Japanese Society of Veterinary Science

FULL PAPER Pharmacology
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ABSTRACT. Intestinal muscularis resident macrophages distributed in myenteric region may play an important role in the immunological
host defense against infection. In this study, we investigated the phagocytic stimulation of resident macrophages on cyclooxygenase-2
(COX-2) expression and smooth muscle contraction in the small intestine of rat. After the injection of FITC-dextran to rat, phagocytosed
macrophages could be detected in the myenteric plexus. FITC-positive macrophages were also immunostained with COX-2 antibody.
The number of COX-2 immunopositive cells increased in a time-dependent manner reaching its maximum at 4 hr after the injection,
which then decreased gradually but considerable number of cells were still remained on 7 days. The injection of FITC-dextran, however,
did not change the population of ED2-positive resident macrophages even on 7 days. Production of PGE, was significantly higher in
the dextran treated tissue as compared to control tissue. In the smooth muscle tissue phagocytosed dextran, carbachol-induced contrac-
tion was significantly decreased. The suppression of the carbachol-induced contraction was completely restored by COX inhibitor,
indomethacin. Finally we demonstrated that, in freshly isolated macrophage cells, addition of dextran induced a slow and’ sustained
increase in intracellular Ca®* concentration. These results indicate that phagocytotic activation of muscularis resident macrophages

induces COX-2 gene expression and then results in production of PGE, to suppress the smooth muscle contractile activity.
KEY WORDS: intestinal smooth muscle, phagocytosis, prostaglandin, resident macrophage.

In a host defense system, macrophages play an important
role as a first line of defense against microbial infections
[27]. In the digestive system, the gut mucosa contains a
large population of macrophages that provide a specific
immune response against the lumenal milieu. Macrophages
occurring in specific sites in normal noninflamed tissues are
termed resident macrophages. They are distributed through
most tissues of the body and are one of the first cell types to
sense microbial invaders. Recently, the resident macroph-
ages have also been identified in the muscularis externa of
the gastro-intestinal (GI) tract. They are regularly distrib-
uted in the subserosa and at the level of the myenteric plexus
[14]. Resident macrophages at the level of the myenteric
plexus are closely come into view not only to myenteric
neurons but also proximity to the interstitial cells of Cajal
(ICCs), which are considered to be the pacemaker cells in
GI tract [15, 22, 23]. The close proximity of macrophages
to ICCs may lead to effects on the motility of GI tissues.
Very recently it is suggested that the activation of resident
macrophages is related to the alterations of the ICCs and
myenteric nerves of rat intestine with colitis [10].

It has been reported that intraperitoneal injection of
lipopolysaccharide (LPS) led to an inhibition of contractility
of intestinal smooth muscle by the activation of macroph-
ages [3]. And incubation of isolated intestinal tissues with
LPS decreased smooth muscle contractions and enhanced
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the expression of inducible nitric oxide synthase (iNOS) and
cyclooxigenase-2 (COX-2) [6, 28]. These findings suggest
that the intestinal resident macrophages can control smooth
muscle contraction without recruitment of extrinsic immune
cells. On the other hand, macrophages possess a number of
phagocytic receptors that mediate opsonic and non-opsonic
uptake by binding to specific molecular components of
microbial surfaces [, 30]. Phagocytosis of microorganisms
is accompanied by the activation of Toll-like receptors,
which participate in promoting inflammatory responses [16,
29].

Several signaling pathways related to prostaglandin syn-
thesis have been suggested in the macrophages during the
phagocytotic stimulations. The production of prostaglandin
E, (PGE,) by mouse peritoneal macrophages occurs within
minutes of intraperitoneal zymosan administration and
plays a role in mediating early phases of the immune
responses [11, 13]. It has also been reported that the non-
receptor mediated phagocytosis of particles such as latex
beads leads to the prompt induction of PGE, in bone-mar-
row derived macrophage [24].. On the other hand, PGE,
which is released from peritoneal macrophages has been
demonstrated to produce hyperalgesia [4] and increased vas-
cular permeability [11]. We have previously reported that
the injected dextrans, phagocytosed by resident macroph-
ages reside in the intestinal muscle layer [20, 26, 28]. How-
ever, the possible changes in the macrophages and smooth
muscle functions after the phagocytotic stimulation have not
been elucidated. In the present study, the experiments are
performed to assess whether the phagocytosis of exogenous

NI | -El ectronic Library Service



Japanese Society of Veterinary Science

1054 K. SATO ET AL.

particles produces COX-2 expression and secondary
changes to smooth muscle contractile function.

MATERIALS AND METHODS

Animals and tissue preparations: Wistar rats either sex
(150-250 g) were anesthetized and given injections of dext-
ran (MW 70,000) labeled with or without FITC (0.25 mg/g
body weight) intravenously or intraperitoneally (dextran-
injected rat). They were sacrificed at O hr, 4 hr, 12 hr, or 7
days after injections. As controls, same injections were car-
ried out using same amount of physiological saline (control
rat). In some experiments, rats were used as control without
injection of the physiological saline. The rats were sacri-
ficed and the excised terminal ileum was placed in physio-
logical salt solution (PSS) (in mM): NaCl 136.9, KCl1 5.4,
MgCl, 1.0, CaCl, 1.5, NaHCOs 23.8, glucose 5.5 (pH 7.4 at
37°C) aired with 95% O, and 5% CO,. Animal care and
treatment were conducted in conformity with The Institu-
tional-Guidelines of Yamaguchi University.

Measurement of muscle tension: Muscle strips of terminal
ileum from the rat injected intravenously with non-labeled
dextran were suspended along their circular axis in a tissue
bath filled with PSS at 37°C in an atmosphere of 95% O, and
5% CO,. The response of the strips was measured isometri-
cally under the resting tension of 10 mN and recorded. Each
strip was repeatedly exposed to 65.4 mM KCI until
responses became stable. Concentration-response curves
were obtained by the cumulative application of agonist. On
the other hand, single dose application was adapted for the
measurement of absolute force. At the end of tension mea-
surements, the wet weight of each muscle strip was mea-
sured. In some experiments, the contraction was normalized
by the milligram of wet weight tissue (mN/mg wet wt).

Immunohistological examination: Rats were injected
intravenously with FITC-dextran and sacrificed. For immu-
nohistochemistry, tissues were fixed with Zamboni's solu-
tion for 4 hr for anti-macrophage antibody (ED2; Serotec,
Oxford, England) or anti-COX-2 antibody (Santa Cruz Bio-
tech, CA, U.S.A.). Muscle coats were separated, cut into
small pieces and incubated overnight at 4°C with first anti-
bodies (ED2, 1:500 and COX-2, 1:200). Samples were
treated with biotinylated secondly antibodies and detected
with Texas red-conjugated streptavidin (1:100, Vector).
Samples were examined with a confocal laser scanning
microscope (MRC-1024; BioRad, CA U.S.A.). Some were
treated with Vector Stain ABC kit (Vector, CA U.S.A.) and
detected with enzyme-immunohistochemistry using 0.1%
diaminobenzidine tetrahydrochloride containing 0.02%
H,0,. Immunopositive cells were counted and tabulated
(per mm?) in each sample (n=3).

Cell preparation and measurement of intracellular Ca**
concentration: Resident macrophages were isolated from
the intestinal muscularis by standard collagenase treatment
method as previously described [20]. Freshly isolated mac-
rophages on glass cover slips were loaded with fura-PE3 by
exposure to a HEPES buffer solution (in mM: NaCl 1254,

glucose 11.5, KC1 5.9, MgCl, 1.2, HEPES 10, pH 7.4, either
CaCl, 1.5 or EGTA 0.5) containing 5 uM fura-PE3 ace-
toxymethyl ester with 0.01% cremophor EL for 3040 min
in a dark room. For fluorescence measurements, cells on
glass cover slips were placed in a bath on the stage of an
inverted microscope (Nikon, Tokyo, Japan) equipped with a
40-fold objective lens. The acquisition and analysis were
done with a Ca?*-imaging system (PTI-4700, Photon Tech-
nology International, NJ, U.S.A.). Images of 510 nm fluo-
rescence were captured every 3 sec using 340 and 380 nm
wavelength light, and the images at 340 nm were divided by
the images at 380 nm to provide resultant ratio images
(R340/380) that are indicators of intracellular Ca** concen-
tration ([Ca?*);). All experiments were performed at 37°C
[18].

Measurement of released prostaglandin E,: Each muscle
strip of terminal ileum taken from the rat injected with or
without FITC-dextran was attached to a holder in an organ
bath (2 ml) containing PSS and equilibrated for 30 min at
37°C. After incubation with PSS, 50 ul of PSS solution
were removed, and the released PGE, were measured using
an enzyme immunoassay system (Amersham Pharmacia
Biotech, Tokyo, Japan). Released PGE, were calculated
using the standard assay in the kit and expressed as pico-
grams per milligram of wet weight tissue (pg/mg wet wt).

Chemicals: Other chemicals used were carbachol and
indomethacin (Sigma, Tokyo, Japan), FITC-dextran, Texas-
Red-dextran and dextran amino (70,000 M.W.) (Molecular
Probes, OR, U.S.A.), fura-PE3 acetoxymethyl ester (Teflab,
TX, U.S.A.), cremophor EL (Nacalai Tesque, Tokyo,
Japan), PGE, (WAKO Pure Chemical, Osaka, Japan).

Statistical analyses: The data were expressed as means *
SE mean. They were analyzed using the unpaired Student’s
t-test for comparisons between pairs of groups and by one-
way analysis of variance (ANOVA) followed by either Dun-
nett’s test or the Tukey test for comparisons among more
than two groups. A value of p<0.05 was taken as signifi-
cant.

RESULTS

Induction of COX-2 in the FITC-phagocyted cells: In the
present experiments, rats were injected with FITC-dextran
intraperitoneally 4 hr before sacrifice. The fluorescent
image of FITC-dextran was detected in the resident mac-
rophages at the level of myenteric plexus in rat small intes-
tine (Fig. 1A). Expanded Fig. 1A shows that FITC-dextrans
phagocytosed with macrophages were localized in their
phagosomes (Fig. 1B). Macrophages also expressed COX-
2 proteins which were expressed evenly in the cytoplasm
(Fig. 1C). Figure 1D shows colocalization of FITC-dextran
and COX-2 in the same cells. Although significant immu-
noreactivity for COX-2 was demonstrated in the resident
macrophages, neither anti-iNOS antibody nor anti-MHC
class IT antibody (OX6) stained these macrophages (data not
shown).

Immunohistochemistry of COX-2: Muscularis macroph-
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Fig. 1.

Confocal micrographs of dextran-phagocytosed (A, B) and COX-2-immunopositive cells (C) at the level of the myenteric plexus

in the rat ileum after 4 hr injection of FITC-dextran. A: Cells absorbed the FITC-dextran. B: Expanded Fig. 1A. C: COX-2-immunop-
ositive cells indicated by TexasRed-fluorescence. D: Merged image of A and C. Typical results out of 3 separate experiments are
shown. Scale bars, 10 um (A, C, D), 30 um (B). Arrows indicate the dextran particles in their phagosomes (B).

ages were labeled with anti-resident macrophage antibody
(ED2). As shown in Fig. 2A, a great number of ED2 posi-
tive macrophages were distributed almost evenly in the
muscle layer at myenteric plexus in the control rat. Mac-
rophages showed multipolar and unique appearance. They
protruded several processes with branches in every direction
and had narrow perinuclear cytoplasm.

In control rat ileum, whole mount preparation of muscle
layer stained with anti-COX-2 antibody did not indicate any
immunopositive cells. The injection of FITC-dextran
induced the expression of COX-2 protein and the number of
COX-2 positive cells increased time dependently (Fig. 2B,
C and D). COX-2 immunoreactivity was restricted in a part
of the cytoplasm and did not stain whole cytoplasm. Whole
mount preparation of immunostained muscle layer allowed
us to count the population of immunopositive cell. Analysis
of the data indicated that immunoreactivity of COX-2 posi-
tive cells were almost absent in the control rat ileum; how-
ever, the number of COX-2 immunopositive cells increased
and reached maximum at 4 hr after injection of FITC-dext-
ran, which decreased gradually but still remained high after
7 days (Fig. 2E). On the other hand, the population of entire

resident macrophages in control rat ileum indicated by ED2
was 224 + 12 cells/mm?. The injection of FITC-dextran did
not change the population of these cells even after 7 days.

Effects of the injection of FITC-dextran on PGE; release:
Because the injection of dextran induces the expression of
COX-2 protein in myenteric resident macrophages, we next
examined the amount of prostaglandin E, (PGE,) released
from the ileal smooth muscle tissue using an enzyme immu-
noassay method (Fig. 3). In the control rat ileum, a certain
level of PGE, was released spontaneously. Four hours after
the injection of FITC-dextran, released PGE, was increased
significantly. The amount of PGE, was returned to control
level 7 days after the injection.

Effects of the injection of dextran on muscle contractions:
We examined the effects of injection of dextran on smooth
muscle contractility. In control rat ileum, cumulative appli-
cation of carbachol (1 nM - 10 uM) induced concentration-
dependent contractions. After the addition of indomethacin
(10 uM) for 10 min, same concentrations of carbachol were
applied again; however, the concentration-response rela-
tionship was not changed (Fig. 4A). In dextran-injected rat
ileum, on the other hand, carbachol-induced contractions
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Fig.2. Immunohistochemistry of anti-ED2 antibody (A) and

anit-COX-2-antibody (B-D) in rat ileal smooth muscle layer.
ED?2 reactive cells are uniformly distributed in the muscle layer
in the rat before injection of the dextran as shown by panel A.
Before injection of the FITC-dextran, there was no expression
of COX-2 reactivity in the whole mount preparations as shown
by panel B. The panel C and D show cells positive for COX-2
antibody at 4 and 12 hr respectively after injection of FITC-
dextran. Typical results are shown from 3 experiments. Scale
bar, 100 um (C). The panel E shows the kinetics of COX-2 and
ED2-immunopositive macrophages after the injection of FITC-
dextran. The populations of ED2-immunopositive macrophages
are constant and there are no differences between dextran-
injected (closed square) and control rat (open square). The den-
sities of COX-2-positive cells do not change in control rat (open
circle). The population increases in a time-dependent manner in
dextran-injected rat (closed circle). Results are means + SE of
mean of 3 experiments. ** P<0.01.
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Fig. 3. Amounts of PGE, released from ileal smooth muscle
strips of rat injected with or without FITC-dextran. At the each
period after the injection of dextran, the excised terminal ileum
was incubated for 30 min. The incubated supernatant solution
(50 wl) was collected for measurements of released PGE,.
Results are means + SE of mean of 3 experiments. ** P<0.01 vs.
0 hr.

were significantly potentiated by the presence of
indomethacin (Fig. 4B).

We next compared the absolute force in the muscles iso-
lated from control and dextran-injected rats. Although the
amplitude of contractions due to 65.4 mM KCl in control rat
ileum was almost identical to that of contraction in the dex-
tran-injected rat ileum, the absolute force induced by 1 uM

- carbachol was significantly decreased in dextran-injected

rat ileum. In the presence of indomethacin, the carbachol-
induced contraction in dextran-injected rat ileum was recov-
ered to almost the same level of contraction observed in con-
trol rat ileum (Fig. 4C). Finally, we examined the inhibitory
effect of PGE, on carbachol (10 uM) and KCl (65.4 mM)-
induced contractions in circular smooth muscle isolated
from normal rats. Cumulative addition of PGE, (0.01-1
UM) more greatly inhibited the carbachol-induced contrac-
tion than KCl-induced contraction (Fig. 4D).

Changes in intracellular Ca®* concentration of dextran-
phagocytosed resident macrophage: Since intracellular Ca®
concentration ([Ca**];) is one of a critical signal regulating
mechanism for the release of inflammatory mediators in
macrophages, we measured the changes in [Ca*]; in fura-
PE3 loaded macrophage to dextran phagocytosis. In this
series of experiments, instead of FITC-dextran, we used
TexasRed-dextran in order not to interfere the fura-PE3 flu-
orescence. In freshly isolated macrophage cells, addition of
TexasRed-dextran (0.2 mg/ml) into buffer solution induced
a gradual increase in [Ca®*]; which sustained over 30 min
(Fig. 5A-C, E). The addition of 4 mM EGTA induced rapid
decrease in [Ca*]; beyond the resting level. At the end of
experiment, we confirmed that macrophages phagocytosed
dextran by detecting TexasRed fluorescence (Fig. 5D).
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Suppression of circular smooth muscle contractions in rat ileum after the injection of dextran and its recovery by indomethacin

and the inhibitory effect of PGE, on carbachol and KCl-induced contractions in normal rat ileum. Rats were injected without (A) or
with dextran (B) 4 hr before excising the ileum. Carbachol (1 nM-10 uM) was cumulatively added to the ileal strip to induce contrac-
tion in the absence or in the presence of 10 uM indomethacin. Values are expressed as percentage of the reference response (65.4
mM KCl) in each muscle. * P<0.05, ** P<0.01 vs. contraction in the absence of indomethacin. (C) Absolute force of rat ileum
injected without or with dextran induced by 65.4 mM KCl, 1 uM carbachol and 10 gM indomethacin with 1 M carbachol are com-
pared. ** P<0.01 vs. control rat. ¥ P<0.05 vs. carbachol-induced contraction in the absence of indomethacin. (D) Inhibitory effect of
PGE, on carbachol and KCl-induced contractions in normal rat ileum. PGE, (0.01~1 uM) was cumulatively added to the contraction
induce by carbachol (10 uM) or KCl (65.4 mM). Contraction induced by carbachol or KCl just before addition of PGE, was consid-
ered 100 %. ** P<0.01 vs. carbachol. All results are means + SE of mean of 4-8 experiments.

DISCUSSION

The intraperitoneal injection of zymosan induces acute
inflammation including the increase in vascular permeabil-
ity, pain, leukocyte influx, and eicosanoid production by
resident peritoneal macrophages [2, 13, 21]. In vitro studies
have confirmed the ability of macrophages to release large
amounts of arachidonic acid and eicosanoids during the
stimulation with agonists or phagocytosis. Freshly prepared
macrophage isolated from the spleen or peritoneal cavity
responded to phorbol ester and Ca?*-ionophore with the syn-
thesis and release of PGE, [8, 25]. In the murine bone mar-
row-derived macrophages, phagocytosable size of latex
beads (1.1-um) stimulated the release of PGE,, whereas
these macrophages did not respond to nonphagocytosable
particles (= 40-um) [24]. In the present study, we demon-
strated that the injected FITC-dextran was phagocytosed by

muscularis resident macrophages in rat small intestine same
as previous reports [15, 20, 26]. The confocal microscopic
study for FITC-dextran uptake and immunohistochemical
study based on the results of double staining of dextran and
COX-2 protein suggest that FITC-dextran-positive resident
macrophages became immunoreactive to COX-2 antibody
(Figs. 1 and 2).

We have reported that the st1mu1at10n of rat small intesti-
nal smooth muscle tissue with LPS in organ culture system
increased the expression of COX-2 mRNA, in which the
expression began to increase at 30 min and reached a maxi-
mal level at 60 min [6]. In the present experiments, the
numbers of COX-2-immunopositive cells were increased at
least at 4 hr after the injection of dextran (Fig. 2), and the
COX-2 expression is concurrent with the production of
PGE, (Fig. 3). These results suggest that the phagocytotic
activation of the muscularis resident macrophages is capa-

NI | -El ectronic Library Service



Japanese Society of Veterinary Science

1058 K. SATO ET AL.

E

= 119

c

; N TexasRed-dextran

8 1.0+

5

U

QS o.ophyR---------------------------\---------\---—\--"- -~ H-—— -
Q C
3 g
m 0-8 L} L] L] L] L L) L} L]

Fig. 5.

20 30 40

Time (min)

Effect of TexasRed-dextran (0.2 mg/ml) on [Ca?*]; in a freshly isolated macrophage from control rat ileal smooth muscle

layer. TexasRed-dextran produce a gradual increase in [Ca?*]; as shown by panel E. Calcium images were taken at a time indicated
in panel E (Panels A-C). Phagocytosed image of TexasRed-dextran is shown in panel D (Arrow indicates a phagocytosed dextran).

Typical results out of 3 experiments are shown. Scale bar, 10 ym.

ble of inducing expression of COX-2 proteins which leads
to the production of eicosanoids. The considerable numbers
of COX-2 positive cells were still observed after 7 days
injection; however, the production of PGE, terminated.
PGE, from arachidonic acid requires at least two enzymes
acting sequentially. First, COX catalyses the formation of
PGH, from arachidonic acid; the second enzyme, PGE, syn-
thase converts PGH, into PGE; [17]. One possible explana-
tion for the dissociation is that PGE, synthase has been
downregulated in the rat ileum after 7 days injection of dex-
tran. Further study is needed to explain the relationship
between COX-2 expression and eicosanoids production at
the late phase.

In the animal models for inflammatory bowel disease
(IBD) or Hirschsprung’s disease, the inflammation of intes-
tinal muscularis is accompanied with the increase in the
number of resident macrophage at the level of myenteric
plexus layer [10, 26]. In the present results, however, the
number of ED2 positive cells was not changed in the dextran
injected rat (Fig. 2E). In the inflammatory condition of
intestine, a number of cytokines, including TNF-a., IL-6 and
IL-1p are released and these mediators stimulate the infiltra-
tion of monocytes and activate the macrophages [3]. Dis-
tinct from the in vivo experimental inflammatory conditions,
the stimulation of the macrophage by the phagocytosis
seems not to be connected to the processes involving multi-
plication of macrophage cells.

In the present study, the carbachol-induced contraction of

ileal circular smooth muscle was suppressed by dextran-
injection (Fig. 4). The suppressed carbachol-induced con-
traction was recovered almost to the same level as that of
control rat by the pretreatment with indomethacin. These
results imply that the phagocytosis stimulates the expression
of COX-2, which subsequently stimulates the production of
inhibitory prostaglandins such as PGE,, and finally results
in the suppression of circular smooth muscle contraction.
On the other hand, the 65.4 mM KCl-induced contraction
was not suppressed in the dextran-injected rat ileum. It was
reported that the relaxation of bethanechol-stimulated con-
traction by PGE, is associated with the increased production
of intracellular cAMP in intestinal circular smooth muscle.
It is known that the receptor agonist-induced contraction is
more sensitive to cAMP-dependent relaxation system than
depolarization-induced contraction [9, 19]. Therefore, we
next examined the direct effect of PGE, on carbachol and
KCl-induced contractions. We found that the addition of
PGE, vigorously inhibited carbachol-induced contraction
than KCl-induced contraction (Fig. 4D).

It is widely accepted that intracellular Ca** regulates var-
ious cellular responses in macrophages, including prolifera-
tion, cell growth, migration, cell adhesion, apoptosis, gene
transcription and the release of proinflammatory mediators
such as superoxides, cytokines and arachidonic acid. Mac-
rophages express three classes of phospholipase A, (PLA;)
and two of these are activated in a Ca®*-dependent manner
[1]. Several agonists have been shown to elicit an increase
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in [Ca?*]; in macrophages [7, 12, 31]. In mouse intestinal
resident macrophages, we have already shown that agonists
such as ATP, PAF and LPS increased [Ca®']; [20]. In the
present study, we demonstrated that [Ca?*]; was increased in
the rat muscularis macrophages in the presence of dextran,
indicating that foreign body outside the macrophage func-
tions as the Ca?* signal agonist. This response occurred
slowly and was long lasting (Fig. 5).

In summary, our study demonstrates that phagocytosis of
dextran by the resident macrophages in the rat small intesti-
nal muscularis layer stimulates COX-2 gene expression, and
its product PGE, reduced muscle contractility. Resident
macrophages in the muscle layer play a key role in gas-
trointestinal motility under pathological conditions.

ACKNOWLEDGEMENTS. This work was supported, in
part, by a Grant-in-Aid for scientific research from the Jap-
anese Ministry of Education, Program for the Promotion of
Basic Research Activities for Innovative Biosciences and
Yakult Bioscience Foundation. We thank to Dr. A.M. Bari
for his critical review of this manuscript.

REFERENCES

1. Dennis, E.A. 1997. The growing phospholipase A2 superfam-
ily of signal transduction enzymes. Trends Biochem. Sci. 22:
1-2.

2. Doherty, N.S., Poubelle, P., Borgeat, P., Beaver, T.H,,
Westrich, G.L. and Schrader, N.L. 1985. Intraperitoneal injec-
tion of zymosan in mice induces pain, inflammation and the
synthesis of peptidoleukotrienes and prostaglandin E2. Pros-
taglandins 30: 769-789.

3. Eskandari, M.K., Kalff, J.C,, Billiar, T.R., Lee, K.K. and
Bauer, A.J. 1997. Lipopolysaccharide activates the muscularis
macrophage network and suppresses circular smooth muscle
activity. Am. J. Physiol. 273: G727-734.

4. Ferreira, S.H., Nakamura, M. and de Abreu Castro, M.S. 1978.
The hyperalgesic effects of prostacyclin and prostaglandin E2.
Prostaglandins 16: 31-37.

5. Gordon, S. 2002. Pattern recognition receptors: doubling up for
the innate immune response. Cell 111: 927-930.

6. Hori, M., Kita, M., Torihashi, S., Miyamoto, S., Won, K.J.,
Sato, K., Ozaki, H. and Karaki, H. 2001. Upregulation of iNOS
by COX-2 in muscularis resident macrophage of rat intestine
stimulated with LPS. Am. J. Physiol. Gastrointest. Liver Phys-
iol. 280: G930-938.

7. Hoyal, C.R., Gozal, E., Zhou, H., Foldenauer, K. and Forman,
H.J. 1996. Modulation of the rat alveolar macrophage respira-
tory burst by hydroperoxides is calcium dependent. Arch. Bio-
chem. Biophys 326: 166-171.

8. Humes, J.L., Sadowski, S., Galavage, M., Goldenberg, M.,
Subers, E., Bonney, R.J. and Kuehl, F.A., Jr. 1982. Evidence
for two sources of arachidonic acid for oxidative metabolism
by mouse peritoneal macrophages. J. Biol. Chem. 257: 1591—
1594.

9. Karaki, H., Ozaki, H., Hori, M., Mitsui-Saito, M., Amano, K.,
Harada, K., Miyamoto, S., Nakazawa, H., Won, K.J. and Sato,
K. 1997. Calcium movements, distribution, and functions in
smooth muscle. Pharmacol. Rev. 49: 157-230.

10.  Kinoshita, K., Horiguchi, K., Fujisawa, M., Kobirumaki, F.,
Yamato, S., Hori, M. and Ozaki, H. 2007. Possible involve-

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23,

24.

25.

1059

ment of muscularis resident macrophages in impairment of
interstitial cells of Cajal and myenteric nerve systems in rat
models of TNBS-induced colitis. Histochem. Cell Biol. 127:
41-53.

Kolaczkowska, E., Shahzidi, S., Seljelid, R., van Rooijen, N.
and Plytycz, B. 2002. Early vascular permeability in murine
experimental peritonitis is co-mediated by resident peritoneal
macrophages and mast cells: crucial involvement of macroph-
age-derived cysteinyl-leukotrienes. Inflammation 26: 61-71.
Lehmann, M.H. and Berg, H. 1998. Interleukin-10 expression
is induced by increase of intracellular calcium levels in the
monocytic cell line U937. Pflugers. Arch. 435: 868—870.
Lundy, S.R., Dowling, R.L., Stevens, T.M., Kerr, J.S., Mackin,
W.M. and Gans, K.R. 1990. Kinetics of phospholipase A2,
arachidonic acid, and eicosanoid appearance in mouse zymo-
san peritonitis. J. Immunol. 144: 2671-2677.

Mikkelsen, H.B., Thuneberg, L., Rumessen, J.J. and Thorball,
N. 1985. Macrophage-like cells in the muscularis externa of
mouse small intestine. Anat. Rec. 213: 77-86.

Mikkelsen, H.B., Thuneberg, L. and Wittrup, LH. 1988. Selec-
tive double staining of interstitial cells of Cajal and macroph-
age-like cells in small intestine by an improved supravital
methylene blue technique combined with FITC-dextran
uptake. Anat. Embryol. (Berl.) 178: 191-195.

Mukhopadhyay, S., Herre, J., Brown, G.D. and Gordon, S.
2004. The potential for Toll-like receptors to collaborate with
other innate immune receptors. Immunology 112: 521-530.
Murakami, M. and Kudo, I. 2004. Recent advances in molecu-
lar biology and physiology of the prostaglandin E2-biosyn-
thetic pathway. Prog. Lipid Res. 43: 3-35.

Oka, T., Sato, K., Hori, M., Ozaki, H. and Karaki, H. 2002.
FcepsilonRI cross-linking-induced actin assembly mediates
calcium signalling in RBL-2H3 mast cells. Br. J. Pharmacol.
136: 837-846.

Ozaki, H., Abe, A., Uehigashi, Y., Kinoshita, M., Hori, M.,
Mitsui-Saito, M. and Karaki, H. 1996. Effects of a prostaglan-
din 12 analog iloprost on cytoplasmic Ca®* levels and muscle
contraction in isolated guinea pig aorta. Jpn. J. Pharmacol. 71:
231-237.

Ozaki, H., Kawai, T., Shuttleworth, C.W., Won, K.J., Suzuki,
T., Sato, K., Horiguchi, H., Hori, M., Karaki, H., Torihashi, S.,
Ward, S.M. and Sanders, K.M. 2004. Isolation and character-
ization of resident macrophages from the smooth muscle layers
of murine small intestine. Neurogastroenterol Motil. 16: 39—
5L

Rao, T.S., Currie, J.L., Shaffer, A.F. and Isakson, P.C. 1994. In
vivo characterization of zymosan-induced mouse peritoneal
inflammation. J. Pharmacol. Exp. Ther. 269: 917-925.
Sanders, K.M., Ordog, T., Koh, S.D., Torihashi, S. and Ward,
S.M. 1999. Development and plasticity of interstitial cells of
Cajal. Neurogastroenterol Motil. 11: 311-338.

Sanders, K.M., Ordog, T. and Ward, S.M. 2002. Physiology
and pathophysiology of the interstitial cells of Cajal: from
bench to bedside. IV. Genetic and animal models of GI motility
disorders caused by loss of interstitial cells of Cajal. Am. J.
Physiol. Gastrointest Liver Physiol. 282: G747-756.

Shibata, Y. 1995. Prostaglandin E2 release triggered by phago-
cytosis of latex particles. A distinct association with prostag-
landin synthase isozymes in bone marrow macrophages. J.
Immunol. 154: 2878-2887.

Shibata, Y., Bautista, A.P., Pennington, S.N., Humes, J.L. and
Volkman, A. 1987. Eicosanoid production by peritoneal and
splenic macrophages in mice depleted of bone marrow by

NI | -El ectronic Library Service



Japanese Soci

1060

26.

27.

28.

ety of Veterinary Science

K. SATO ET AL

89Sr. Am. J. Pathol. 127: 75-82.

Suzuki, T., Won, K.J., Horiguchi, K., Kinoshita, K., Hori, M.,
Torihashi, S., Momotani, E., Itoh, K., Hirayama, K., Ward,
S.M., Sanders, K.M. and Ozaki, H. 2004. Muscularis inflam-
mation and the loss of interstitial cells of Cajal in the endothe-
lin ETB receptor null rat. Am. J. Physiol. Gastrointest Liver
Physiol. 287: G638-646.

Taylor, P.R., Martinez-Pomares, L., Stacey, M., Lin, H.H,,
Brown, G.D. and Gordon, S. 2005. Macrophage receptors and
immune recognition. Annu. Rev. Immunol. 23: 901-944.
Torihashi, S., Ozaki, H., Hori, M., Kita, M., Ohota, S. and Kar-
aki, H. 2000. Resident macrophages activated by lipopolysac-

29.

30.

31

charide suppress muscle tension and initiate inflammatory
response in the gastrointestinal muscle layer. Histochem Cell
Biol. 113: 73-80.

Underhill, D.M. and Gantner, B. 2004. Integration of Toll-like
receptor and phagocytic signaling for tailored immunity.
Microbes. Infect. 6: 1368-1373.

Underhill, D.M. and Ozinsky, A. 2002. Phagocytosis of
microbes: complexity in action. Annu. Rev. Immunol. 20: 825~
852.

Watanabe, N., Suzuki, J. and Kobayashi, Y. 1996. Role of cal-
cium in tumor necrosis factor-alpha production by activated
macrophages. J. Biochem. (Tokyo) 120: 1190-1195.

NI | -El ectronic Library Service



