. RNA-free water was used in real-

time PCR for the no-template control (NTC). After amplification, we performed melting

curve analysis using ABI PRISM1 7000 Sequence Detection System software (Applied

Biosystems).

Western blotting for c-Kit and nNOS

c-Kit and nNOS protein levels were measured by western blotting according to the method

in our previous report [20]. The esophageal muscle tissue devoid of mucosa, submucosa and

preferably serosa was homogenized with lysis buffer containing 25 mM Tris-HCL (pH 7.4),

EGTA (1 mM), DTT (1 mM), leupeptin (10 μg/mL), aprotinin (10 μg/mL), PMSF (1 mM),

and Triton X-100 (0.1%). Briefly, the proteins (each sample, 100 μg) were separated by

SDS–PAGE (8% wt/wt gel) and transferred to PVDF membranes. All procedures were per-

formed in Tris buffer (40 mM, pH 7.55) containing 0.3 M NaCl and 0.3% Tween 20. The

membranes were then blocked with dried milk (5% wt/vol) and subsequently incubated with

c-Kit (1:100; rabbit polyclonal antibody, Santa Cruz Biotechnology, Santa Cruz, CA, USA),

nNOS (1:500; mouse monoclonal IgG2a antibody, BD Biosciences, San Diego, CA, USA)

and β-actin (1:1000; rabbit polyclonal antibody, Biovision, Milpitas, CA, USA) at 4˚C over-

night. The blots were incubated with secondary antibody (rabbit polyclonal antibody, Santa

Cruz Biotechnology for c-Kit (dilution 1:500) and β-actin (dilution 1:1000) and mouse poly-

clonal antibody (1:1000; Santa Cruz Biotechnology) for nNOS, and an imaging analyzer was

used to measure the band densities. For c-Kit immunoblot, each of the optical density of the

mature (145 kDa) and immature (120 kDa) forms was combined into one in the analysis pro-

cess using densirometry [31].

ICC and nNOS in aged rat esophagus
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Isometric force measurements and EFS

Mechanical responses were performed to investigate the functional difference of esophagus

between 6-wk- and 2-yr-old F344 rats using standard organ-bath techniques. Segments of the

distal esophagus were removed through a midline chest incision and opened. Luminal con-

tents were removed by a washing with Krebs-Ringer bicarbonate solution (KRB), and the

mucosa was removed leaving the tunica muscularis and remnants of the submucosa. The mus-

cles strips, oriented in the axis of the circular muscle, were mounted under 1 g tension and

then allowed to equilibrate for 1–2 h with constant perfusion with fresh KRB, spontaneous

contractile activity was measured by area under the curve (AUC) at the resting state. For

inducing muscle contractile response, electrical field stimulation (EFS) was applied through a

pair of platinum electrodes placed on either side of esophageal muscle strips with frequency of

10, 20 and 40 Hz for 60 s at intervals of 10 minutes. The contractile responses by EFS of esoph-

ageal muscle were compared in the absence or presence of L-NG-Nitroarginine methyl ester

(L-NAME, 10 μM). We assessed the differences of contractile activity by quantifying excitation

response during EFS. All data were recorded using the PowerLab data acquisition system.

Using the recorded waveform, the AUC was calculated by integrating the differences between

the maximum and minimum values obtained immediately before and after the EFS stimula-

tion. When the percent changes of EFS response under drug L-NAME treatment were mea-

sured, the value before the drug treatment was defined as 100%.

Statistical analysis

All statistical calculations were performed using SPSS software (version 20.0; SPSS Inc., Chi-

cago, IL, USA). The results were compared by the Mann-Whitney U-test or Kruskal–Wallis

test. All values are reported as means ± standard error. Statistical significance was set at a P

value < 0.05.

Results

Influence aging on lamina propria thickness and endomysial area

Representative images of total layer, lamina propria layer and endomysial area of rat esophagus

stained by H&E staining at four different ages are shown in Fig 1. In detail, the average thick-

ness of lamina propria in the 74-wk and 2-yr-old rats significantly increased compared with

6- and 31-wk-old rats (6-wk vs 74-wk, P = 0.005; 6-wk vs 2-yr, P = 0.005; 31-wk vs 74-wk,

P = 0.029; 31-wk vs 2-yr, P = 0.03) (Table 1 and Fig 2A). The endomysial area of CM showed

the tendency of decrease with aging, but not statistically significant (6-wk vs 74-wk, P = 0.137;

6-wk vs 2-yr, P = 0.135) (Table 1 and Fig 2B). However, the endomysial area of LM signifi-

cantly decreased with aging. The average endomysial area of LM in the 31- wk, 74-wk and

2-yr-old rats was significantly smaller than that in the 6-wk-old rats (6-wk vs 31-wk, P<0.001;

6-wk vs 74-wk 0.50 ± 0.43, P<0.001; 6-wk vs 2-yr, 0.58 ± 0.16, P<0.001) (Table 1 and Fig 2C).

Influence aging on nNOS- and PGP 9.5-immunoreactive neuron

Fig 3A shows representative images of nNOS-immunoreactivity in muscular layer of rat

esophagus with four different ages. The proportion of nNOS-immunoreactive cells to total

cells in the 74-wk- and 2-yr-old rats decreased compared with that of the 6- and 31-wk-old

rats (6-wk vs 74-wk, P<0.001; 6-wk vs 2-yr, P<0.001; 31-wk vs 74-wk, P = 0.001, 31-wk vs
2-yr, P<0.001) (Table 2 and Fig 3B). Similar findings are shown in the expression of mRNA

and protein. nNOS mRNA expression in the 74-wk and 2-yr-old rats declined compared with

that of the 6-wk-old rats (6-wk vs 74-wk, 2.38 ± 0.95 vs 0.2 ± 0.1, P = 0.048; 6-wk vs 2-yr,

ICC and nNOS in aged rat esophagus
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2.38 ± 0.95 vs 0.15 ± 0.09, P = 0.006) (Fig 3C), and nNOS protein expression in the 2-yr-old

rats decreased compared with that of the 6- and 31-wk-old rats (6-wk vs 2-yr, 0.806 ± 0.078 vs
0.413 ± 0.057, P = 0.008; 31-wk vs 2-yr, 0.589 ± 0.042 vs 0.413 ± 0.057, P = 0.039) (Fig 3D). In

Fig 1. The change of esophageal structure with aging. (A) Total layer of esophagus demonstrated by hematoxylin and eosin (H&E) staining (x200

magnification). (B) Lamina propria layer demonstrated by H&E staining (x400 magnification) (C) Endomysial area demonstrated by H&E staining (x1000

magnification) in 6-, 31-, 74-wk-, and 2-yr-old rats (each group, n = 6). Arrows indicate the endomysium. LP means lamina propria.

https://doi.org/10.1371/journal.pone.0186322.g001

Table 1. The proportions of lamina propria thickness and endomyisal area of esophagus in 6-, 31-, 74-wk- and 2-yr-old rats.

6 weeks 31 weeks 74 weeks 2 years P-value

6 wk vs 74

wk

6 wk vs 2 yr 31 wk vs 2

yr

Lamina propria thickness per total thickness (%) 18.55 ± 1.76 19.69 ± 1.14 23.22 ± 2.30 23.20 ± 1.91 0.005 0.005 0.03

Endomysial areas per total circular muscle areas (%) 8.00 ± 1.73 6.32 ± 2.72 2.37 ± 1.27 2.61 ± 0.52 0.137 0.135 0.427

Endomysial areas per total longitudinal muscle areas

(%)

9.62 ± 1.29 3.08 ± 1.03 0.50 ± 0.43 0.58 ± 0.16 <0.001 <0.001 0.221

The data are expressed as mean ± SD.

Bold style means the statistical significance.le means the statistical significance.

https://doi.org/10.1371/journal.pone.0186322.t001
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contrast, changes in PGP 9.5-immunoreactivty and PGP 9.5 mRNA with aging were not signif-

icantly different (Table 2 and Fig 4).

Influence of aging on ICCs

Fig 5A shows representative images of c-Kit-immunoreacitivity in the muscular layer of rat

esophagus with four different ages. Spindle shaped positively stained c-Kit-immunoreactive

cells dispersed mainly in the submucosal border of muscular layer, and there is no immunreac-

tivity of c-Kit in the area of the ganglion cells of the myenteric plexus. Significantly lower pro-

portion of c-Kit-immunoreactive area to total area was observed in the 74-wk- and 2-yr-old

rats compared with the 6- and 31-wk-old rats (6-wk vs 74-wk, P = 0.004; 6-wk vs 2-yr, P =

0.004; 31-wk vs 74-wk, P = 0.037, 31-wk vs 2-yr, P = 0.025) (Table 2 and Fig 5B). c-Kit mRNA

expression in the 74-wk- and 2-yr-old rats also decreased compared with that of the 6-wk-old

rats (6-wk vs 74-wk, 2.35 ± 0.98 vs 0.12 ± 0.05, P = 0.013; 6-wk vs 2-yr, 2.35 ± 0.98 vs 0.06 ±
0.02, P = 0.001) (Fig 5C), the c-Kit protein expression in the 74-wk and 2-yr-old rats was lower

compared with that of the 6-wk and 31-wk (6-wk vs 74-wk, 0.811 ± 0.066 vs 0.628 ± 0.047,

Fig 2. The changes in thickness of lamina propria and endomysial area of rat esophagus with aging. Thickness of lamina propria (A), endomysial area

of circular muscle (B) and endomysial area of longitudinal muscle (C) in 6-, 31-,74-wk-, and 2-yr-old rats (each group, n = 6). The results are presented as

means ± standard error. *P < 0.05 compared with 6 week of age; †P < 0.05 compared with 31 week of age.

https://doi.org/10.1371/journal.pone.0186322.g002
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P = 0.046; 6-wk vs 2-yr, 0.811 ± 0.066 vs 0.502 ± 0.042, P = 0.012; 31-wk vs 74-wk, 0.771 ±
0.044 vs 0.628 ± 0.047, P = 0.037; 31-wk vs 2-yr, 0.771 ± 0.044 vs 0.502 ± 0.042, P = 0.006) (Fig

5D). Similarly, SCF mRNA expressions in the 74-wk and 2-yr-old rats significantly decreased

compared with that of the 6-wk-old rats (6-wk vs 74-wk, 3.18 ± 1.29 vs 0.09 ± 0.03, P = 0.025;

6-wk vs 2-yr, 3.18 ± 1.29 vs 0.07 ± 0.02, P = 0.006) (Fig 5E).

Influence of aging on esophageal contractility

When the spontaneous esophageal contractions after L-NAME treatment were compared with

contractions before L-NAME which values were defined as 100%, L-NAME treatment did not

significantly increase the contractions in the 6-wk-and 2-yr-old rat esophagus (6-wk-old rats,

Fig 3. The changes in neuronal nitric oxide synthase (nNOS) immunoreactivity and the expression of nNOS mRNA and nNOS protein of rat

esophagus with aging. Representative images of nNOS-immunoreactive cells in muscular layer (A), nNOS immunohistochemistry (B) in 6-, 31-, 74-wk-,

and 2-yr-old rats (each group, n = 6). nNOS immunohistochemistry was expressed as percentage of the number of nNOS-immunoreactive cells per total cells.

Arrows indicate the nNOS-immunoreactive cells (x1000 magnification). Expression of nNOS mRNA measured by real time-PCR (C) and nNOS protein

measured by western blot (D) in 6-, 31–74-wk-old rats (each, n = 7) and 2-yr-old rats (n = 10). Each bar represents the mean ± standard error. *P < 0.05

compared with 6 week of age; †P < 0.05 compared with 31 week of age.

https://doi.org/10.1371/journal.pone.0186322.g003
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Table 2. The immunoreactivities of nNOS, PGP 9.5 and c-Kit of esophagus in 6-, 31-, 74-wk- and 2-yr-old rats.

6 weeks 31 weeks 74 weeks 2 years P value

6 wk vs 74 wk 6 wk vs 2 yr 31 wk vs 2 yr

nNOS-positive cells per total cells (%) 44.65 ± 3.10 32.03 ± 1.47 12.95 ± 5.03 7.09 ± 1.61 <0.001 <0.001 <0.001

PGP 9.5-positive areas per total areas 13.03 ± 2.00 13.02 ± 1.52 12.90 ± 3.93 13.86 ± 1.90 0.917 0.754 0.754

PGP 9.5-positive cells per total cells 39.38 ± 4.64 36.14 ± 7.25 32.92 ± 6.50 37.31 ± 6.21 0.465 0.602 0.754

c-Kit–positive areas per total areas 0.95 ± 0.14 0.82 ± 0.21 0.40 ± 0.04 0.39 ± 0.06 0.004 0.004 0.025

The data are expressed as mean ± SD.

Bold style means the statistical significance.

nNOS, neuronal nitric oxide synthase; PGP, protein gene product

https://doi.org/10.1371/journal.pone.0186322.t002

Fig 4. The changes in protein gene product (PGP) 9.5 immunoreactivity and the expression of PGP 9.5 mRNA of rat esophagus with aging.

Representative images of PGP 9.5-immunoreactive cells in myenteric plexus (x1000 magnification) (A), PGP 9.5 immunohistochemistry expressed as

percentage of PGP 9.5-immunoreactive cells per total cells (B), PGP 9.5 immunohistochemistry expressed as percentage of PGP 9.5-immunoreactive areas

per total areas (C), the expression of PGP 9.5 mRNA measured by real time-PCR (D) in 6-, 31–74-wk-old rats (each, n = 7) and 2-yr-old rats (n = 10). Each

bar represents the mean ± standard error.

https://doi.org/10.1371/journal.pone.0186322.g004
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100.51 ± 0.55%, P = 0.345; 2-yr-old-rats, 101.24 ± 0.63%, P = 0.068). The AUCs and peak

amplitude of single-pulse and multi-pulse EFS-induced contractile responses of 2-yr-old rat

esophagus were significantly decreased compared with the 6-wk-old rat esophagus in the

absence of L-NAME (AUC, 2.29 ± 0.13 vs 3.20 ± 0.29, P = 0.014; amplitude, 2.01 ± 0.27 vs
3.50 ± 0.47, P = 0.021) (Figs 6 and 7). When we compared the AUC of contractions between

the presence or absence of L-NAME, EFS-induced contractile responses tended to increase

after administration of L-NAME in 6-wk-old rats, but there were no statistically significant dif-

ferences (single-pulse, 3.20 ± 0.29 vs 3.37 ± 0.12, P = 0.674; multi-pulse with 10 Hz, 113.96 ±
6.36 vs 114.95 ± 7.81, P = 0.916; multi-pulse with 20 Hz, 311.70 ± 35.92 vs 335.30 ± 32.71,

P = 0.345; multi-pulse with 40 Hz, 259.69 ± 18.55 vs 287.03 ± 221.16, P = 0.753) (Figs 6 and 7).

Fig 5. The change in c-Kit immunoreactivity and the expression of c-Kit mRNA, stem cell factor (SCF) mRNA and c-Kit protein of rat esophagus

with aging. Representative images of c-Kit-immunoreactive cells in submucosal border of muscular layer (A), c-Kit immunohistochemistry (B) in 6-, 31-,

74-wk-, and 2-yr-old rats (each group, n = 6). Spindle shaped positively stained c-Kit-immunoreactive cells (arrow) distributed mainly in the submucosal

border of muscular layer (x1000 magnification). c-Kit immunohistochemistry was expressed as percentage of c-Kit-immunoreactive areas per total area.

Expression of c-Kit mRNA measured by real time-PCR (q-PCR) (C), the expression of c-Kit protein measured by western blot (D) and SCF mRNA measured

by real time-PCR (E) in 6-, 31–74-wk-old rats (each, n = 7) and 2-yr-old rats (n = 10). Each bar represents the mean ± standard error. In western blot, the

optical densities corresponding to the mature (145 kDa) and immature (120 kDa) forms were combined in the analysis process using densitometry.*P < 0.05

compared with 6 week of age; †P < 0.05 compared with 31 week of age.

https://doi.org/10.1371/journal.pone.0186322.g005
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In 2-yr-old rates, there were no significant differences of contractile responses to EFS between

the presence and absence of L-NAME (single-pulse, 2.29 ± 0.13 vs 2.30 ± 0.22, P = 0.916;

multi-pulse with 10 Hz, 84.63 ± 7.09 vs 88.04 ± 9.18, P = 0.916; multi-pulse with 20 Hz,

168.94 ± 21.81 vs 166.64 ± 32.57, P = 0.462; multi-pulse with 40 Hz, 235.88 ± 25.29 vs
221.16 ± 38.95, P = 0.345) (Figs 6 and 7).

Discussions

In the present study, lamina propria thickness significantly increased with aging, which is sim-

ilar to the finding of our previous research that showed an increase of lamina propria layer in

the lower third of gastric F344 rats with aging [32]. It was accompanied by the increase in sul-

fated glycosaminoglycan and salt-soluble collagen which are major components of connective

tissue [32]. The present study also showed a decrease in the endomysial area of LM during

Fig 6. Single-pulse electrical field stimulation (EFS)- induced contractile response in the distal esophageal muscle. Representative traces (A) and

area under curve (AUC) and peak amplitude (B) of single-pulse EFS-induced twitch-like contractions in the absence and presence of nitro-L-arginine methyl

ester (L-NAME) in 6-wk- and 2-yr-old rats (each, n = 8). EFS was applied by using single pulses (voltage: 320 mV, duration: 0.3 ms). Each bar represents the

mean ± standard error. *P < 0.05.

https://doi.org/10.1371/journal.pone.0186322.g006
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aging. The endomysial area of CM tended to decrease with aging, but there was no statistical

significance. Endomysium is a layer of connective tissue that surrounds individual muscle cells

tethering individual muscle fibers together, and functions as the sites for connections to cyto-

skeletal proteins of muscle cells. It is also source of extracellular materials including collagen

and elastin, scaffolding for blood vessels. There might be an important influence on the func-

tional and biologic properties of muscle cells because endomysium has the most intimate con-

tact with the muscle cells [33]. The change in the thickness of lamina propria and endomysial

area of muscular layer with aging might reflect the change of their components, influencing on

esophageal function and motility as getting old. To the best of our knowledge, no research on

endomysial area reported yet.

Our major finding is a loss of nNOS-immunoreactive cells and ICCs in old esophageal rat.

PGP 9.5-immunoreactivity which is used to recognize the entire neuron did not significantly

change with aging. And these cellular changes were also demonstrated in the molecular levels

such as mRNA and protein in the present study. A loss of nitrergic neurons in the esophageal

Fig 7. Multi-pulse electrical field stimulation (EFS)-induced contractile response in the distal esophageal muscle. Representative traces and area

under curve (AUC) of contractile responses to multi-pulse EFS with 10 (A), 20 (B) and 40 Hz (C) in the absence and presence of nitro-L-arginine methyl ester

(L-NAME) in 6-wk- and 2-yr-old rats (each, n = 8). Each bar represents the mean ± standard error. *P < 0.05.

https://doi.org/10.1371/journal.pone.0186322.g007
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myenteric plexus has already been revealed in animal models of achalasia, as well as in patients

with achalasia [34–36]. Achalasia is a primary motility disorder characterized by impaired LES

relaxation and increased basal LES pressure with weak and simultaneous peristaltic waves in

the esophageal body [37, 38]. It has also been shown that intramuscular ICCs were reduced

and the ICC ultrastructure might be altered in humans with achalasia [34, 39]. In addition,

nitric oxide (NO) has been shown to be the main inhibitory neurotransmitter responsible for

esophageal function, especially relaxation of the LES [40]. NO generated by nNOS in inhibi-

tory neurons results in the synthesis of cGMP by NO-sensitive guanylyl cyclase (NO-GC) in

several target cells. NO-GC expression was detected in SMCs, ICCs, neurons and fibroblast-

like cells in various parts of the GI tract [41]. The exact mechanism of nitrergic LES relaxation

is still insufficiently elucidated. Recent experimental study using cell-specific knockout mouse

lines for NO-GC suggested that the regulation of basal LES tone is based on a dual mechanism

mediated by NO-GC in SMCs and ICCs whereas swallow-induced LES relaxation is mainly

regulated by nitrergic mechanisms in ICCs [42]. Taken together, we suggest a selective loss of

nNOS positive neuronal cells and ICCs with aging seems to cause impaired LES relaxation and

peristalsis such as that observed in achalasia.

The results from our study are consistent to the age-related changes in stomach [20] and

colon [19] of rats where a loss of ICCs and nNOS neurons in older rats was also observed. Sub-

populations of ICCs are different between esophagus and other guts. The human esophagus

has very few ICCs associated with the myenteric plexus and has abundant intramuscular ICCs

dispersed throughout the circular and longitudinal muscle, while the ICCs of human stomach

and colon are predominantly located both within the myenteric plexus and intramuscular

structures [43]. We founded ICCs in the submucosal border of muscularis propria of rat

esophagus, and our previous study showed that rat colon and stomach has ICCs predomi-

nantly in myenteric plexus and submucosal border [19, 20]. However, there is a limitation to

use this animal model to explain the aging of human esophagus. The muscularis propria of the

entire length of the esophagus in rodents such as rat contains only striated muscle [44]. On the

contrary, the proximal half of the esophagus in human is composed of both striated and

smooth muscles with predominance of striated muscle, whereas the distal part is composed of

only smooth muscle [45]. Similar to our results, ICCs are scattered between striated muscle

cells in the mouse esophagus [46]. Interestingly, ICCs are also found in the striated muscle of

the human esophagus [47]. Despite of a difference of esophageal muscle type between humans

and rats, rats have been used as animal models in basic research on esophageal function. Con-

sidering our data showing a reduction of ICCs in rat esophagus and a previous research report-

ing a reduction of ICCs in human stomach and colon with aging, ICCs of human esophagus

might be decreased with aging. The change of ICCs influences on the esophageal function, the

human study on this issue will be needed in the future. Nonetheless, our research has a

strength that it is first to show histopathologic structures and expressions of ICCs and nNOS

neurons in rat esophagus with different ages.

On the contrary to our study, several studies have presented the evidence that age-associ-

ated neuronal loss is specific to the cholinergic neurons in humans and rats, and nitrergic neu-

rons are maintained [14–17]. Philipps et al reported that age-related cell loss in the myenteric

plexus does not occur in nitrergic neurons; instead, it occurs exclusively in the cholinergic sub-

population of enteric neurons in Fischer 344 rats [15]. However, a decrease of nNOS expres-

sion with aging has been demonstrated in some studies on stomach [20] and colon [19] of

F344 Fischer rats, and colon of Fisher (F344XBN) F1 rats [48]. It might be related to the dam-

age of nitrergic neurons or a loss of expression of NOS in aged rat. Gamage et al showed the

swollen and dystrophic processes of nNOS-immunoreactive neurons in aging mouse colon

[17]. Our results suggest that the nitrergic neurons might be reduced in the number as shown
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in our study, or might undergo degenerative changes with aging even if they do not appear in

detectable numbers at the ages studied. In addition, strain difference seems to exist in aging rat

esophagus. We observed a loss of nNOS-immunoreactive cells in Fischer rats, while other

group founded the reduced numbers of nitrergic neurons in Sprague Dawley rats, but main-

tained in Wistar rats [27].

In present study, esophageal peristalsis and LES function were not measured, our findings

cannot directly be linked to impaired peristalsis and LES relaxation. Our functional study

showed that EFS-induced contractile responses were significantly decreased in 2-yr-old rats

compared with 6-wk-old rats. The pretreatment of L-NAME tended to increase the contrac-

tions in 6-yr-old rats and to induce no change in 2-yr-old-rats, but, disappointedly, the incre-

ments of contractile response to EFS in the presence of L-NAME were not statistically

significant in both 6-wk- and 2-yr-old rats. Impaired esophageal contractility in the aged rats

is due to impaired function of the esophageal striated cell themselves, or the disruption of the

cells that regulate their activity such as neurons and ICCs. The esophageal striated muscle has

known to receive dual innervation from both vagal motor fibers originating in brainstem and

varicose intrinsic nerve fibers originating in myenteric plexus, which is called enteric co-inner-

vation [49]. The exact contribution of the esophageal striated cells to esophageal motility and

interaction with other cells such as ICCs are not sufficiently elucidated, yet. The changes of

esophageal striated cells with aging were not investigated in present study. There has been only

one early research reporting a decrease in the number and density of striated muscles in the

proximal esophagus of elderly subjects [50]. The decrease of nNOS-postive cells and ICCs in

the aged rat might influence esophageal contractions. Moreover, L-NAME is known as NO

synthase inhibitor, the decrease of nNOS-positive cells in aged rat might cause less contractile

change at the same dose of L-LAME in comparison to the young rats although there was no

statistically significance.

The esophageal peristalsis is determined by a balance of intrinsic excitatory cholinergic and

inhibitory nitrergic neurons. In current study, there were significant differences of EFS-

induced contractile responses between 6-wk- and 2-yr-old rats, but L-NAME did not signifi-

cantly affect the contractions in the 6-wk-and 2-yr-old rat esophagus. It might indicate that

other inhibitory neurotransmitters (neuropeptide Y, vasoactive intestinal peptide, etc) or excit-

atory cholinergic neurons play a role in contractile differences between young and aged rat

esophagus. As we focused on the change of nitrergic neurons with age, the research on the

change of excitatory neurons or other inhibitory neurons with age is needed in the future

study. It is a limitation of the present study.

In conclusion, our data clearly showed that aging induces an increase of lamina propria

thickness, a decrease of LM endomysial area, and reduced expressions of nNOS, c-Kit and

SCF in the rat esophagus. These cellular changes linked to decreased esophageal contractility

in aged rats. The future study using esophageal manometry is needed to age-related cellular

changes to be correlated to impaired peristalsis and LES relaxation.

Author Contributions

Conceptualization: Nayoung Kim.

Data curation: Ryoung Hee Nam, Sun Min Lee, Ji Hyun Park, Daeun Choi.

Formal analysis: Hee Jin Kim, Ryoung Hee Nam, Sun Min Lee, Ji Hyun Park, Daeun Choi,

Min-Seob Kim, Moon Young Lee.

Investigation: Ryoung Hee Nam, Ji Hyun Park, Daeun Choi, Min-Seob Kim, Moon Young

Lee.

ICC and nNOS in aged rat esophagus

PLOS ONE | https://doi.org/10.1371/journal.pone.0186322 November 28, 2017 14 / 17

https://doi.org/10.1371/journal.pone.0186322


Methodology: Nayoung Kim, Hye Seung Lee.

Supervision: Nayoung Kim.

Visualization: Ryoung Hee Nam, Sun Min Lee, Ji Hyun Park, Daeun Choi, Min-Seob Kim,

Moon Young Lee.

Writing – original draft: Hee Jin Kim.

Writing – review & editing: Hee Jin Kim, Nayoung Kim, Yong Sung Kim, Young-Jae Hwang,

Jongchan Lee, Moon Young Lee, Dong Ho Lee.

References
1. Saffrey MJ. Aging of the mammalian gastrointestinal tract: a complex organ system. Age (Dordr). 2014;

36:9603. https://doi.org/10.1007/s11357-013-9603-2 PMID: 24352567

2. Gregersen H, Pedersen J, Drewes AM. Deterioration of muscle function in the human esophagus with

age. Dig Dis Sci. 2008; 53:3065–70. https://doi.org/10.1007/s10620-008-0278-y PMID: 18461452

3. Cock C, Besanko L, Kritas S, Burgstad CM, Thompson A, Heddle R, et al. Impaired bolus clearance in

asymptomatic older adults during high-resolution impedance manometry. Neurogastroenterol Motil.

2016; 28:1890–1901. https://doi.org/10.1111/nmo.12892 PMID: 27346335

4. Besanko LK, Burgstad CM, Mountifield R, Andrews JM, Heddle R, Checklin H, et al. Lower esophageal

sphincter relaxation is impaired in older patients with dysphagia. World J Gastroenterol. 2011; 17:1326–

31. https://doi.org/10.3748/wjg.v17.i10.1326 PMID: 21455332

5. Shim YK, Kim N, Park YH, Lee JC, Sung J, Choi YJ, et al. Effects of Age on Esophageal Motility: Use of

High-resolution Esophageal Impedance Manometry. J Neurogastroenterol Motil. 2017; 23:229–36.

https://doi.org/10.5056/jnm16104 PMID: 28163259

6. Cook IJ. Oropharyngeal dysphagia. Gastroenterol Clin North Am. 2009; 38:411–31. https://doi.org/10.

1016/j.gtc.2009.06.003 PMID: 19699405

7. Franceschi M, Di Mario F, Leandro G, Maggi S, Pilotto A. Acid-related disorders in the elderly. Best

Pract Res Clin Gastroenterol. 2009; 23:839–48. https://doi.org/10.1016/j.bpg.2009.10.004 PMID:

19942162

8. Bitar K, Greenwood-Van Meerveld B, Saad R, Wiley JW. Aging and gastrointestinal neuromuscular

function: insights from within and outside the gut. Neurogastroenterol Motil. 2011; 23:490–501. https://

doi.org/10.1111/j.1365-2982.2011.01678.x PMID: 21320236

9. Bitar KN, Patil SB. Aging and gastrointestinal smooth muscle. Mech Ageing Dev. 2004; 125:907–10.

https://doi.org/10.1016/j.mad.2004.05.010 PMID: 15563937

10. Wiskur B, Greenwood-Van Meerveld B. The aging colon: the role of enteric neurodegeneration in con-

stipation. Curr Gastroenterol Rep. 2010; 12:507–12. https://doi.org/10.1007/s11894-010-0139-7 PMID:

20878508

11. Camilleri M, Cowen T, Koch TR. Enteric neurodegeneration in ageing. Neurogastroenterol Motil. 2008;

20:185–96. https://doi.org/10.1111/j.1365-2982.2007.01072.x PMID: 18257768

12. Phillips RJ, Pairitz JC, Powley TL. Age-related neuronal loss in the submucosal plexus of the colon of

Fischer 344 rats. Neurobiol Aging. 2007; 28:1124–37. https://doi.org/10.1016/j.neurobiolaging.2006.05.

019 PMID: 16793176

13. Wade PR, Cowen T. Neurodegeneration: a key factor in the ageing gut. Neurogastroenterol Motil.

2004; 16 Suppl 1:19–23. https://doi.org/10.1111/j.1743-3150.2004.00469.x PMID: 15065999

14. Bernard CE, Gibbons SJ, Gomez-Pinilla PJ, Lurken MS, Schmalz PF, Roeder JL, et al. Effect of age on

the enteric nervous system of the human colon. Neurogastroenterol Motil. 2009; 21:746–e46. https://

doi.org/10.1111/j.1365-2982.2008.01245.x PMID: 19220755

15. Phillips RJ, Kieffer EJ, Powley TL. Aging of the myenteric plexus: neuronal loss is specific to cholinergic

neurons. Auton Neurosci. 2003; 106:69–83. https://doi.org/10.1016/S1566-0702(03)00072-9 PMID:

12878075

16. Cowen T, Johnson RJ, Soubeyre V, Santer RM. Restricted diet rescues rat enteric motor neurones

from age related cell death. Gut. 2000; 47:653–60. https://doi.org/10.1136/gut.47.5.653 PMID:

11034581

17. Gamage PP, Ranson RN, Patel BA, Yeoman MS, Saffrey MJ. Myenteric neuron numbers are main-

tained in aging mouse distal colon. Neurogastroenterol Motil. 2013; 25:e495–e505. https://doi.org/10.

1111/nmo.12114 PMID: 23517051

ICC and nNOS in aged rat esophagus

PLOS ONE | https://doi.org/10.1371/journal.pone.0186322 November 28, 2017 15 / 17

https://doi.org/10.1007/s11357-013-9603-2
http://www.ncbi.nlm.nih.gov/pubmed/24352567
https://doi.org/10.1007/s10620-008-0278-y
http://www.ncbi.nlm.nih.gov/pubmed/18461452
https://doi.org/10.1111/nmo.12892
http://www.ncbi.nlm.nih.gov/pubmed/27346335
https://doi.org/10.3748/wjg.v17.i10.1326
http://www.ncbi.nlm.nih.gov/pubmed/21455332
https://doi.org/10.5056/jnm16104
http://www.ncbi.nlm.nih.gov/pubmed/28163259
https://doi.org/10.1016/j.gtc.2009.06.003
https://doi.org/10.1016/j.gtc.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/19699405
https://doi.org/10.1016/j.bpg.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19942162
https://doi.org/10.1111/j.1365-2982.2011.01678.x
https://doi.org/10.1111/j.1365-2982.2011.01678.x
http://www.ncbi.nlm.nih.gov/pubmed/21320236
https://doi.org/10.1016/j.mad.2004.05.010
http://www.ncbi.nlm.nih.gov/pubmed/15563937
https://doi.org/10.1007/s11894-010-0139-7
http://www.ncbi.nlm.nih.gov/pubmed/20878508
https://doi.org/10.1111/j.1365-2982.2007.01072.x
http://www.ncbi.nlm.nih.gov/pubmed/18257768
https://doi.org/10.1016/j.neurobiolaging.2006.05.019
https://doi.org/10.1016/j.neurobiolaging.2006.05.019
http://www.ncbi.nlm.nih.gov/pubmed/16793176
https://doi.org/10.1111/j.1743-3150.2004.00469.x
http://www.ncbi.nlm.nih.gov/pubmed/15065999
https://doi.org/10.1111/j.1365-2982.2008.01245.x
https://doi.org/10.1111/j.1365-2982.2008.01245.x
http://www.ncbi.nlm.nih.gov/pubmed/19220755
https://doi.org/10.1016/S1566-0702(03)00072-9
http://www.ncbi.nlm.nih.gov/pubmed/12878075
https://doi.org/10.1136/gut.47.5.653
http://www.ncbi.nlm.nih.gov/pubmed/11034581
https://doi.org/10.1111/nmo.12114
https://doi.org/10.1111/nmo.12114
http://www.ncbi.nlm.nih.gov/pubmed/23517051
https://doi.org/10.1371/journal.pone.0186322


18. Salles N. Is stomach spontaneously ageing? Pathophysiology of the ageing stomach. Best Pract Res

Clin Gastroenterol. 2009; 23:805–19. https://doi.org/10.1016/j.bpg.2009.09.002 PMID: 19942159

19. Jo HJ, Kim N, Nam RH, Kang JM, Kim JH, Choe G, et al. Fat deposition in the tunica muscularis and

decrease of interstitial cells of Cajal and nNOS-positive neuronal cells in the aged rat colon. Am J Phy-

siol Gastrointest Liver Physiol. 2014; 306:659–69. https://doi.org/10.1152/ajpgi.00304.2012 PMID:

24525022

20. Kwon YH, Kim N, Nam RH, Park JH, Lee SM, Kim SK, et al. Change in the Interstitial Cells of Cajal and

nNOS Positive Neuronal Cells with Aging in the Stomach of F344 Rats. PLoS One. 2017; 12:e0169113.

https://doi.org/10.1371/journal.pone.0169113 PMID: 28045993

21. Sanders KM, Koh SD, Ro S, Ward SM. Regulation of gastrointestinal motility—insights from smooth

muscle biology. Nat Rev Gastroenterol Hepatol. 2012; 9:633–45. https://doi.org/10.1038/nrgastro.

2012.168 PMID: 22965426

22. Blair PJ, Rhee PL, Sanders KM, Ward SM. The significance of interstitial cells in neurogastroenterology.

J Neurogastroenterol Motil. 2014; 20:294–317. https://doi.org/10.5056/jnm14060 PMID: 24948131

23. Groneberg D, Lies B, Konig P, Jager R, Seidler B, Klein S, et al. Cell-specific deletion of nitric oxide-sen-

sitive guanylyl cyclase reveals a dual pathway for nitrergic neuromuscular transmission in the murine

fundus. Gastroenterology. 2013; 145:188–96. https://doi.org/10.1053/j.gastro.2013.03.042 PMID:

23528627

24. Takaki M. Gut pacemaker cells: the interstitial cells of Cajal (ICC). J Smooth Muscle Res. 2003;

39:137–61. PMID: 14695026

25. Yuzawa S, Opatowsky Y, Zhang Z, Mandiyan V, Lax I, Schlessinger J. Structural basis for activation of

the receptor tyrosine kinase KIT by stem cell factor. Cell. 2007; 130:323–34. https://doi.org/10.1016/j.

cell.2007.05.055 PMID: 17662946

26. Gomez-Pinilla PJ, Gibbons SJ, Sarr MG, Kendrick ML, Shen KR, Cima RR, et al. Changes in interstitial

cells of cajal with age in the human stomach and colon. Neurogastroenterol Motil. 2011; 23:36–44.

https://doi.org/10.1111/j.1365-2982.2010.01590.x PMID: 20723073

27. Wu M, Van Nassauw L, Kroese AB, Adriaensen D, Timmermans JP. Myenteric nitrergic neurons along

the rat esophagus: evidence for regional and strain differences in age-related changes. Histochem Cell

Biol. 2003; 119:395–403. https://doi.org/10.1007/s00418-003-0526-3 PMID: 12721679

28. Meciano Filho J, Carvalho VC, de Souza RR. Nerve cell loss in the myenteric plexus of the human

esophagus in relation to age: a preliminary investigation. Gerontology. 1995; 41:18–21. PMID: 7737530

29. Nakahara M, Isozaki K, Hirota S, Vanderwinden JM, Takakura R, Kinoshita K, et al. Deficiency of KIT-

positive cells in the colon of patients with diabetes mellitus. J Gastroenterol Hepatol. 2002; 17:666–70.

PMID: 12100611

30. Ward SM, Sanders KM. Physiology and pathophysiology of the interstitial cell of Cajal: from bench to

bedside. I. Functional development and plasticity of interstitial cells of Cajal networks. Am J Physiol

Gastrointest Liver Physiol. 2001; 281:G602–11. PMID: 11518672

31. D’Allard D, Gay J, Descarpentries C, Frisan E, Adam K, Verdier F, et al. Tyrosine kinase inhibitors

induce down-regulation of c-Kit by targeting the ATP pocket. PLoS One. 2013; 8:e60961. https://doi.

org/10.1371/journal.pone.0060961 PMID: 23637779

32. Kang JM, Kim N, Kim JH, Oh E, Lee BY, Lee BH, et al. Effect of aging on gastric mucosal defense

mechanisms: ROS, apoptosis, angiogenesis, and sensory neurons. Am J Physiol Gastrointest Liver

Physiol. 2010; 299:1147–53. https://doi.org/10.1152/ajpgi.00218.2010 PMID: 20724528

33. Dantas DA, Mauad T, Silva LF, Lorenzi-Filho G, Formigoni GG, Cahali MB. The extracellular matrix of

the lateral pharyngeal wall in obstructive sleep apnea. Sleep. 2012; 35:483–90. https://doi.org/10.5665/

sleep.1730 PMID: 22467986

34. Gockel I, Bohl JR, Eckardt VF, Junginger T. Reduction of interstitial cells of Cajal (ICC) associated with

neuronal nitric oxide synthase (n-NOS) in patients with achalasia. Am J Gastroenterol. 2008; 103:856–

64. https://doi.org/10.1111/j.1572-0241.2007.01667.x PMID: 18070236

35. Hoshino M, Omura N, Yano F, Tsuboi K, Kashiwagi H, Yanaga K. Immunohistochemical study of the

muscularis externa of the esophagus in achalasia patients. Dis Esophagus. 2013; 26:14–21. https://doi.

org/10.1111/j.1442-2050.2011.01318.x PMID: 22309323

36. Sivarao DV, Mashimo HL, Thatte HS, Goyal RK. Lower esophageal sphincter is achalasic in nNOS(-/-)

and hypotensive in W/W(v) mutant mice. Gastroenterology. 2001; 121:34–42. PMID: 11438492

37. Vaezi MF, Pandolfino JE, Vela MF. ACG clinical guideline: diagnosis and management of achalasia.

Am J Gastroenterol. 2013; 108:1238–49. https://doi.org/10.1038/ajg.2013.196 PMID: 23877351

38. van Hoeij FB, Bredenoord AJ. Clinical Application of Esophageal High-resolution Manometry in the

Diagnosis of Esophageal Motility Disorders. J Neurogastroenterol Motil. 2016; 22:6–13. https://doi.org/

10.5056/jnm15177 PMID: 26631942

ICC and nNOS in aged rat esophagus

PLOS ONE | https://doi.org/10.1371/journal.pone.0186322 November 28, 2017 16 / 17

https://doi.org/10.1016/j.bpg.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19942159
https://doi.org/10.1152/ajpgi.00304.2012
http://www.ncbi.nlm.nih.gov/pubmed/24525022
https://doi.org/10.1371/journal.pone.0169113
http://www.ncbi.nlm.nih.gov/pubmed/28045993
https://doi.org/10.1038/nrgastro.2012.168
https://doi.org/10.1038/nrgastro.2012.168
http://www.ncbi.nlm.nih.gov/pubmed/22965426
https://doi.org/10.5056/jnm14060
http://www.ncbi.nlm.nih.gov/pubmed/24948131
https://doi.org/10.1053/j.gastro.2013.03.042
http://www.ncbi.nlm.nih.gov/pubmed/23528627
http://www.ncbi.nlm.nih.gov/pubmed/14695026
https://doi.org/10.1016/j.cell.2007.05.055
https://doi.org/10.1016/j.cell.2007.05.055
http://www.ncbi.nlm.nih.gov/pubmed/17662946
https://doi.org/10.1111/j.1365-2982.2010.01590.x
http://www.ncbi.nlm.nih.gov/pubmed/20723073
https://doi.org/10.1007/s00418-003-0526-3
http://www.ncbi.nlm.nih.gov/pubmed/12721679
http://www.ncbi.nlm.nih.gov/pubmed/7737530
http://www.ncbi.nlm.nih.gov/pubmed/12100611
http://www.ncbi.nlm.nih.gov/pubmed/11518672
https://doi.org/10.1371/journal.pone.0060961
https://doi.org/10.1371/journal.pone.0060961
http://www.ncbi.nlm.nih.gov/pubmed/23637779
https://doi.org/10.1152/ajpgi.00218.2010
http://www.ncbi.nlm.nih.gov/pubmed/20724528
https://doi.org/10.5665/sleep.1730
https://doi.org/10.5665/sleep.1730
http://www.ncbi.nlm.nih.gov/pubmed/22467986
https://doi.org/10.1111/j.1572-0241.2007.01667.x
http://www.ncbi.nlm.nih.gov/pubmed/18070236
https://doi.org/10.1111/j.1442-2050.2011.01318.x
https://doi.org/10.1111/j.1442-2050.2011.01318.x
http://www.ncbi.nlm.nih.gov/pubmed/22309323
http://www.ncbi.nlm.nih.gov/pubmed/11438492
https://doi.org/10.1038/ajg.2013.196
http://www.ncbi.nlm.nih.gov/pubmed/23877351
https://doi.org/10.5056/jnm15177
https://doi.org/10.5056/jnm15177
http://www.ncbi.nlm.nih.gov/pubmed/26631942
https://doi.org/10.1371/journal.pone.0186322


39. Villanacci V, Annese V, Cuttitta A, Fisogni S, Scaramuzzi G, De Santo E, et al. An immunohistochemical

study of the myenteric plexus in idiopathic achalasia. J Clin Gastroenterol. 2010; 44:407–10. https://doi.

org/10.1097/MCG.0b013e3181bc9ebf PMID: 19834336

40. Murray J, Du C, Ledlow A, Bates JN, Conklin JL. Nitric oxide: mediator of nonadrenergic noncholinergic

responses of opossum esophageal muscle. Am J Physiol. 1991; 261:401–6. PMID: 1887888

41. Groneberg D, Konig P, Koesling D, Friebe A. Nitric oxide-sensitive guanylyl cyclase is dispensable for

nitrergic signaling and gut motility in mouse intestinal smooth muscle. Gastroenterology. 2011;

140:1608–17. https://doi.org/10.1053/j.gastro.2011.01.038 PMID: 21277853

42. Groneberg D, Zizer E, Lies B, Seidler B, Saur D, Wagner M, et al. Dominant role of interstitial cells of

Cajal in nitrergic relaxation of murine lower oesophageal sphincter. J Physiol. 2015; 593:403–14.

https://doi.org/10.1113/jphysiol.2014.273540 PMID: 25630261

43. Sanders KM, Ward SM, Koh SD. Interstitial cells: regulators of smooth muscle function. Physiol Rev.

2014; 94:859–907. https://doi.org/10.1152/physrev.00037.2013 PMID: 24987007

44. Patapoutian A, Wold BJ, Wagner RA. Evidence for developmentally programmed transdifferentiation in

mouse esophageal muscle. Science. 1995; 270:1818–21. PMID: 8525375

45. Kallmunzer B, Sorensen B, Neuhuber WL, Worl J. Enteric co-innervation of striated muscle fibres in

human oesophagus. Neurogastroenterol Motil. 2008; 20:597–610. https://doi.org/10.1111/j.1365-2982.

2007.01075.x PMID: 18221249

46. Rumessen JJ, de Kerchove d’Exaerde A, Mignon S, Bernex F, Timmermans JP, Schiffmann SN, et al.

Interstitial cells of Cajal in the striated musculature of the mouse esophagus. Cell Tissue Res. 2001;

306:1–14. PMID: 11683170

47. Faussone-Pellegrini MS, Cortesini C. Ultrastructure of striated muscle fibers in the middle third of the

human esophagus. Histol Histopathol. 1986; 1:119–28. PMID: 2980107

48. Takahashi T, Qoubaitary A, Owyang C, Wiley JW. Decreased expression of nitric oxide synthase in the

colonic myenteric plexus of aged rats. Brain Res. 2000; 883:15–21. PMID: 11063983

49. Worl J, Neuhuber WL. Enteric co-innervation of motor endplates in the esophagus: state of the art ten

years after. Histochem Cell Biol. 2005; 123:117–30. https://doi.org/10.1007/s00418-005-0764-7 PMID:

15729553

50. Leese G, Hopwood D. Muscle fibre typing in the human pharyngeal constrictors and oesophagus: the

effect of ageing. Acta Anat (Basel). 1986; 127:77–80. PMID: 3788449

ICC and nNOS in aged rat esophagus

PLOS ONE | https://doi.org/10.1371/journal.pone.0186322 November 28, 2017 17 / 17

https://doi.org/10.1097/MCG.0b013e3181bc9ebf
https://doi.org/10.1097/MCG.0b013e3181bc9ebf
http://www.ncbi.nlm.nih.gov/pubmed/19834336
http://www.ncbi.nlm.nih.gov/pubmed/1887888
https://doi.org/10.1053/j.gastro.2011.01.038
http://www.ncbi.nlm.nih.gov/pubmed/21277853
https://doi.org/10.1113/jphysiol.2014.273540
http://www.ncbi.nlm.nih.gov/pubmed/25630261
https://doi.org/10.1152/physrev.00037.2013
http://www.ncbi.nlm.nih.gov/pubmed/24987007
http://www.ncbi.nlm.nih.gov/pubmed/8525375
https://doi.org/10.1111/j.1365-2982.2007.01075.x
https://doi.org/10.1111/j.1365-2982.2007.01075.x
http://www.ncbi.nlm.nih.gov/pubmed/18221249
http://www.ncbi.nlm.nih.gov/pubmed/11683170
http://www.ncbi.nlm.nih.gov/pubmed/2980107
http://www.ncbi.nlm.nih.gov/pubmed/11063983
https://doi.org/10.1007/s00418-005-0764-7
http://www.ncbi.nlm.nih.gov/pubmed/15729553
http://www.ncbi.nlm.nih.gov/pubmed/3788449
https://doi.org/10.1371/journal.pone.0186322

