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ABSTRACT

Fat deposition in the tunica
muscularis and decrease of
interstitial cells of Cajal (ICC) and
nNOS positive neuronal cells in the

aged rat colon

Introduction: Little is known about the time—course of aging on
interstitial cells of Cajal (ICC) of colon. The aim of this study
was to investigate the change of morphology, ICC and neuronal
nitric oxide synthase (nNOS) immunoreactive cells in the aged
rat.

Methods: The proximal colon of 344 Fischer rats at four
different ages (6, 31, 74 weeks, and 2 years) were studied.
The immunoreactivity of c¢—Kit, nNOS, anti—protein gene
product 9.5(PGP 9.5) and synaptophysin were counted after
immunohistochemistry. The c—kit, SCF (stem cell factor; ligand
of Kit) and nNOS mRNA were measured by real—time PCR. c—

Kit and nNOS protein were assessed by Western blot.



[sovolumetric contractile force measurement and electrical field
stimulation (EFS) were conducted.

Results: The area of intramuscular fat deposition significantly
increased with age after 31 weeks. ¢c—Kit immunoreactive ICC
and nNOS immunoreactive neurons and nerve fibers
significantly declined with age. mRNA and protein expression of
c—kit and nNOS decreased with aging. The functional study
showed that the spontaneous contractility was decreased in
aged rat, whereas EFS responses to atropine and L—-NG-—
Nitroarginine methyl ester were increased in aged rat.
Conclusions: In conclusion, the decrease of proportion of proper
smooth muscle, the density of ICC and nNOS immunoreactive
neuronal fibers and the number of nNOS immunoreactive
neurons during the aging process may explain the aging—

associated colonic dysmotility.

Keywords: aging, colon, Interstitial cells of Cajal, nNOS, Rats,
Inbred F344
Student number: 2011-30579
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LIST OF ABBREVIATIONS

ICC: interstitial cells of Cajal

nNOS: neuronal nitric oxide synthase
SCF: stem cell factor

EFS: electrical field stimulation
NO: nitric oxide

IHC: immunohistochemistry

H&E: hematoxylin and eosin

SsGAG : sulfated glycosaminoglycan
LPO: lipid hydroperoxide

SMB: submucosal border

CM: circular muscle

MP: myenteric plexus

LM: longitudinal muscle

KRB: Krebs—Ringer bicarbonate

AUC: area under the curve

NANC: non—adrenergic non—cholinergic



Introduction

Aging leads to the impairment of organ function as a result of
accumulation of diverse deleterious changes throughout the
cells and tissues (1). Constipation is a common problem in the
elderly and known to be associated with multiple factors, such
as decreased intestinal secretory epithelial function, abnormal
colonic motility caused by enteric neurodegeneration and
reduced contractile response of smooth muscle cells with age
(2—4).

Enteric neurodegeneration involves the loss of enteric neuron,
especially, excitatory cholinergic neurons (5). In contrast,
nitrergic myenteric neurons are known to be selectively spared
in the aged (6—8). However, there was a contrary report that
nitrergic neurons decreased in the aged rats (9). Nitrergic
enteric neurons, which release nitric oxide (NO) generated by
catalysis of neuronal nitric oxide synthase (nNOS), act as non—
adrenergic, non—cholinergic inhibitory neuron and induce
colonic smooth muscle relaxation (10). This NO is known to
enhance transit of the rat colon by mediating descending

relaxation, which in turn facilitates propulsion of the colonic
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contents(11). Nitrergic nerves of colon may be an important
component of colonic motility.

Interstitial cells of Cajal (ICC) also play important roles in
gastrointestinal motility. ICC play as an electrical pacemaker as
well as mediate both inhibitory and excitatory motor
neurotransmissions which manifest as electrical slow waves in
smooth muscles. Consequently, ICC contribute to segmenting
and peristaltic contractile activity (12, 13). ICC have been
diminished or lost in human disease for such as diabetic
gastroenteropathy (14), slow transit constipation (15—17) and
intestinal pseudo—obstruction (18). It is well known that ICC
express proto—oncogene c—kit (19, 20). The stem cell factor
(SCF) is mnatural ligand of Kit (21) and involves the
development and maintenance of ICC (22). It has been known
that the expression of c¢—kf mRNA and c¢—Kit protein
significantly decreased in the colon of slow transit constipation
patient and diabetes mellitus mouse (21, 23). In addition, there
was a study on the number and volume of ICC networks in the
normal human stomach and colon which declined with aging
(24). In one study using progeric mouse, the percentage of ICC
did not change and network volume of ICC decreased in the
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proximal colon (25). However, a few data have been reported
on the time—course of age related changes about ICC in the

colon of conventional rats, so far. Furthermore, the results

about age—related changes of nitrergic neurons are inconsistent.

Previously, we reported that the lower part of rat gastric
mucosa was replaced by connective tissue with accumulation of
oxidative products with age (26). Similarly, we presumed a
hypothesis that a certain morphologic change might occur in the
colonic tissue with aging.

From this background, we aimed to assess the morphologic
change and the changes of number and molecular expression of
ICC, nNOS immunoreactive neurons and neuronal fibers in the
proximal colon of rat at four different ages using

immunohistochemistry (IHC) and molecular analysis.



Materials and Methods

Animals and tissue preparation.

Specific pathogen free, 344, male, Fischer rats (6—, 31—, 74—
weeks and 2 years of age) were used (Orient Co. Ltd., Seoul,
Korea). The animals were housed in a cage maintained at 23°C,
with 12:12—hour light—dark cycles under specific pathogen—
free conditions. The rats were starved but allowed for water for
12 hours prior to the experiments. The animals were
anesthetized by zoletil and rompun mixture and killed by
decapitation. One cm length of the proximal colon per each rat
was obtained and fixed in 10% buffered formalin for histology.
The specimens were embedded in paraffin and sectioned
perpendicularly to the lumen (section thickness, 4 pm) and
stained with hematoxylin and eosin (H&E). This study was
approved by the Institutional Animal Care and Use Committee

(IACUC) of Seoul National University Bundang Hospital.

Muscular histology.

The histology was evaluated by pathologist (H.S.L) blinded to



the age of the animal. The one H&E stained slide per rat (each
age group, n = 5) and the two fields per slide were randomly
selected. The area of the total smooth muscle, fatty tissue and
proper muscle in the tunica muscularis of colon was quantified
using the Image— Pro® Plus analysis system (Media
Cybernetics, Inc., San Diego, CA, USA). The area was

expressed as mm? per field of view.

Immunohistochemistry for c—Kit, nNOS, PGP (protein gene

product) 9.5 and synaptophysin.

For the c—Kit, nNOS, PGP 9.5 and synaptophysin IHC, the
sections were incubated with the following primary antibody:
anti—c—Kit antibody (dilution 1:100; polyclonal rabbit anti—
human CD117, DAKO, Glostrup, Denmark), anti—nNOS antibody
(dilution 1:500; AB5380 Chemicon, Millipore Corporation,
Billerica, MA, USA), anti—PGP 9.5 antibody (dilution 1:250; CM
329 AK, Biocare Mecial, CA, USA) and anti—synaptophysin
antibody (dilution 1:150; monoclonal mouse anti—human
synaptophysin, clone SY38, DAKO, Glostrup, Denmark) after
deactivation of endogenous peroxidase with 3% hydrogen

peroxide and blocking of nonspecific binding sites. The



immunostain was performed using an automatic immunostainer
(BenchMark XT, Ventana Medical Systems, Inc., Tucson, AZ,
USA) according to the manufacturer’s instructions.
UltraView Universial DAB detection kit (Ventana Medical
Systems) was used as secondary antibody. The negative
control for IHC 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 system (AxioVision Rel.4.8; Carl Zeiss).

Two immunostained slides (one slide for synaptophysin) per
each rat (each age group, n = 6) was made and four to five
fields per slide were randomly selected and micrographed at
x200. The micrograph was divided into four anatomic regions;
submucosal border (SMB), circular muscle (CM), myenteric
plexus (MP) and longitudinal muscle (LM) region (27) using
Adobe photoshop ver. 7.0 (Adobe systems; Mountain View, CA,
USA). Finally, quantitative assessment of c—Kit, nNOS, PGP
9.5 and synaptophysin immunoreactivity was performed using
the Image— Pro® Plus analysis system and measurements were
expressed as proportion of immunoreactive area (% of total
area). Mast cells, which are known to express c—Kit but could
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be identified by their round or oval shape and lack of processes,
were excluded from the counts (14, 20, 24). Ganglia in the
myenteric plexus were micrographed at x1000. The number of

myenteric neurons, which include nucleus was enumerated.

Real—time PCR for c—kit, SCF and nNOS.

c—kit, SCF and nNOS mRNA were measured by real—time PCR
(28). Briefly, RNA was extracted from the proximal colonic
muscle tissues devoid of the mucosa, submucosa and preferably
serosa using the 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 transcription reagents (Invitrogen, Carlsbad, CA, USA).
The 20 upl reverse transcription reaction was consisted of 4 pul
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 reverse transcriptase (Invitrogen). The thermal
cycling parameters for the reverse transcription were 10

% XL
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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 TagTM (Takara Bio, Shiga, Japan)
according to 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 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 CAA. The GAPDH gene was used as an
endogenous reference as a control for expression independent
sample—to—sample variability. The amplification protocol
consists 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. Relative
expressions of target genes were normalized by dividing the
target Ct values by the endogenous Ct values. All equipments
were purchased from Applied Biosystems and used according to
their protocols. RNA—free water was used in Real—time PCR as

yo A 2t
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no—template controls (NTC). After amplification, we performed
melting curve analysis using ABI PRISM® 7000 Sequence

Detection System software (Applied Biosystems).

Western blotting for c—Kit and nNOS.

The proximal colonic muscle tissue devoid of mucosa,
submucosa and preferably serosa was homogenized with lysis
buffer containing 25 mMTris—HCL (pH 7.4), EGTA (1 mM),
DTT (1 mM), leupeptin (10 pg mL™"), aprotinin (10 pg mL™Y),
PMSF (1 mM), and Triton X—100 (0.1%). Briefly, the proteins
(each sample, 100 pg) were separated by SDS-PAGE (8%
wt/wt gel) and transferred to PVDF membranes. All procedures
were performed in Tris buffer (40 mM, pH 7.55) containing 0.3
M of 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 B—actin (1:1000; rabbit polyclonal antibody, Biovision,
Milpitas, CA, USA) at 4°C overnight. The blots were incubated
with secondary antibody (rabbit polyclonal antibody, Santa Cruz
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Biotechnology for c¢—Kit (dilution 1:500) and A —actin(dilution
1:1000), mouse polyclonal antibody, 1:1000; Santa Cruz
Biotechnology for nNOS) and an imaging analyzer was used to
measure the band densities. For ¢—Kit immunoblot, each of the
optical density of mature (145 kDa) and immature (120 kDa)
forms was combined into one in the analysis process using

densirometry (29).

Isometric force measurements and electrical field
stimulation.

Mechanical responses were performed to investigate the
functional difference of colon between 6— weeks and 2—years—
old F344 rats using standard organ—bath techniques. Segments
of the proximal colon were removed through a midline
abdominal incision and opened along the mesenteric border.
Luminal contents were removed by washing with Krebs-Ringer
bicarbonate solution (KRB), and the mucosa was removed
leaving the tunica muscularis and remnants of the submucosa.
The muscles were mounted under 1 g tension and then allowed
to equilibrate for 1-2 hours with constant perfusion with fresh

KRB. The spontaneous contractile activity was measured by

10 ! *.-.Lj =



area under the curve (AUC) at the resting state and then
electrical field stimulation (EFS, 5 Hz, 320 mA, 1 ms for 30
seconds) was performed to induce neural response with parallel
platinum wire electrodes to colonic muscle strips. The
contraction and relaxation responses by EFS of colonic muscle
were measured under atropine (10 pM) sequentially. And the
EFS responses to apamin (1 pM) and L—NG-—Nitroarginine
methyl ester (L—NAME, 10 uM) were determined under non—
adrenergic non—cholinergic (NANC) condition by adding
atropine, propranolol, and phentolamine (each 1 puM). All data
were recorded using the PowerlLab 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
stimulation. When measuring the percent changes of EFS
response under drug pretreatment, the value before the drug

treatment was defined as 100%.

Statistical analysis.

All statistical calculations were performed using SPSS

software (version 18.0; SPSS Inc., Chicago, IL, USA). The

11 -'I‘_.
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results were compared by the Mann—Whitney U—test and the
Wilcoxon' s rank—sum test. All values are reported as means

* SE. A P <0.05 was considered statistically significant.



Results

Influence of aging on intramuscular fat deposition.

The total area of tunica muscularis of the proximal colon
significantly increased with age (Fig. 1). However, most of this
increase was originated from the deposition of intramuscular fat
with age (P < 0.001) (Fig. 1). There was no fat deposition in
6—week, but observed only in one field in 31—weeks—old.
However, fat deposition was observed in all fields of 74—
weeks—old and Z2—years—old rat. There was no significant

change in proper smooth muscle area (P = 0.296).

Influence of aging on ICC.

The proportion of c—Kit—positive area decreased with aging.
That of 2—years—old rat was significantly decreased compared
to 6—, 31— and 74—weeks—old rat in SMB, CM and MP (SMB,
P <0.001 vs. 6 and 31 weeks, = 0.013 vs. 74 weeks; CM, P<
0.001 vs. 6 and 31 weeks, P = 0.002 vs. 74 weeks; MP, P <
0.001 vs. 6 weeks, P = 0.001 vs. 31 weeks, = 0.003 vs. 74

weeks). Also, the proportion of c—Kit—positive area of 31—
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weeks and 74—weeks—old rat was significantly lower than that
of 6—weeks—old rats in all area (31 weeks, P = 0.046, P =
0.019, P = 0.007 and P = 0.007; 74 weeks, all < 0.001 in
SMB, CM, MP and LM) (Fig. 2).

c—kit mRNA expression decreased with aging. That of 2—
vears—old rats significantly decreased compared to the 6-—
weeks—old rats (P = 0.035) (Fig. 34). Similarly, SCF mRNA
expression of 74—weeks and 2-years—old rats was
significantly lower than that of 6—weeks—old rats (Z = 0.048, P
= 0.002, respectively) (Fig. 35). c—Kit protein expression was
the highest in 6—weeks—old rats and decreased with aging. c—
Kit protein expression of 74—weeks and 2—years old rats was
significantly lower than that of 6—weeks—old rats (# = 0.015

and P = 0.029, respectively) (Fig. 30).

Influence of aging on nNOS positive neurons and
immunoreactivity of PGP 9.5 and synaptophysin .

Similar to c¢—Kit immunostain, a larger proportion of nNOS—
positive area was present in the 6 weeks old and it rapidly
decreased with age (Fig. 4A4) In SMB, CM and MP, the

proportion of nNOS—positive area of 2—years—old rats was
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significantly lower than that of 6—, 31— and 74—weeks—old
rats (SMB and CM, all < 0.001; MP, 7= 0.002, 2= 0.004 and
P = 0.027).That of 74—weeks—old rats was significantly lower
compared to 6— and 31—weeks—old rats in SMB (P < 0.001and
P = 0.015, respectively). For CM and LM, nNOS—positive area
of 31— and 74 weeks—old rats was lower than that of 6—
weeks—old rats with statistical significance (CM, both P <
0.001; LM, P = 0.002 and P = 0.013) (Fig. 4B). In terms of
nNOS mRNA expression, 2—years—old rats showed significant
decrease compared to the 6—weeks—old rats (P = 0.015) (Fig.
5A4). nNOS protein expression was lower in 74—weeks and 2—
vears—old rats than that of the 6— and 31 —weeks—old rats and
there was statistical significance (In 74 weeks, all < 0.001; In
2 years, P = 0.003 vs. 6 weeks, P= 0.013 vs. 31 weeks) (Fig.
5B).

When myenteric ganglion was analyzed (Fig. 6A4), the percent
of nNOS—positive neuronal cell per total neuronal cell was also
decreased as age increased (Fig. 6B). The proportion of
nNOS—immunoreactive area of 74—weeks and Z—years—old
rats were also significantly lower than 6— and 31—weeks—old

rats (Fig. 60).

S Jokas.



PGP 9.5 immuno—positive area of 31—weeks—old rats was
most high compared to other age groups in SMB, CM, MP and
LM. PGP 9.5 immuoreactivity of 74—weeks and 2—years old
rats was similar or slightly higher than 6—weeks—old rats (Fig
7A and 7B). However, for the relative ratio of nNOS—positive
area to PGP 9.5—positive area, 6—weeks—old rats showed the
peak level with statistical significance and the relative ratio of
nNOS/PGP 9.5 of 2—years—old rats was lower than that of
other age groups (In SMB and CM, both 2 < 0.001 vs. 6 weeks,
P = 0.017 and P = 0.001 vs. 31 weeks, P = 0.004 and P <
0.001 vs. 74 weeks; in MP, P< 0.001 vs. 6 weeks) (Fig 70).

The proportion of synaptophysin—positive area generally
tended to decrease with age except LM (Fig. 84 and 85) and
the ratio of nNOS—positive area to synaptophysin—positive area
was also significantly lower in the aged rats compared to young
rats (Fig. 8(). The proportion of synaptophysin—positive area
of 2—years—old rats was significantly lower than that of 6—
weeks—old rats in SMB (£ = 0.016) and 74—weeks—old rats in
MP (£ = 0.015). In CM, the proportion of synaptophysin—
positive area of 2—years—old rat was significantly decreased

compared with other groups (2 < 0.001 compared to 6 weeks
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and 31 weeks, and P = 0.005 compared to 74 weeks). In
addition, the ratio of nNOS to synaptophysin of 74—weeks and
2—years—old rats was decreased compared to 6—weeks—old
rats in CM (P = 0.044 in 74weeks, P = 0.008 in 2 years) and
MP (P = 0.003 in 74 weeks, P= 0.011 in 2 years). In SMB, the
ratio of nNOS to synaptophysin of 2—years—old rats was lower
than that of 6—weeks and 31—weeks—old rats (P = 0.004 to 6
weeks, P < 0.001 to 31 weeks). As there were cases that the
value of nNOS, PGP 9.5 or synatophysin—positive area was

zero in LM, the statistical analysis was not performed in LM.

Influence of aging on colonic motility.

The AUC of colonic spontaneous contraction in 2—years—old
rats, measured by isometric force measurement, was
significantly decreased compared with the 6—weeks—old rats
(6—weeks—old, 325.8 £ 8.9 mN x min vs. 2—years—old, 287.2
+ 17.3 mN x min) (P = 0.032) (Fig. 94). The contractile
response to EFS of 2-—years—old rats was significantly
inhibited by atropine compared with the 6—weeks—old rats (6—
weeks—old, 92.545.9 % vs. 2—years—old, 19.2 + 9.7) (P =

0.000) (Fig. 9B). Under the NANC condition, apamin
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pretreatment did not affect the response to EFS in both aged
rat colon (6—weeks—old, 116.9+40.2 % vs. 2—years—old, 97.0
+24.4), however L—NAME pretreatment significantly increased
contractility in Z2—years—old rats compared with the 6—weeks—
old rats (6—weeks—old, 129.8435.0 % vs. 2—years—old,

205.1£33.7) (P = 0.000) (Fig. 90).
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Discussion

When we assessed the morphologic and molecular changes of
ICC and nNOS—positive enteric neurons in the rat colon using
four different age groups of 344 Fischer rats, the most peculiar
finding was thickening of muscular layer with age, which was
originated from fat deposit. These changes have not been
reported in human as well as experimental animals, so far. The
mechanism of fat deposition in colonic smooth muscle of rat
including oxidative stress and its effects on the contraction are
needed to be investigated in the future.

Several studies demonstrated that the number of myenteric
neurons of the rat colon decreased with aging (30). However,
the loss of enteric neurons was mainly cholinergic neurons, and
nNOS—positive nitrergic neurons were known to be relatively
spared (5, 6, 30—32). In the preset study, the relative ratio of
nNOS/PGP 9.5 immunoreactivity and the percent of nNOS—
positive neuronal cell per total neuronal cell were analyzed to
exclude the dilution effect by growth. The result clearly
showed the decrease of nNOS—immunoreactive neuronal cells

”f,xqﬁ
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with age, which might be related to the damage of nitrergic
neurons, such as axonal swelling and loss of expression of NOS
in aged rats (7, 9). Similarly, aging gastric mucosa has shown
reduced nNOS activity (26, 33). The decrease of nNOS—
positivity was found to be originated from the selective loss of
nNOS neurons. Even though this result could not completely
exclude the possibility of loss of nNOS enzyme expression with
aging, the decrease of relative ratio of nNOS/PGP 9.5-
immunoreactivity together with the decline of the percent of
nNOS—positive neuronal cell per total neuronal cell might

suggest the loss of nitrergic neurons in the old aged rats.

The ICC are necessary for maintaining gastrointestinal motility.

The decrease of ICC, as observed in several motility disorders
(14—-16, 18, 34, 35), reduces amplitudes of slow wave,
consequently, induces intestinal dysmotility by reducing
electrical drive to smooth muscle contractions and peristalsis
(36). Recent study has shown that the number and volume of
ICC networks in the normal human stomach and colon declined
with age using IHC analysis but related molecular analysis, such
as Western immunoblotting or real—time PCR, was absent in

that study (24). Similarly, the ICC network volumes were
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reduced in proximal colon of progeric mice, but little is known
about the time course of age—related changes on ICC in
conventional rat model (23, 28). In the present study the
proportion of c—Kit—positive area, the largest of which located
at the region of the MP, clearly decreased with aging. This
depletion of c—Kit—positive ICC was diffuse across the layers
of the rat colon. As ICC 1is an important factor of
gastrointestinal motility, the diffuse reduction of density of ICC
with age may explain the aging—associated colonic dysmotility.

The SCF/c—kit signal pathway is critical in the normal
development, maturation, and phenotype maintenance of ICC
(37—40). The primary loss of intramuscular ICC and reduction
in myenteric ICC were noted not only in A/f mutant mice (/W)
(41) but also in SCF mutant S//SFmice (42). However, the
underlying mechanism for the decrease of ICC with age is not
well known yet. Recent study on the stomach of progeric mice
suggested that the loss of ICC with age was dependent on
multiple factors such as reduction in SCF, low circulating insulin
and IGF—1I levels and increased oxidative stress (31). In the
present study, the expression of ¢—k7t mRNA and c¢—Kit protein

was decreased with aging. Another molecular work in the
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present study, SC/ mRNA also showed a good correlation of
decreasing pattern with the c—Kit protein and c¢—k7/t mRNA
expression. These results together with the previous reports
(21, 40, 43) suggest that the SCF preferentially contributes to
expression of c—Kit—positive ICC.

In addition to activation of the c—kit receptor via SCF, the
release of neuronal nitric oxide is also known to increase
proliferation of ICC in mice (44, 45). In the study using
stomach body tissue of mouse, ICC volume and c—Kit protein of
neuronal NOS™~ mouse were decreased than control.
Additionally, number of ICC in primary cell culture and
organotypic culture were increased by nitric oxide donor (46).
Furthermore, there was a report that nitrergic enteric neurons
act as a source of SCF (47). In the present study, nNOS—
positive neurons and neuronal fibers of the rat proximal colon
as well as the expression of nNOS protein decreased with age.
Similarly, the aNOS mRNA of 2-years—old rats was
significantly lower than that of 6—weeks—old rats. Since the
nNOS—derived NO is important for the presence of ICC in the

gastrointestinal tract (48), the loss of nNOS—positive neuronal
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cells in the aged rat colon might cause adverse effect on ICC
maintenance.

There are also other evidences that oxidative stress may
induce loss of ICC or nNOS. For example, Klotho—deficient
progeric mice showed profound ICC loss, but Klotho protected
ICC by limiting oxidative stress (31). In addition, ¢—Kit and
nNOS expressions were lost during diabetic gastroparesis due
to increased levels of oxidative stress caused by low levels of
heme oxygenase—1, an important cytoprotective molecule
against oxidative injury (49). We detected that colonic mucosal
LPO, although it was measured in the mucosa (data was not
shown), increased during the aging process. Taken together the
decrease of density of ICC and nNOS in the rat colon with aging
also could be a consequence of oxidative stress.

EFS for evaluation of functional difference between 6—weeks
and 2—years old rats showed that spontaneous colonic muscle
contraction at resting state significantly decreased in the aged
rat , although the difference between two age groups was very
small (Fig. 94). The decreased spontaneous activities in 2—
years—old rats might be affected by both the damage of ICC

and the degeneration of enteric neuron with aging. The
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response to EFS under the treatment of atropine (Fig. 95) or
L-NAME (Fig. 90) was different between two age groups.
Both the relative decline of contractile response to EFS under
the atropine pretreatment and the relative increment of
contractile response to EFS under the L-NAME were
significantly larger in aged rats compared with young rats (Fig.
9B and 90). It is well known that atropine and L—NAME inhibit
the action of excitatory cholinergic and inhibitory nitrergic
neuron, respectively (50, 51). Therefore, it would be possible
that the relatively increased response to atropine and L—NAME
in the aged rats could reflect the degeneration of cholinergic
and nitrergic neuron, respectively. However, this explanation
needs further experiment.

We used the image analyzer to quantify ICC and nNOS—
positive neuronal structures. This method offered several
advantages over conventional cell counting techniques. That is,
it allowed cell density to be determined in areas with difficulty
in identifying individual cells due to high density. The strong
point of this study is that we showed the age—related changes
of density and molecular expression of ICC and nNOS—positive

enteric neurons in the rat colon in four different ages using IHC
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study together with molecular analysis. In conclusion, the
proportion of proper smooth muscle in the tunica muscularis,
the density of ICC and nNOS—immunoreactive neuronal fibers
and the number of nNOS—immunoreactive neurons were
decreased during the aging process in the proximal colon of rat.
This change might cause impairment of colonic smooth muscle
contraction and could be one mechanism for constipation in the
elderly. Additional functional and physiologic study, which might

provide a direct relationship, is currently underway.
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Fig. 1. The change of histology of tunica muscularis according to
aging. (1) H&E stain (x 200 magnifications) and (B) statistical analysis
for the measurement of each area. Total smooth muscle area and fat
deposition (arrowhead) increased with age (P <0.001) but there was no
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significant change in proper smooth muscle area (P = 0.296). Results
are mean = SE from 4to 6 animals per group. SMB, submucosal border;
CM, circular muscle; MP, myenteric plexus; LM, longitudinal
muscle.”P < 0.05 compared with 6 weeks of age; P < 0.05 compared

with 31 weeks of age.
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Fig. 2. Analysis of c-Kit immunohistochemistry. (4) Photomicrography of
c-Kit immunostain of the proximal rat colon. Arrows indicate the c-Kit
immunoreactive cell (x200 magnification). (B) The comparison of the
proportion of ¢c-Kit immunoreactivearea of SMB, MP, CM and LM in 6-, 31-,
74-weeks and 2-years-old rats (each group, n = 6). The proportion of c-Kit
immunoreactive area showed the tendency to decrease with aging. The result
was expressed as c-Kit positive percentage of total area of each region. Each
bar represents the mean = SE. SMB, submucosal border; MP, myenteric
plexus; CM, circular muscle; LM, longitudinal muscle. P < 0.05 compared
with 6-weeks of age; P < 0.05 compared with 31 weeks of age; P <005

compared with 74 weeks of age.
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Fig. 3. The expression of c-kit mRNA, SCF mRNA and c-Kit protein. (4)
The expression of c-kit mRNA by real-time PCR decreased with aging. That
of 2-years-old rats significantly decreased compared to the 6-weeks-old rats
(P =0.035) (each group, n=7). (B) SCF mRNA expression of 74-weeks and
2-years-old rats was significantly lower than that of 6-weeks-old rats (P =
0.048, P = 0.002, respectively) (each group, n = 7). (C) c-Kit protein
expression decreased with aging. c-Kit protein expression of 74-weeks and 2-
years old rats was lower than that of 6-weeks-old rats (P = 0.015 and P
=0.029, respectively) (n = 6 in 6-, 31- and 74 weeks, n=8 in 2 years). Results
are shown as a mean value of the optical density (OD). Each of the optical
density of mature (145 kDa) and immature (120 kDa) forms was combined
into one in the analysis process using densirometry. Each bar represents the
mean + SE. "P<0.05 compared with 6-weeks of age.
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Fig. 4. Analysis of nNOS immunohistochemistry. (4) Photomicrography of
nNOS immunostain of the proximal rat colon. Arrows and arrowheads indicate
the nNOS positive nerve fibers and neuronal ganglion, respectively (x200
magnification). (B) The comparison of the nNOS positive area (each group, n =
6). The proportion of nNOS immunoreactive area showed the decreasing
pattern with aging. Each bar represents the mean + SE. SMB, submucosal
border; MP, myenteric plexus; CM, circular muscle; LM, longitudinal
muscle. P < 0.05 compared with 6-weeks of age; "P < 0.05 compared with 31
weeks of age; *P < 0.05 compared with 74 weeks of age.
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Fig. 5. The expression of nVOS mRNA and nNOS protein. (4) The
expression of n”NOS mRNA by real-time PCR decreased with aging.
The expression of nNOS mRNA in 2-years-old rats was significantly
lower than that of the 6-weeks-old rats (P = 0.015) (each group, n = 7).
(B) nNOS protein expression on 74-weeks and 2-years-old rats showed
significantly lower expression than that of the 6 and 31-wewks-old rats
(P <0.001 and P = 0.003 vs. 6 weeks, P <0.001 and P =0.013 vs. 31
weeks) (n = 6 in 6-, 31- and 74 weeks, n=8 in 2 years). Results are
shown as a mean value of the optical density (OD). Each bar represents
the mean + SE."P< 0.05 compared with 6 weeks of age; "P< 0.05

compared with 31 weeks of age.
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Fig. 6. The enumeration of neuronal cell in myenteric ganglia. (4) Ganglia
in the myenteric plexus were micrographed at x1,000 (representative pictures
of ganglion in 6-weeks and 2-years-old rat are shown). We enumerated the
nNOS positive (indicated with red line) or negative (indicated with black line)
myenteric neurons, which include nucleus (indicated with star), in the
ganglion (contours of the ganglion are indicated by dotted lines). (B) The
percent of nNOS positive neuronal cells of total neuronal cells in ganglionwas
decreased with aging (P = 0.003). (C)The mean of proportion of nNOS
immunoreactive area in ganglion was also decreased as age increased (P =
0.002). Each bar represents the mean + SE. “P < 0.05 compared with 6-weeks
of age; TP < 0.05 compared with 31 weeks of age.
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Fig. 7. Analysis of PGP 9.5 immunohistochemistry. (4) Photomicrography
of PGP 9.5 immunostain of the proximal rat colon. Arrows indicate the PGP
9.5 immunoreactive nerve fibers and neuronal ganglion (x200 magnification).
(B) The comparison of the PGP 9.5 positive area (each group, n = 6). The
proportion of PGP 9.5 immunoreactive area showed the peak level in the 31-
weeks-old rats and that of 74-weeks and 2-years-old rats decreased to the
level of 6-weeks-old rats. (C) The comparison of ratio nNOS-positive area to
PGP 9.5-positive area (each group, n = 6). 6-weeks-old rats showed the peak
level with statistical significance and the relative ratio of nNOS/PGP 9.5 of 2-
years-old rats was lower than that of other age groups (In SMB and CM, both
P <0.001 vs. 6 weeks, P=0.017 and P =0.001 vs. 31 weeks, P =0.004 and
P < 0.001 vs. 74 weeks; in MP, P < 0.001 vs. 6 weeks). The result was
expressed as percentage of immunostain-positive area to total area of each
region. Each bar represents the mean + SE. SMB, submucosal border; MP,
myenteric plexus; CM, circular muscle; LM, longitudinal muscle. P < 0.05
compared with 6-weeks of age; 'P < 0.05 compared with 31 weeks of age; tp
<0.05 compared with 74 weeks of age.
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Fig. 8. Analysis of synaptophysin immunohistochemistry. (4) Photomicrography
of synaptophysin immunostain of the proximal rat colon. Arrows indicate the
synaptophysin immunoreactive nerve fibers and neuronal ganglion (x200
magnification). (B) The comparison of the synaptophysin-positive area (each
group, n = 6). (C) The comparison of ratio nNOS to synaptophysin-positive
area (each group, n = 6). The result was expressed as percentage of
immunostain-positive area to total area of each region. Each bar represents the
mean + SE. SMB, submucosal border; MP, myenteric plexus; CM, circular
muscle; LM, longitudinal muscle. P < 0.05 compared with 6-weeks of age; P
<0.05 compared with 31 weeks of age; tP<0.05 compared with 74 weeks of

age.
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Fig. 9. Isovolumetric contractile measurement and electrical field

stimulation. (4) The AUC of the spontaneous contractile response in

resting state. The responses were significantly decreased in 2-years-old-

rat colon (6-weeks-old rats 325.8 + 8.9 vs. 2-years-old rats 287.2 + 17.3
mN x min) (P = 0.032). P <0.05 compared with 6 weeks of age. (B)

The AUC of EFS during the contractile recordings. Colonic muscle

contraction in 2-years-old rats was significantly inhibited by atropine
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(10uM) (P = 0.000). P <0.05 compared with no treatment. (C) The
EFS responses of apamin and L-NAME under NANC condition. L-
NAME (1uM) pretreatment significantly increased contractility in 2-
years-old rats compared with the 6-weeks-old rats (P = 0.000). P <
0.05 compared with NANC condition. EFS, electrical field stimulation;

NANC condition, non-adrenergic, non-cholinergic condition.
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ABSTRACT

Fat deposition in the tunica
muscularis and decrease of
interstitial cells of Cajal (ICC) and
nNOS positive neuronal cells in the
aged rat colon

Introduction: Little is known about the time—course of aging on
interstitial cells of Cajal (ICC) of colon. The aim of this study
was to investigate the change of morphology, ICC and neuronal
nitric oxide synthase (nNOS) immunoreactive cells in the aged
rat.

Methods: The proximal colon of 344 Fischer rats at four
different ages (6, 31, 74 weeks, and 2 years) were studied.
The immunoreactivity of c¢—Kit, nNOS, anti—protein gene
product 9.5(PGP 9.5) and synaptophysin were counted after
immunohistochemistry. The c—kit, SCF (stem cell factor; ligand
of Kit) and nNOS mRNA were measured by real—time PCR. c—

Kit and nNOS protein were assessed by Western blot.



[sovolumetric contractile force measurement and electrical field
stimulation (EFS) were conducted.

Results: The area of intramuscular fat deposition significantly
increased with age after 31 weeks. ¢c—Kit immunoreactive ICC
and nNOS immunoreactive neurons and nerve fibers
significantly declined with age. mRNA and protein expression of
c—kit and nNOS decreased with aging. The functional study
showed that the spontaneous contractility was decreased in
aged rat, whereas EFS responses to atropine and L—-NG-—
Nitroarginine methyl ester were increased in aged rat.
Conclusions: In conclusion, the decrease of proportion of proper
smooth muscle, the density of ICC and nNOS immunoreactive
neuronal fibers and the number of nNOS immunoreactive
neurons during the aging process may explain the aging—

associated colonic dysmotility.

Keywords: aging, colon, Interstitial cells of Cajal, nNOS, Rats,
Inbred F344
Student number: 2011-30579
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Introduction

Aging leads to the impairment of organ function as a result of
accumulation of diverse deleterious changes throughout the
cells and tissues (1). Constipation is a common problem in the
elderly and known to be associated with multiple factors, such
as decreased intestinal secretory epithelial function, abnormal
colonic motility caused by enteric neurodegeneration and
reduced contractile response of smooth muscle cells with age
(2—4).

Enteric neurodegeneration involves the loss of enteric neuron,
especially, excitatory cholinergic neurons (5). In contrast,
nitrergic myenteric neurons are known to be selectively spared
in the aged (6—8). However, there was a contrary report that
nitrergic neurons decreased in the aged rats (9). Nitrergic
enteric neurons, which release nitric oxide (NO) generated by
catalysis of neuronal nitric oxide synthase (nNOS), act as non—
adrenergic, non—cholinergic inhibitory neuron and induce
colonic smooth muscle relaxation (10). This NO is known to
enhance transit of the rat colon by mediating descending

relaxation, which in turn facilitates propulsion of the colonic



contents(11). Nitrergic nerves of colon may be an important
component of colonic motility.

Interstitial cells of Cajal (ICC) also play important roles in
gastrointestinal motility. ICC play as an electrical pacemaker as
well as mediate both inhibitory and excitatory motor
neurotransmissions which manifest as electrical slow waves in
smooth muscles. Consequently, ICC contribute to segmenting
and peristaltic contractile activity (12, 13). ICC have been
diminished or lost in human disease for such as diabetic
gastroenteropathy (14), slow transit constipation (15—17) and
intestinal pseudo—obstruction (18). It is well known that ICC
express proto—oncogene c—kit (19, 20). The stem cell factor
(SCF) is mnatural ligand of Kit (21) and involves the
development and maintenance of ICC (22). It has been known
that the expression of c¢—kf mRNA and c¢—Kit protein
significantly decreased in the colon of slow transit constipation
patient and diabetes mellitus mouse (21, 23). In addition, there
was a study on the number and volume of ICC networks in the
normal human stomach and colon which declined with aging
(24). In one study using progeric mouse, the percentage of ICC

did not change and network volume of ICC decreased in the



proximal colon (25). However, a few data have been reported
on the time—course of age related changes about ICC in the

colon of conventional rats, so far. Furthermore, the results

about age—related changes of nitrergic neurons are inconsistent.

Previously, we reported that the lower part of rat gastric
mucosa was replaced by connective tissue with accumulation of
oxidative products with age (26). Similarly, we presumed a
hypothesis that a certain morphologic change might occur in the
colonic tissue with aging.

From this background, we aimed to assess the morphologic
change and the changes of number and molecular expression of
ICC, nNOS immunoreactive neurons and neuronal fibers in the
proximal colon of rat at four different ages using

immunohistochemistry (IHC) and molecular analysis.



Materials and Methods

Animals and tissue preparation.

Specific pathogen free, 344, male, Fischer rats (6—, 31—, 74—
weeks and 2 years of age) were used (Orient Co. Ltd., Seoul,
Korea). The animals were housed in a cage maintained at 23°C,
with 12:12—hour light—dark cycles under specific pathogen—
free conditions. The rats were starved but allowed for water for
12 hours prior to the experiments. The animals were
anesthetized by zoletil and rompun mixture and killed by
decapitation. One cm length of the proximal colon per each rat
was obtained and fixed in 10% buffered formalin for histology.
The specimens were embedded in paraffin and sectioned
perpendicularly to the lumen (section thickness, 4 pm) and
stained with hematoxylin and eosin (H&E). This study was
approved by the Institutional Animal Care and Use Committee

(IACUC) of Seoul National University Bundang Hospital.

Muscular histology.

The histology was evaluated by pathologist (H.S.L) blinded to



the age of the animal. The one H&E stained slide per rat (each
age group, n = 5) and the two fields per slide were randomly
selected. The area of the total smooth muscle, fatty tissue and
proper muscle in the tunica muscularis of colon was quantified
using the Image— Pro® Plus analysis system (Media
Cybernetics, Inc., San Diego, CA, USA). The area was

expressed as mm? per field of view.

Immunohistochemistry for c—Kit, nNOS, PGP (protein gene

product) 9.5 and synaptophysin.

For the c—Kit, nNOS, PGP 9.5 and synaptophysin IHC, the
sections were incubated with the following primary antibody:
anti—c—Kit antibody (dilution 1:100; polyclonal rabbit anti—
human CD117, DAKO, Glostrup, Denmark), anti—nNOS antibody
(dilution 1:500; AB5380 Chemicon, Millipore Corporation,
Billerica, MA, USA), anti—PGP 9.5 antibody (dilution 1:250; CM
329 AK, Biocare Mecial, CA, USA) and anti—synaptophysin
antibody (dilution 1:150; monoclonal mouse anti—human
synaptophysin, clone SY38, DAKO, Glostrup, Denmark) after
deactivation of endogenous peroxidase with 3% hydrogen

peroxide and blocking of nonspecific binding sites. The



immunostain was performed using an automatic immunostainer
(BenchMark XT, Ventana Medical Systems, Inc., Tucson, AZ,
USA) according to the manufacturer’s instructions.
UltraView Universial DAB detection kit (Ventana Medical
Systems) was used as secondary antibody. The negative
control for IHC 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 system (AxioVision Rel.4.8; Carl Zeiss).

Two immunostained slides (one slide for synaptophysin) per
each rat (each age group, n = 6) was made and four to five
fields per slide were randomly selected and micrographed at
x200. The micrograph was divided into four anatomic regions;
submucosal border (SMB), circular muscle (CM), myenteric
plexus (MP) and longitudinal muscle (LM) region (27) using
Adobe photoshop ver. 7.0 (Adobe systems; Mountain View, CA,
USA). Finally, quantitative assessment of c—Kit, nNOS, PGP
9.5 and synaptophysin immunoreactivity was performed using
the Image— Pro® Plus analysis system and measurements were
expressed as proportion of immunoreactive area (% of total

area). Mast cells, which are known to express ¢—Kit but could



be identified by their round or oval shape and lack of processes,
were excluded from the counts (14, 20, 24). Ganglia in the
myenteric plexus were micrographed at x1000. The number of

myenteric neurons, which include nucleus was enumerated.

Real—time PCR for c—kit, SCF and nNOS.

c—kit, SCF and nNOS mRNA were measured by real—time PCR
(28). Briefly, RNA was extracted from the proximal colonic
muscle tissues devoid of the mucosa, submucosa and preferably
serosa using the 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 transcription reagents (Invitrogen, Carlsbad, CA, USA).
The 20 upl reverse transcription reaction was consisted of 4 pul
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 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 TagTM (Takara Bio, Shiga, Japan)
according to 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 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 CAA. The GAPDH gene was used as an
endogenous reference as a control for expression independent
sample—to—sample variability. The amplification protocol
consists 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. Relative
expressions of target genes were normalized by dividing the
target Ct values by the endogenous Ct values. All equipments
were purchased from Applied Biosystems and used according to

their protocols. RNA—free water was used in Real—time PCR as
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no—template controls (NTC). After amplification, we performed
melting curve analysis using ABI PRISM® 7000 Sequence

Detection System software (Applied Biosystems).

Western blotting for c—Kit and nNOS.

The proximal colonic muscle tissue devoid of mucosa,
submucosa and preferably serosa was homogenized with lysis
buffer containing 25 mMTris—HCL (pH 7.4), EGTA (1 mM),
DTT (1 mM), leupeptin (10 pg mL™"), aprotinin (10 pg mL™Y),
PMSF (1 mM), and Triton X—100 (0.1%). Briefly, the proteins
(each sample, 100 pg) were separated by SDS-PAGE (8%
wt/wt gel) and transferred to PVDF membranes. All procedures
were performed in Tris buffer (40 mM, pH 7.55) containing 0.3
M of 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 B—actin (1:1000; rabbit polyclonal antibody, Biovision,
Milpitas, CA, USA) at 4°C overnight. The blots were incubated

with secondary antibody (rabbit polyclonal antibody, Santa Cruz



Biotechnology for c¢—Kit (dilution 1:500) and A —actin(dilution
1:1000), mouse polyclonal antibody, 1:1000; Santa Cruz
Biotechnology for nNOS) and an imaging analyzer was used to
measure the band densities. For ¢—Kit immunoblot, each of the
optical density of mature (145 kDa) and immature (120 kDa)
forms was combined into one in the analysis process using

densirometry (29).

Isometric force measurements and electrical field
stimulation.

Mechanical responses were performed to investigate the
functional difference of colon between 6— weeks and 2—years—
old F344 rats using standard organ—bath techniques. Segments
of the proximal colon were removed through a midline
abdominal incision and opened along the mesenteric border.
Luminal contents were removed by washing with Krebs-Ringer
bicarbonate solution (KRB), and the mucosa was removed
leaving the tunica muscularis and remnants of the submucosa.
The muscles were mounted under 1 g tension and then allowed
to equilibrate for 1-2 hours with constant perfusion with fresh

KRB. The spontaneous contractile activity was measured by

10 I =



area under the curve (AUC) at the resting state and then
electrical field stimulation (EFS, 5 Hz, 320 mA, 1 ms for 30
seconds) was performed to induce neural response with parallel
platinum wire electrodes to colonic muscle strips. The
contraction and relaxation responses by EFS of colonic muscle
were measured under atropine (10 pM) sequentially. And the
EFS responses to apamin (1 pM) and L—NG-—Nitroarginine
methyl ester (L—NAME, 10 uM) were determined under non—
adrenergic non—cholinergic (NANC) condition by adding
atropine, propranolol, and phentolamine (each 1 puM). All data
were recorded using the PowerlLab 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
stimulation. When measuring the percent changes of EFS
response under drug pretreatment, the value before the drug

treatment was defined as 100%.

Statistical analysis.

All statistical calculations were performed using SPSS

software (version 18.0; SPSS Inc., Chicago, IL, USA). The

11 : —



results were compared by the Mann—Whitney U—test and the
Wilcoxon’ s rank—sum test. All values are reported as means

* SE. A P <0.05 was considered statistically significant.

,H *_ 1

12

]| 'a:ﬂr

TU



Results

Influence of aging on intramuscular fat deposition.

The total area of tunica muscularis of the proximal colon
significantly increased with age (Fig. 1). However, most of this
increase was originated from the deposition of intramuscular fat
with age (P < 0.001) (Fig. 1). There was no fat deposition in
6—week, but observed only in one field in 31—weeks—old.
However, fat deposition was observed in all fields of 74—
weeks—old and Z2—years—old rat. There was no significant

change in proper smooth muscle area (P = 0.296).

Influence of aging on ICC.

The proportion of c—Kit—positive area decreased with aging.
That of 2—years—old rat was significantly decreased compared
to 6—, 31— and 74—weeks—old rat in SMB, CM and MP (SMB,
P <0.001 vs. 6 and 31 weeks, = 0.013 vs. 74 weeks; CM, P<
0.001 vs. 6 and 31 weeks, P = 0.002 vs. 74 weeks; MP, P <
0.001 vs. 6 weeks, P = 0.001 vs. 31 weeks, = 0.003 vs. 74

weeks). Also, the proportion of c—Kit—positive area of 31—

13 ) =



weeks and 74—weeks—old rat was significantly lower than that
of 6—weeks—old rats in all area (31 weeks, P = 0.046, P =
0.019, P = 0.007 and P = 0.007; 74 weeks, all < 0.001 in
SMB, CM, MP and LM) (Fig. 2).

c—kit mRNA expression decreased with aging. That of 2—
vears—old rats significantly decreased compared to the 6-—
weeks—old rats (P = 0.035) (Fig. 3A4). Similarly, SCF mRNA
expression of 74—weeks and 2-years—old rats was
significantly lower than that of 6—weeks—old rats (Z = 0.048, P
= 0.002, respectively) (Fig. 35). c—Kit protein expression was
the highest in 6—weeks—old rats and decreased with aging. c—
Kit protein expression of 74—weeks and 2—years old rats was
significantly lower than that of 6—weeks—old rats (# = 0.015

and P = 0.029, respectively) (Fig. 30).

Influence of aging on nNOS positive neurons and
immunoreactivity of PGP 9.5 and synaptophysin .

Similar to c¢—Kit immunostain, a larger proportion of nNOS—
positive area was present in the 6 weeks old and it rapidly
decreased with age (Fig. 4A4) In SMB, CM and MP, the

proportion of nNOS—positive area of 2—years—old rats was

14 | =



significantly lower than that of 6—, 31— and 74—weeks—old
rats (SMB and CM, all < 0.001; MP, 7= 0.002, 2= 0.004 and
P = 0.027).That of 74—weeks—old rats was significantly lower
compared to 6— and 31—weeks—old rats in SMB (P < 0.001and
P = 0.015, respectively). For CM and LM, nNOS—positive area
of 31— and 74 weeks—old rats was lower than that of 6—
weeks—old rats with statistical significance (CM, both P <
0.001; LM, P = 0.002 and P = 0.013) (Fig. 4B). In terms of
nNOS mRNA expression, 2—years—old rats showed significant
decrease compared to the 6—weeks—old rats (P = 0.015) (Fig.
5A4). nNOS protein expression was lower in 74—weeks and 2—
vears—old rats than that of the 6— and 31 —weeks—old rats and
there was statistical significance (In 74 weeks, all < 0.001; In
2 years, P = 0.003 vs. 6 weeks, P= 0.013 vs. 31 weeks) (Fig.
5B).

When myenteric ganglion was analyzed (Fig. 6A4), the percent
of nNOS—positive neuronal cell per total neuronal cell was also
decreased as age increased (Fig. 6B). The proportion of
nNOS—immunoreactive area of 74—weeks and Z—years—old
rats were also significantly lower than 6— and 31—weeks—old

rats (Fig. 60).
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PGP 9.5 immuno—positive area of 31—weeks—old rats was
most high compared to other age groups in SMB, CM, MP and
LM. PGP 9.5 immuoreactivity of 74—weeks and 2—years old
rats was similar or slightly higher than 6—weeks—old rats (Fig
7A and 7B). However, for the relative ratio of nNOS—positive
area to PGP 9.5—positive area, 6—weeks—old rats showed the
peak level with statistical significance and the relative ratio of
nNOS/PGP 9.5 of 2—years—old rats was lower than that of
other age groups (In SMB and CM, both 2 < 0.001 vs. 6 weeks,
P = 0.017 and P = 0.001 vs. 31 weeks, P = 0.004 and P <
0.001 vs. 74 weeks; in MP, P< 0.001 vs. 6 weeks) (Fig 70).

The proportion of synaptophysin—positive area generally
tended to decrease with age except LM (Fig. 84 and 85) and
the ratio of nNOS—positive area to synaptophysin—positive area
was also significantly lower in the aged rats compared to young
rats (Fig. 8(). The proportion of synaptophysin—positive area
of 2—years—old rats was significantly lower than that of 6—
weeks—old rats in SMB (£ = 0.016) and 74—weeks—old rats in
MP (£ = 0.015). In CM, the proportion of synaptophysin—
positive area of 2—years—old rat was significantly decreased

compared with other groups (2 < 0.001 compared to 6 weeks

16 : —



and 31 weeks, and P = 0.005 compared to 74 weeks). In
addition, the ratio of nNOS to synaptophysin of 74—weeks and
2—years—old rats was decreased compared to 6—weeks—old
rats in CM (P = 0.044 in 74weeks, P = 0.008 in 2 years) and
MP (P = 0.003 in 74 weeks, P= 0.011 in 2 years). In SMB, the
ratio of nNOS to synaptophysin of 2—years—old rats was lower
than that of 6—weeks and 31—weeks—old rats (P = 0.004 to 6
weeks, P < 0.001 to 31 weeks). As there were cases that the
value of nNOS, PGP 9.5 or synatophysin—positive area was

zero in LM, the statistical analysis was not performed in LM.

Influence of aging on colonic motility.

The AUC of colonic spontaneous contraction in 2—years—old
rats, measured by isometric force measurement, was
significantly decreased compared with the 6—weeks—old rats
(6—weeks—old, 325.8 £ 8.9 mN x min vs. 2—years—old, 287.2
+ 17.3 mN x min) (P = 0.032) (Fig. 94). The contractile
response to EFS of 2-—years—old rats was significantly
inhibited by atropine compared with the 6—weeks—old rats (6—
weeks—old, 92.545.9 % vs. 2—years—old, 19.2 + 9.7) (P =

0.000) (Fig. 9B). Under the NANC condition, apamin

17 =



pretreatment did not affect the response to EFS in both aged
rat colon (6—weeks—old, 116.9+40.2 % vs. 2—years—old, 97.0
+24.4), however L—NAME pretreatment significantly increased
contractility in Z2—years—old rats compared with the 6—weeks—
old rats (6—weeks—old, 129.8435.0 % vs. 2—years—old,

205.1+33.7) (P = 0.000) (Fig.90).
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Discussion

When we assessed the morphologic and molecular changes of
ICC and nNOS—positive enteric neurons in the rat colon using
four different age groups of 344 Fischer rats, the most peculiar
finding was thickening of muscular layer with age, which was
originated from fat deposit. These changes have not been
reported in human as well as experimental animals, so far. The
mechanism of fat deposition in colonic smooth muscle of rat
including oxidative stress and its effects on the contraction are
needed to be investigated in the future.

Several studies demonstrated that the number of myenteric
neurons of the rat colon decreased with aging (30). However,
the loss of enteric neurons was mainly cholinergic neurons, and
nNOS—positive nitrergic neurons were known to be relatively
spared (5, 6, 30—32). In the preset study, the relative ratio of
nNOS/PGP 9.5 immunoreactivity and the percent of nNOS—
positive neuronal cell per total neuronal cell were analyzed to
exclude the dilution effect by growth. The result clearly

showed the decrease of nNOS—immunoreactive neuronal cells
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with age, which might be related to the damage of nitrergic
neurons, such as axonal swelling and loss of expression of NOS
in aged rats (7, 9). Similarly, aging gastric mucosa has shown
reduced nNOS activity (26, 33). The decrease of nNOS—
positivity was found to be originated from the selective loss of
nNOS neurons. Even though this result could not completely
exclude the possibility of loss of nNOS enzyme expression with
aging, the decrease of relative ratio of nNOS/PGP 9.5-
immunoreactivity together with the decline of the percent of
nNOS—positive neuronal cell per total neuronal cell might

suggest the loss of nitrergic neurons in the old aged rats.

The ICC are necessary for maintaining gastrointestinal motility.

The decrease of ICC, as observed in several motility disorders
(14—-16, 18, 34, 35), reduces amplitudes of slow wave,
consequently, induces intestinal dysmotility by reducing
electrical drive to smooth muscle contractions and peristalsis
(36). Recent study has shown that the number and volume of
ICC networks in the normal human stomach and colon declined
with age using IHC analysis but related molecular analysis, such
as Western immunoblotting or real—time PCR, was absent in

that study (24). Similarly, the ICC network volumes were
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reduced in proximal colon of progeric mice, but little is known
about the time course of age—related changes on ICC in
conventional rat model (23, 28). In the present study the
proportion of c—Kit—positive area, the largest of which located
at the region of the MP, clearly decreased with aging. This
depletion of c—Kit—positive ICC was diffuse across the layers
of the rat colon. As ICC 1is an important factor of
gastrointestinal motility, the diffuse reduction of density of ICC
with age may explain the aging—associated colonic dysmotility.

The SCF/c—kit signal pathway is critical in the normal
development, maturation, and phenotype maintenance of ICC
(37—40). The primary loss of intramuscular ICC and reduction
in myenteric ICC were noted not only in A/f mutant mice (/W)
(41) but also in SCF mutant S//SFmice (42). However, the
underlying mechanism for the decrease of ICC with age is not
well known yet. Recent study on the stomach of progeric mice
suggested that the loss of ICC with age was dependent on
multiple factors such as reduction in SCF, low circulating insulin
and IGF—1I levels and increased oxidative stress (31). In the
present study, the expression of ¢—k7t mRNA and c¢—Kit protein

was decreased with aging. Another molecular work in the
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present study, SC/ mRNA also showed a good correlation of
decreasing pattern with the c—Kit protein and c¢—k7/t mRNA
expression. These results together with the previous reports
(21, 40, 43) suggest that the SCF preferentially contributes to
expression of c—Kit—positive ICC.

In addition to activation of the c—kit receptor via SCF, the
release of neuronal nitric oxide is also known to increase
proliferation of ICC in mice (44, 45). In the study using
stomach body tissue of mouse, ICC volume and c—Kit protein of
neuronal NOS™~ mouse were decreased than control.
Additionally, number of ICC in primary cell culture and
organotypic culture were increased by nitric oxide donor (46).
Furthermore, there was a report that nitrergic enteric neurons
act as a source of SCF (47). In the present study, nNOS—
positive neurons and neuronal fibers of the rat proximal colon
as well as the expression of nNOS protein decreased with age.
Similarly, the aNOS mRNA of 2-years—old rats was
significantly lower than that of 6—weeks—old rats. Since the
nNOS—derived NO is important for the presence of ICC in the

gastrointestinal tract (48), the loss of nNOS—positive neuronal
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cells in the aged rat colon might cause adverse effect on ICC
maintenance.

There are also other evidences that oxidative stress may
induce loss of ICC or nNOS. For example, Klotho—deficient
progeric mice showed profound ICC loss, but Klotho protected
ICC by limiting oxidative stress (31). In addition, ¢—Kit and
nNOS expressions were lost during diabetic gastroparesis due
to increased levels of oxidative stress caused by low levels of
heme oxygenase—1, an important cytoprotective molecule
against oxidative injury (49). We detected that colonic mucosal
LPO, although it was measured in the mucosa (data was not
shown), increased during the aging process. Taken together the
decrease of density of ICC and nNOS in the rat colon with aging
also could be a consequence of oxidative stress.

EFS for evaluation of functional difference between 6—weeks
and 2—years old rats showed that spontaneous colonic muscle
contraction at resting state significantly decreased in the aged
rat , although the difference between two age groups was very
small (Fig. 94). The decreased spontaneous activities in 2—
years—old rats might be affected by both the damage of ICC

and the degeneration of enteric neuron with aging. The
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response to EFS under the treatment of atropine (Fig. 95) or
L-NAME (Fig. 90) was different between two age groups.
Both the relative decline of contractile response to EFS under
the atropine pretreatment and the relative increment of
contractile response to EFS under the L-NAME were
significantly larger in aged rats compared with young rats (Fig.
9B and 90). It is well known that atropine and L—NAME inhibit
the action of excitatory cholinergic and inhibitory nitrergic
neuron, respectively (50, 51). Therefore, it would be possible
that the relatively increased response to atropine and L—NAME
in the aged rats could reflect the degeneration of cholinergic
and nitrergic neuron, respectively. However, this explanation
needs further experiment.

We used the image analyzer to quantify ICC and nNOS—
positive neuronal structures. This method offered several
advantages over conventional cell counting techniques. That is,
it allowed cell density to be determined in areas with difficulty
in identifying individual cells due to high density. The strong
point of this study is that we showed the age—related changes
of density and molecular expression of ICC and nNOS—positive

enteric neurons in the rat colon in four different ages using IHC
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study together with molecular analysis. In conclusion, the
proportion of proper smooth muscle in the tunica muscularis,
the density of ICC and nNOS—immunoreactive neuronal fibers
and the number of nNOS—immunoreactive neurons were
decreased during the aging process in the proximal colon of rat.
This change might cause impairment of colonic smooth muscle
contraction and could be one mechanism for constipation in the
elderly. Additional functional and physiologic study, which might

provide a direct relationship, is currently underway.
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Fig. 1. The change of histology of tunica muscularis according to
aging. (1) H&E stain (x 200 magnifications) and (B) statistical analysis
for the measurement of each area. Total smooth muscle area and fat

deposition (arrowhead) increased with age (P <0.001) but there was no
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significant change in proper smooth muscle area (P = 0.296). Results
are mean = SE from 4to 6 animals per group. SMB, submucosal border;
CM, circular muscle; MP, myenteric plexus; LM, longitudinal
muscle.”P < 0.05 compared with 6 weeks of age; P < 0.05 compared

with 31 weeks of age.
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Fig. 2. Analysis of c-Kit immunohistochemistry. (4) Photomicrography of
c-Kit immunostain of the proximal rat colon. Arrows indicate the c-Kit
immunoreactive cell (x200 magnification). (B) The comparison of the
proportion of ¢c-Kit immunoreactivearea of SMB, MP, CM and LM in 6-, 31-,
74-weeks and 2-years-old rats (each group, n = 6). The proportion of c-Kit
immunoreactive area showed the tendency to decrease with aging. The result
was expressed as c-Kit positive percentage of total area of each region. Each
bar represents the mean = SE. SMB, submucosal border; MP, myenteric
plexus; CM, circular muscle; LM, longitudinal muscle."P < 0.05 compared
with 6-weeks of age; P < 0.05 compared with 31 weeks of age; P <005

compared with 74 weeks of age.
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Fig. 3. The expression of c-kit mRNA, SCF mRNA and c-Kit protein. (4)
The expression of c-kit mRNA by real-time PCR decreased with aging. That
of 2-years-old rats significantly decreased compared to the 6-weeks-old rats
(P =0.035) (each group, n=7). (B) SCF mRNA expression of 74-weeks and
2-years-old rats was significantly lower than that of 6-weeks-old rats (P =
0.048, P = 0.002, respectively) (each group, n = 7). (C) c-Kit protein
expression decreased with aging. c-Kit protein expression of 74-weeks and 2-
years old rats was lower than that of 6-weeks-old rats (P = 0.015 and P
=0.029, respectively) (n = 6 in 6-, 31- and 74 weeks, n=8 in 2 years). Results
are shown as a mean value of the optical density (OD). Each of the optical
density of mature (145 kDa) and immature (120 kDa) forms was combined
into one in the analysis process using densirometry. Each bar represents the

mean + SE. "P<0.05 compared with 6-weeks of age.
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Fig. 4. Analysis of nNOS immunohistochemistry. (4) Photomicrography of
nNOS immunostain of the proximal rat colon. Arrows and arrowheads indicate
the nNOS positive nerve fibers and neuronal ganglion, respectively (x200
magnification). (B) The comparison of the nNOS positive area (each group, n =
6). The proportion of nNOS immunoreactive area showed the decreasing
pattern with aging. Each bar represents the mean + SE. SMB, submucosal
border; MP, myenteric plexus; CM, circular muscle; LM, longitudinal
muscle. P < 0.05 compared with 6-weeks of age; "P < 0.05 compared with 31
weeks of age; *P < 0.05 compared with 74 weeks of age.
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Fig. 5. The expression of nVOS mRNA and nNOS protein. (4) The
expression of n”NOS mRNA by real-time PCR decreased with aging.
The expression of nNOS mRNA in 2-years-old rats was significantly
lower than that of the 6-weeks-old rats (P = 0.015) (each group, n = 7).
(B) nNOS protein expression on 74-weeks and 2-years-old rats showed
significantly lower expression than that of the 6 and 31-wewks-old rats
(P <0.001 and P = 0.003 vs. 6 weeks, P <0.001 and P =0.013 vs. 31
weeks) (n = 6 in 6-, 31- and 74 weeks, n=8 in 2 years). Results are
shown as a mean value of the optical density (OD). Each bar represents
the mean + SE."P< 0.05 compared with 6 weeks of age; "P< 0.05

compared with 31 weeks of age.
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Fig. 6. The enumeration of neuronal cell in myenteric ganglia. (4) Ganglia
in the myenteric plexus were micrographed at x1,000 (representative pictures
of ganglion in 6-weeks and 2-years-old rat are shown). We enumerated the
nNOS positive (indicated with red line) or negative (indicated with black line)
myenteric neurons, which include nucleus (indicated with star), in the
ganglion (contours of the ganglion are indicated by dotted lines). (B) The
percent of nNOS positive neuronal cells of total neuronal cells in ganglionwas
decreased with aging (P = 0.003). (C)The mean of proportion of nNOS
immunoreactive area in ganglion was also decreased as age increased (P =
0.002). Each bar represents the mean + SE. “P < 0.05 compared with 6-weeks
of age; TP < 0.05 compared with 31 weeks of age.
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Fig. 7. Analysis of PGP 9.5 immunohistochemistry. (4) Photomicrography
of PGP 9.5 immunostain of the proximal rat colon. Arrows indicate the PGP
9.5 immunoreactive nerve fibers and neuronal ganglion (x200 magnification).
(B) The comparison of the PGP 9.5 positive area (each group, n = 6). The
proportion of PGP 9.5 immunoreactive area showed the peak level in the 31-
weeks-old rats and that of 74-weeks and 2-years-old rats decreased to the
level of 6-weeks-old rats. (C) The comparison of ratio nNOS-positive area to
PGP 9.5-positive area (each group, n = 6). 6-weeks-old rats showed the peak
level with statistical significance and the relative ratio of nNOS/PGP 9.5 of 2-
years-old rats was lower than that of other age groups (In SMB and CM, both
P <0.001 vs. 6 weeks, P=0.017 and P =0.001 vs. 31 weeks, P =0.004 and
P < 0.001 vs. 74 weeks; in MP, P < 0.001 vs. 6 weeks). The result was
expressed as percentage of immunostain-positive area to total area of each
region. Each bar represents the mean + SE. SMB, submucosal border; MP,
myenteric plexus; CM, circular muscle; LM, longitudinal muscle. P < 0.05
compared with 6-weeks of age; 'P < 0.05 compared with 31 weeks of age; tp
<0.05 compared with 74 weeks of age.

45



Synaptophysin (+) %

nNOS /synaptophysinratio

0.5

\ /8
AL E
w"\ 44

06 weeks

SMB c™Mm MP Lm

06 weeks
D031 weeks
E74 weeks
W 2years

SMB c™Mm MP

46




Fig. 8. Analysis of synaptophysin immunohistochemistry. (4) Photomicrography
of synaptophysin immunostain of the proximal rat colon. Arrows indicate the
synaptophysin immunoreactive nerve fibers and neuronal ganglion (x200
magnification). (B) The comparison of the synaptophysin-positive area (each
group, n = 6). (C) The comparison of ratio nNOS to synaptophysin-positive
area (each group, n = 6). The result was expressed as percentage of
immunostain-positive area to total area of each region. Each bar represents the
mean + SE. SMB, submucosal border; MP, myenteric plexus; CM, circular
muscle; LM, longitudinal muscle. P < 0.05 compared with 6-weeks of age; P
<0.05 compared with 31 weeks of age; tP<0.05 compared with 74 weeks of

age.
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Fig. 9. Isovolumetric contractile measurement and electrical field

stimulation. (4) The AUC of the spontaneous contractile response in

resting state. The responses were significantly decreased in 2-years-old-
rat colon (6-weeks-old rats 325.8 + 8.9 vs. 2-years-old rats 287.2 + 17.3
mN x min) (P = 0.032). P <0.05 compared with 6 weeks of age. (B)

The AUC of EFS during the contractile recordings. Colonic muscle

contraction in 2-years-old rats was significantly inhibited by atropine
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(10uM) (P = 0.000). P <0.05 compared with no treatment. (C) The
EFS responses of apamin and L-NAME under NANC condition. L-
NAME (1uM) pretreatment significantly increased contractility in 2-
years-old rats compared with the 6-weeks-old rats (P = 0.000). P <
0.05 compared with NANC condition. EFS, electrical field stimulation;

NANC condition, non-adrenergic, non-cholinergic condition.
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