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BACKGROUND AND PURPOSE

The COX isoforms (COX-1, COX-2) regulate human gut motility, although their role under pathological conditions remains
unclear. This study examines the effects of COX inhibitors on excitatory motility in colonic tissue from patients with
diverticular disease (DD).

EXPERIMENTAL APPROACH

Longitudinal muscle preparations, from patients with DD or uncomplicated cancer (controls), were set up in organ baths and
connected to isotonic transducers. Indomethacin (COX-1/COX-2 inhibitor), SC-560 (COX-1 inhibitor) or DFU (COX-2
inhibitor) were assayed on electrically evoked, neurogenic, cholinergic and tachykininergic contractions, or carbachol- and
substance P (SP)-induced myogenic contractions. Distribution and expression of COX isoforms in the neuromuscular
compartment were assessed by RT-PCR, Western blot and immunohistochemical analysis.

KEY RESULTS

In control preparations, neurogenic cholinergic contractions were enhanced by COX inhibitors, whereas tachykininergic
responses were blunted. Carbachol-evoked contractions were increased by indomethacin or SC-560, but not DFU, whereas all
inhibitors reduced SP-induced motor responses. In preparations from DD patients, COX inhibitors did not affect electrically
evoked cholinergic contractions. Both indomethacin and DFU, but not SC-560, decreased tachykininergic responses. COX
inhibitors did not modify carbachol-evoked motor responses, whereas they counteracted SP-induced contractions. COX-1
expression was decreased in myenteric neurons, whereas COX-2 was enhanced in glial cells and smooth muscle.

CONCLUSIONS AND IMPLICATIONS

In control colon, COX-1 and COX-2 down-regulate cholinergic motility, whereas both isoforms enhance tachykininergic motor
activity. In the presence of DD, there is a loss of modulation by both COX isoforms on the cholinergic system, whereas COX-2
displays an enhanced facilitatory control on tachykininergic contractile activity.

Abbreviations
DD, diverticular disease; PPP, percent positive pixels; SP, substance P
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Introduction

Colonic diverticular disease (DD) is a pathological condition
commonly encountered in Western countries, and its com-
plications are a frequent cause of hospitalization (Weizman
and Nguyen, 2011). DD is relatively infrequent under the
age of 40, after which it increases steadily and reaches over
25% by 60 years (Hemming and Floch, 2010). Although the
pathogenesis of DD remains unknown, different factors
have been called into play as contributors to its develop-
ment, such as low fibre diet (Jeyarajah and Papagrigoriadis,
2011), a decrease in tissue compliance, with subsequent
colonic wall thickening and lumen narrowing, and an
increase in collagen cross-linking (Matrana and Margolin,
2009).

Notably, DD has been associated also with neuro-
muscular dysfunctions (Bassotti et al., 2001; Bassotti and
Villanacci, 2012). Colonic motor abnormalities in DD have
been hypothesized to result from changes in enteric nerves,
smooth muscle functions (Golder et al., 2003; Bassotti et al.,
2005a; Mattii etal.,, 2013), and low-grade mucosal and
myenteric inflammation (Bassotti et al., 2013). In addition,
alterations in the excitatory control by enteric cholinergic
nerves have been observed in DD, but not by all groups
(Tomita etal., 2000; Golder etal., 2003). Functional
impairments of enteric non-adrenergic non-cholinergic
nerves have been reported (Tomita et al., 2000), and other
studies suggest changes in the levels of neuropeptides
and 5-HT in the colon of DD patients (Costedio et al.,
2008; Simpson et al., 2009). DD appears to be associated
also with marked changes in both enteric cholinergic and
tachykininergic nerves. In particular, colonic tissues from
DD patients displayed an enhanced excitatory control by
substance P (SP) and a reduced activity of cholinergic path-
ways (Guagnini et al., 2006). However, the actual mecha-
nisms underlying such alterations have not been elucidated
yet.

It is well known that COX activity from either isoform,
COX-1 or COX-2, is deeply involved in the regulation of
intestinal neuromotility, and that these enzymes play a sig-
nificant role in the pathophysiology of altered gut motility
under inflammation (Fornai efal., 2005; 2006; 2010). In
particular, both COX isoforms are able to exert inhibitory
actions on excitatory cholinergic neuromotility, whereas, in
the presence of experimental inflammation, these regula-
tory actions undergo significant rearrangements (Fornai
et al., 2006). However, there is a lack of knowledge regard-
ing the putative involvement of enteric COX pathways in
the alterations of colonic motility associated with DD.
Moreover, the majority of current evidence pertains to
colonic circular muscle, whereas alterations occurring in
the longitudinal layer during DD have been scarcely
investigated.

The present study was designed to achieve the following
goals: (i) to characterize the patterns of neuromuscular activ-
ity in colonic longitudinal smooth muscle obtained from
patients with DD and (ii) to investigate the involvement of
COX isoforms in neuromuscular alterations associated with
DD, by means of functional, immunohistochemical and
molecular analysis.

COX and colonic motility in diverticular disease

Methods

Patients and tissue preparation

The experimental protocol was approved by the Ethics Com-
mittee of Pisa University Hospital and all patients gave fully
informed consent. Specimens of sigmoid colon, taken at least
10 cm away from any lesion in macroscopically normal
regions, were obtained from patients undergoing surgery for
uncomplicated colonic cancer (four males and six females;
aged 33-82 years) and served as controls. Samples of sigmoid
colon were taken also from patients undergoing elective left
hemicolectomy for DD (six males and nine females; aged
33-87 years). In these patients, the time between last episode
onset and surgery ranged from 3 to 12 months. Data regard-
ing the characteristics of patients are summarized in Support-
ing Information Table S1. These specimens were collected
also at least 10 cm away from any macroscopically evident
lesion related to inflammation or fibrosis. Care was taken of
not dissecting specimens directly from diverticula. All sub-
jects received the same standard anaesthesia consisting of
propofol plus fentanyl, both for the induction and for the
maintenance phases. Patients had never received radio-
therapy or chemotherapy, and had not been treated with
steroids or opioids before surgery. Only colonic tissues
excised intraoperatively within 60 min from skin incision
were used.

Portions of colonic specimens were stripped of mucosa
and submucosa, snap-frozen in liquid nitrogen and stored at
—-80°C for subsequent assays. Other portions were fixed in
cold 4% paraformaldehyde, diluted in PBS and employed for
routine histology and immunohistochemical studies. The
remaining parts were placed into pre-oxygenated Krebs solu-
tion (composition, in mM: NaCl 113, KCI 4.7, CaCl, 2.5,
KH,PO, 1.2, MgSO, 1.2, NaHCO; 25, glucose 11.5, pH 7.4)
and transported on ice to the laboratory. Longitudinal muscle
strips (3 mm in width, 20 mm in length) were prepared as
previously described (Fornai et al., 2005). Morphological and
immunohistochemical studies were carried out on paraffin
cross sections with circular layer and myenteric ganglia cut
longitudinally (Bernardini et al., 2006; 2012). The morpho-
logical features of colonic samples were assessed by
haematoxylin—eosin (H&E) staining. Immunohistochemical
studies were performed by means of the antibodies listed in
Supporting Information Table S2.

Recording of longitudinal smooth muscle
contractile activity

Contractions of colonic muscle were recorded as previously
described (Fornai et al., 2009). Preparations were set up in
10 mL organ baths containing Krebs solution at 37°C,
bubbled with 95% O, + 5% CO,, connected to isotonic trans-
ducers (Basile, Comerio, Italy) under constant load (1 g), and
allowed to equilibrate for 30 min. Longitudinal muscle con-
tractions were recorded by polygraph (Basile). Transmural
electrical stimulation was delivered by a BM-ST6 stimulator
(Biomedica Mangoni, Pisa, Italy). Stimuli were applied as 10 s
single trains of square wave pulses (0.5 ms, 30 mA). Each
preparation was repeatedly challenged with electrical stimu-
lations, and experiments started when reproducible contrac-
tions were obtained (usually after 2-3 stimulations).
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Preliminary experiments were performed to select the
appropriate frequency of electrical stimulation, as well as
carbachol and SP concentrations, that elicited submaximal
contractions. For this purpose, preparations were challenged
with electrical stimuli at increasing frequencies, ranging from
1 to 30 Hz. Frequency-response curves were constructed
under the different experimental conditions adopted in the
study to test COX inhibitors: (i) standard Krebs solution; (ii)
Krebs solution added with guanethidine (adrenergic neurone
blocker, 10 uM), N®-nitro-L-arginine methylester (L.-NAME,
NOS inhibitor, 100 uM), L-732,138 (NK, receptor antagonist,
10 uM), GR-159897 (NK, receptor antagonist, 1 uM) and
SB-218795 (NK; receptor antagonist, 1 uM) to obtain cholin-
ergic motor responses; (iii) Krebs solution containing
guanethidine (10 uM), .L-NAME (100 uM), GR-159897 (1 uM),
SB-218795 (1 uM) and atropine (1 puM), to record contrac-
tions driven by endogenous tachykinins (nomenclature
follows Alexander etal., 2013). Concentration-response
curves to carbachol (0.001-100 uM) or exogenous SP (0.001-
10 uM) were constructed in the presence of tetrodotoxin
(1 uM). To compare the magnitude of contractions in control
preparations with those of tissues from DD patients, the
responses obtained from each preparation were normalized
to maximal contractions elicited by histamine (100 uM)
because the contractile responses induced by histamine in
DD patients did not differ significantly from those recorded
in control colonic tissues and thus represented suitable refer-
ence contractions for the direct comparison of cholinergic
and tachykininergic motor responses between control and
DD tissues.

The first set of experiments was designed to assay COX
inhibitors on contractions elicited by electrical stimulation of
cholinergic nerves. Preparations were maintained in Krebs
solution containing guanethidine, L-NAME, L-732,138,
GR-159897 and SB-218795 to prevent non-cholinergic
responses (Fornai et al., 2005). Tissues were then incubated in
Krebs solution containing the COX inhibitors indomethacin
(1 uM), SC-560 (0.1 uM), DFU (1 uM) or SC-560 plus DFU for
30 min before electrical stimulation. Preparations were incu-
bated with test drugs along two 15 min consecutive periods,
with an intervening washing. Drug concentrations were
selected on the basis of preliminary experiments, in which
increasing concentrations of COX inhibitors (0.01-10 uM)
were tested on electrically evoked contractions of control and
DD colonic preparations maintained in standard Krebs solu-
tions (see Supporting Information Fig. S1). The selected con-
centrations were in accordance with those employed in our
previous studies on colonic tissues (Fornai et al., 2005; 2006),
as well as with selectivity profiles evaluated in vitro (Riendeau
etal., 1997; Gierse et al., 2005).

In the second series, COX inhibitors were tested on con-
tractions elicited by electrical stimulation directed at tachy-
kininergic neurons. Tissues were maintained in Krebs
solution added with guanethidine, L-NAME, GR-159897,
SB-218795 and atropine, to obtain motor responses driven by
NK; receptor activation by endogenous tachykinins. The first
stimulation was applied in the absence of other drugs,
whereas the second one was applied after 30 min of incuba-
tion with COX inhibitors, as reported earlier.

The last set of experiments assessed the effects of COX
inhibitors on contractions elicited by extrinsic activation of
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muscarinic receptors or NK; receptors on smooth muscle
cells. Preparations were maintained in Krebs solution con-
taining tetrodotoxin, and challenged with carbachol (1 uM)
or SP (1 uM) at least every 45 min until reproducible
responses were obtained. The last two reproducible contrac-
tions were taken as control responses, and their mean value
was used for calculations of percent variations in the presence
of test drugs. In addition, a minimum of 30 min recovery was
allowed between the last carbachol or SP application and the
incubation with COX inhibitors. After 30 min of incubation
with COX inhibitors, as reported earlier, preparations were
stimulated with carbachol or SP.

RT-PCR analysis of COX-1 and COX-2
RT-PCR was carried out as previously reported (Fornai et al.,
2005). Total RNA was isolated and served as template for
single strand cDNA. PCR was performed by primers based
upon nucleotide sequence of cloned COX-1 and COX-2
human gene (Hla and Neilson, 1992). PCR was performed by
a PCR-Express thermocycler (Hybaid, Ashford, UK) as follows:
after 3 min of denaturation at 94°C, 30 cycles of denaturation
at 94°C (1 min), annealing at 50°C (1.5 min) and extension at
72°C (2 min) were performed with a final extension at 72°C
for 10 min. Untranscribed RNA was included in PCR reac-
tions to verify the absence of genomic DNA. RT-PCR effi-
ciency was evaluated by primers for human B-actin. After
PCR, 20 uL of each reaction product was separated on the
same 1.5% agarose gel electrophoresis and stained with
ethidium bromide. cDNA bands were visualized by UV light
and quantitated by densitometric analysis with NIH Image
program (Scion Corporation, Frederick, MD, USA), and nor-
malized to B-actin.

Western blot analysis of COX-1 and COX-2

The assay was performed as previously described (Bernardini
et al., 2006). Specimens of colonic tissues were homogenized
and centrifuged (14,000x g, 4°C). Supernatants were stored at
—20°C. Furthermore, 50 ug of lysed tissues was separated by
SDS-PAGE and transferred onto PVDF membrane. The blots
were then blocked for 1 h and incubated overnight at room
temperature with a primary antibody raised against COX-1,
COX-2 (Cayman Chemical Co, Ann Arbor, MI, USA) or
B-actin (Sigma-Aldrich, Milan, Italy). After repeated washings,
a peroxidase-conjugated secondary antibody was added for
1 h at room temperature. Immunoreactive bands were visu-
alized by chemiluminescent reagents (Immobilon, Millipore,
MA, USA) and exposed to Kodak Image Station 440 (Eastman
Kodak Company, Rochester, NY, USA) for signal and densito-
metric image analysis. Protein levels were normalized to
B-actin.

Immunoperoxidase

Immunostaining for SP and COX isoforms was carried out as
previously described (Ippolito et al., 2009; Bernardini et al.,
2012). Briefly, after heat-induced epitope retrieval and block-
ade of non-specific binding, sections were sequentially
incubated with primary antibodies, biotinylated immuno-
globulins, streptavidin-peroxidase complex and 3-3'-
diaminobenzidine tetrahydrochloride (Amresco, Solon, OH,
USA), and counterstained with Harris’s haematoxylin. The



specimens were quantitatively evaluated by two investiga-
tors, unaware of the treatment groups. Ten randomly selected
microscopic fields for each section were captured by a Leica
DMRB light microscope equipped with a digital camera
(DFC480; Leica Microsystems, Cambridge, UK) and evaluated
by the Image Analysis System ‘L.A.S. software v.4’ (Leica
Microsystems). Intensity thresholding was applied depending
upon signal-to-noise ratio to highlight the immunoreactive
area, which was expressed as percentage of the area examined
(percent positive pixels [PPP]) (Bernardini et al., 2012).

Immunoﬂuorescence

COX isoform expression was detected by double immuno-
fluorescence. The immunostaining was preceded by (i) heat-
mediated antigen retrieval with microwave for 20 min at
600 W; (ii) tissue autofluorescence blocking step with 1%
NaBH,; and (iii) a blocking buffer (BB; composition, bovine
serum albumin 1%, fetal bovine serum 2% in PBS) for non-
specific binding. Sections were then incubated: first overnight
at 4°C in a mixture of the two primary antibodies (HuC/D-
COX-1 or HuC/D-COX-2, and GFAP-COX-1 or GFAP-COX-2)
diluted in BB; then with the appropriate secondary antibodies
for 1 h (Supporting Information Table S2). Sections were then
washed and mounted in Vectashield (Vector Lab, Burlingame,
CA, USA). Specimens were examined and photographed by a
Leica DMRB light fluorescence microscope.

Negative controls

Negative controls were obtained by omitting primary anti-
bodies or substituting them with pre-immune rabbit or
mouse serum (1:100). Endogenous peroxidases and avidin-
binding activity were assayed by incubating slides with DAB
alone or with peroxidase-labelled streptavidin complex/DAB
respectively. All reactions were performed at room tempera-
ture and in humid chambers, unless otherwise stated.

Statistical analysis

Results are expressed as percent values of control data and
given as mean * SEM. For functional, Western blot and
RT-PCR experiments, the significance of differences was
evaluated on raw data, prior to percentage normalization, by
one-way ANova followed by Student-Newman-Keuls test. For
immunohistochemical analysis, the results were expressed as
mean PPP values and the significance of differences was
evaluated by Student’s t-test for unpaired data (two-tailed). A
P value < 0.05 was considered significant. Calculations were
performed by commercial software (GraphPad Prism, version
3.0; GraphPad Software Inc., San Diego, CA, USA).

Materials

Indomethacin, SP, atropine sulphate, .-NAME (N®-nitro-L-
arginine methylester), carbachol hydrochloride, histamine
diphosphate and guanethidine were supplied by Sigma
Chemical (St Louis, MO, USA); DFU [3-(3-fluorophenyl)-
4-(4-methanesulfonyl)-S5,5 -dimethyl - SH - furan - 2-one] was
kindly provided by Merck Research Laboratories (Rahway,
NJ, USA); SC-560 [5-(4-clorophenyl)-1-(4-metoxyphenyl)-3-
trifluoromethyl-pirazole|, L-732,138, GR-159897, SB-218795,
and tetrodotoxin by Tocris Cookson (Bristol, UK). COX

COX and colonic motility in diverticular disease

inhibitors were dissolved in dimethyl sulfoxide and further
dilutions were made with saline solution. Dimethyl sulfoxide
concentration in organ baths never exceeded 0.5%. At
this concentration, dimethyl sulfoxide did not affect
resting tone, spontaneous contractions or evoked motor
responses.

Results

Functional studies

Colonic longitudinal motor activity. During equilibration,
most muscle preparations from controls or DD patients dis-
played spontaneous activity that was low in amplitude and
generally stable throughout the experiment. Electrically
evoked responses consisted of phasic contractions followed,
in most cases, by after contractions of variable amplitude.
Atropine (1 pM) abolished phasic contractions or converted
them into relaxations, and only after contractions became
evident (not shown). Tetrodotoxin (1 uM) abolished electri-
cally induced contractions (-95%). Frequency-response
curves, obtained under different conditions, allowed selec-
tion of the frequency of 10 Hz, which elicited submaximal
contractions (Figure 1A-C). Accordingly, all subsequent
experiments, designed to test the effects of COX inhibitors on
electrically evoked contractions, were performed at 10 Hz.
The exposure of colonic preparations to increasing concen-
trations of carbachol (0.001-100 uM) or SP (0.001-10 uM), in
the presence of tetrodotoxin, resulted also in phasic contrac-
tions (Figure 1D and E), which were prevented by atropine or
L-732,138 respectively (not shown). In both cases, the con-
struction of concentration-response curves allowed selection
of the submaximal concentration of 1 uM for subsequent
experiments (Figure 1D and E).

Frequency-response curves in the presence of standard
Krebs solution displayed an enhanced contractile response of
preparations from patients with DD, in comparison with
control tissues (Figure 1A). Under cholinergic conditions, the
electrically evoked contractions were similar in both control
and DD tissues (Figure 1B). Similar results were obtained
when colonic preparations were stimulated with increasing
concentrations of carbachol (Figure 1D). By contrast, in
tissues from DD patients electrically evoked tachykininergic
contractions were enhanced, as compared with controls
(Figure 1C). Likewise, contractions evoked by exogenous SP
were also more pronounced than those recorded in control
tissues (Figure 1E).

Effects of COX inhibitors on cholinergic nerve motor path-
ways. No changes in resting tone were recorded upon incu-
bation of control or DD preparations with indomethacin
(1 uM), SC-560 (0.1 uM) or DFU (1 uM). In the presence of
guanethidine, .-NAME and NK receptor antagonists, the elec-
trical stimulation evoked phasic contractions, which were
abolished, or markedly reduced, by atropine 1 uM. Likewise,
these cholinergic responses were suppressed by tetrodotoxin
(1 uM). Under these conditions, COX inhibitors enhanced
electrically evoked cholinergic contractions of control prepa-
rations with effects of different magnitude: indomethacin
enhanced the contractions elicited by electrical stimulation

British Journal of Pharmacology (2014) 171 3728-3740 3731
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Effects of electrical stimulation (ES, 1-30 Hz) (A-C), carbachol (CARB, 0.001-100 uM) (D) or substance P (SP, 0.001-10 uM) (E) on the motor
activity of colonic longitudinal smooth muscle preparations obtained from control subjects or patients with DD. Colonic preparations were
maintained in Krebs solution having the following composition: (A) standard control Krebs; (B) addition of guanethidine (10 uM), .L-NAME
(100 uM), L-732,138 (10 uM), GR-159897 (1 uM) and SB-218795 (1 uM) to record cholinergic contractions; (C) addition of guanethidine
(10 uM), .-NAME (100 uM), atropine (1 uM), GR-159897 (1 uM) and SB-218795 (1 uM) to record tachykininergic contractions mediated by NK1
receptors; (D and E) addition of tetrodotoxin (1 uM). Each point represents the mean + SEM obtained from 6-7 experiments. *P < 0.05,

significantly different from control.

(Figure 2A); SC-560 or DFU mimicked this effect, although
being less effective (Figure 2A); SC-560 plus DFU enhanced
the electrically induced contractions, as effectively as indo-
methacin (Figure 2A). In colonic preparations from DD
patients, indomethacin, SC-560, DFU or SC-560 plus DFU did
not affect electrically evoked cholinergic contractions
(Figure 2B).

Effects of COX inhibitors on tachykininergic nerve motor path-
ways. Upon incubation of normal or DD preparations with
L-NAME, guanethidine, GR-159897, SB-2187935 and atropine,
electrical stimulation evoked phasic contractions, which were
abolished by L-732,138 or tetrodotoxin, indicating the
recruitment of neuronal tachykininergic pathways. In this
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setting, indomethacin (1 uM) or SC-560 (0.1 uM) signifi-
cantly decreased electrically induced tachykininergic con-
tractions (Figure 2C ) in control preparations. DFU (1 uM)
mimicked such an inhibitory effect, although being less effec-
tive (Figure 2C). In addition, SC-560 plus DFU decreased the
electrically induced contractions, as effectively as indometha-
cin or SC-560 alone (Figure 2C). In preparations from DD
patients, indomethacin, DFU or SC-560 plus DFU exerted
similar inhibitory effects on electrically evoked tachykininer-
gic contractions, while SC-560 alone was without effects
(Figure 2D).

Effects of COX inhibitors on motor responses elicited by carbachol
or SP. Exposure of preparations to carbachol (1 uM) resulted
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Effects of indomethacin (1 uM), SC-560 (0.1 uM), DFU (1 uM) and SC-560 plus DFU on contractile responses evoked by electrical stimulation (ES)
in colonic longitudinal muscle preparations from control subjects (A and C) or patients with diverticular disease (B and D). In A and B, tissues were
maintained in Krebs solution containing guanethidine (10 uM), .L-NAME (100 uM), L-732,138 (10 uM), GR-159897 (1 uM) and SB-218795
(1 uM) to record cholinergic contractions; in C and D, tissues were in Krebs solution containing guanethidine (10 uM), L-NAME (100 puM),
atropine (1 uM), GR-159897 (1 uM) and SB-218795 (1 uM) to record tachykininergic contractions. Tracings in the inset on the right of each panel
display the effects of indomethacin (IND, 1 uM) on electrically evoked contractions. Each column represents the mean + SEM obtained from 7-8
experiments. *P < 0.05, significantly different from control; *P < 0.05, significantly different from indomethacin or SC-560 plus DFU; P < 0.05,

significantly different from indomethacin, SC-560 or SC-560 plus DFU.

in atropine-sensitive contractions. In control preparations,
carbachol-induced contractions were enhanced to a similar
extent by indomethacin (1 uM) or DFU (1 uM), whereas
SC-560 (0.1 uM) did not elicit significant effects (Figure 3A).
Upon incubation with SC-560 plus DFU, carbachol-evoked
contractile responses did not differ from those recorded with
indomethacin or DFU alone (Figure 3A). In preparations from
DD patients, none of the test compounds modified
carbachol-induced contractions (Figure 3B).

Treatment of colonic strips with SP (1 pM) resulted in
contractile responses that were sensitive to L-732,138, indi-
cating the recruitment of NK; receptors. Incubation of
control strips with indomethacin (1 uM) elicited a significant
decrease in SP-evoked contractions (Figure 3C). SC-560
(0.1 uM) or DFU (1 uM) evoked also inhibitory effects,
although with lower efficacy than indomethacin (Figure 3C).
SC-560 plus DFU decreased SP-induced contractions, as effec-
tively as indomethacin (Figure 3C). In preparations from DD
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in colonic tissues from control patients.

patients, indomethacin, DFU or SC-560 plus DFU caused
similar effects in reducing contractions induced by SP. These
inhibitory effects were more pronounced than those observed
in control tissues (Figure 3D). In this setting, SC-560 alone
did not exert significant effects (Figure 3D).

Molecular studies

RT-PCR. RT-PCR showed a basal expression of mRNA encod-
ing COX-1 and COX-2 in control colonic tissues. In the
presence of DD, the expression pattern of COX-1 mRNA did
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not vary, whereas COX-2 was significantly increased
(Figure 4A).

Western blot. COX-1 and COX-2 proteins were both
expressed in control colonic tissues. Colonic specimens from
patients with DD displayed a reduced COX-1 protein expres-
sion, whereas COX-2 protein was increased (Figure 4B).

Immunohistochemistry. SP immunoreactivity was detected
in appreciable amounts in nerve endings and neurons of



Control

COX-1

B-Actin

<
z 20 - COX-1
€ acox-2
£ 15
Sz
)
5210
£<
2505
2
X
o 0.0
o Control
Control DD
——— 3-/\ctin
< .
g 380 ==COX-1
a = COX-2
EF é 2.01 *
@ 5
T s
=] *
55 1.0
oS
L
2
Q 0.0
o Control DD

Figure 4

Expression of COX isoforms in colonic neuromuscular layer from
control subjects or patients with DD. Representative agarose gel
showing RT-PCR products (A, upper panel) for COX-1, COX-2 and
B-actin expression level, and column graph displaying the densito-
metric analysis (A, lower panel) of COX isoform cDNA bands nor-
malized to the expression of B-actin. Representative Western blots (B,
upper panel) showing the expression of COX-1, COX-2 and B-actin
in colonic neuromuscular tissues and the respective densitometric
analysis (B, lower panel). Each column represents the mean + SEM
obtained from 5 experiments. *P < 0.05, significantly different from
the corresponding control.

myenteric ganglia of control colon (Figure 5A). This pattern
differed in specimens from DD patients, displaying increased
levels of SP in myenteric ganglia (Figure 5B and G). The
distribution patterns of COX-1 and COX-2 in control colonic
specimens were as previously described (Fornai et al., 2005;
Bernardini et al., 2006). In particular, COX-1 was detected
mainly in HuC/D* myenteric neurons and, to a lesser extent,
in GFAP" glial cells and some myocytes of longitudinal layer.

COX and colonic motility in diverticular disease

Colonic samples from DD patients displayed a pronounced
reduction of COX-1" myenteric neurons (Figures 5C, D, G
and 6). By contrast, the pattern of COX-2 immunostaining, as
observed in GFAP* glial cells and longitudinal smooth muscle
of control samples, was enhanced in myenteric glia and
smooth muscle cells in DD colon (Figures SE-G and 7).

Discussion and conclusions

Our study provides evidence that COX-2 plays a differential
role in modulating human colonic excitatory cholinergic and
tachykininergic motor functions under normal conditions
and in the presence of DD. In addition, we have demon-
strated, for the first time, that the expression patterns of COX
isoforms undergo marked changes in colonic tissues from DD
patients, who displayed decreased levels of neuronal COX-1
and an increased expression of muscular COX-2.

Prior to testing the effects of COX inhibitors on colonic
motility, care was taken to examine the patterns of motor
responses to activation of excitatory pathways in control
and DD colon. Thus, frequency-response curves to electrical
stimulation were constructed under cholinergic and tachy-
kininergic conditions to evaluate the contractions elicited
by myenteric nerves. In addition, concentration-response
curves to carbachol or SP were obtained to assess contractions
elicited by direct activation of muscarinic or NK; receptors on
smooth muscle cells. The results of these experiments showed
that, in the presence of DD, the magnitude of both electri-
cally and carbachol-induced cholinergic responses trended to
increase, without reaching statistical significance, as com-
pared with control tissues. These findings agree with previous
observations showing that exogenous ACh elicited similar
responses in colonic preparations from patients with DD or
control subjects (Golder et al., 2003; Burcher et al., 2008).
When considering tachykininergic contractions elicited by
electrical stimulation or exogenous SP, such motor responses
were significantly enhanced in the presence of DD. Consist-
ent with these findings, immunohistochemistry revealed a
significant increase in SP expression in the neuromuscular
layer of DD colon, as compared with control tissues. In addi-
tion, Simpson et al. (2009) previously reported an increased
SP expression in colonic muscular layers from DD patients.
Taken together with published data, our findings support the
view that the colonic longitudinal muscle of DD patients
undergoes an enhanced excitatory tachykininergic control,
whereas the excitatory cholinergic pathway remains virtually
unaffected.

With regard to the changes in tachykininergic responses
observed in DD tissues, it was previously observed that, in
addition to NK;, NK; receptors are also expressed in the colon
of DD patients (Maselli et al., 2004). In addition, Burcher et al.
(2008) showed that neurokinin A or synthetic agonists elic-
ited contractile effects in normal human colon, and that such
responses were reduced in colonic preparations from DD
patients. Taken together with our findings, these results
suggest that, in the presence of DD, the tachykininergic
motor responses mediated by NK; and NK; receptors undergo
differential changes, as NK;-mediated contractions are
enhanced, whereas contractions resulting from NK, receptor
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Immunoperoxidase analysis of substance P (SP), COX-1 and COX-2 expression in the neuromuscular layers of colon from control subjects or
patients with DD. SP content, constitutively evident in both soma (arrows) and endings (short arrows) in the myenteric ganglia of control colon
(A), was markedly increased in DD colon (B). The considerable amount of COX-1, expressed in the cytoplasm of myenteric neurons and smooth
muscle cells (C, arrows and asterisks, respectively) in normal colon, was reduced in samples from DD patients (D). By contrast, COX-2 expression,
present in small amounts in glia as well as longitudinal muscle of control colon (E, arrows and asterisks, respectively), was increased in glial and
smooth muscle cells of DD colon (F, arrows and asterisks respectively). Bar: 50 um. Panel (G): quantitative analysis of SP, COX-1 and COX-2
expression in myenteric ganglia of control or DD patients. Each column represents the mean of PPP £ SEM obtained from 6-8 experiments.

*P < 0.05, significantly different from control.

activation are reduced. In this respect, the exploration of
putative modulatory actions exerted by COX isoforms on
NK;-mediated colonic contractions in DD is of great interest,
in view of future investigations.

When considering the effects of COX inhibitors on
colonic longitudinal muscle, both COX-1 and COX-2 inhibi-
tion resulted in an enhancement of cholinergic motor activ-
ity under control conditions, whereas these effects were
absent in the samples from DD patients. Thus, in normal
colon, both COX-1 and COX-2 appear to exert an inhibitory
control on cholinergic pathways, which does not occur with
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DD. As previously reported, COX isoforms work at distinct
sites to exert their inhibitory actions on colonic neuromus-
cular activity under control conditions (Fornai et al., 2005).
Indeed, as also shown by the present findings, COX-1 is likely
to modulate excitatory cholinergic neurons, whereas COX-2
appears to operate at muscular level. In this context, an
important point of novelty of our study is that, in tissues
from DD patients, the regulatory actions of COX isoforms no
longer occur, as the COX inhibitors did not affect electrically
or carbachol-induced motor responses. The reasons underly-
ing the loss of COX control on colonic cholinergic motility in



COX and colonic motility in diverticular disease

Figure 6

Double immunofluorescence of COX-1 (green)-HuC/D (red neurons) or -GFAP (red glial cells) in myenteric ganglia of colonic specimens from
control subjects and DD patients. In control tissue, COX-1 is expressed in most of HuC/D* neurons, in the nuclei of some myocytes of longitudinal
layer (LM), and scarcely in GFAP* glial cells. In samples of DD colons, COX-1 expression is reduced in HuC/D* neurons, as demonstrated by merged

COX-1-HuC/D images. Bar: 50 um.

DD patients remain undetermined. However, based upon pre-
vious observations, bowel inflammatory conditions are asso-
ciated with neuromuscular remodelling and marked changes
in motility (Neunlist et al., 2003). In line with this concept,
our earlier work showed a loss of COX-1 inhibitory control
on cholinergic motility during bowel inflammation (Fornai
et al., 2006). Barbara et al. (2001) observed that infection by
Trichinella spiralis in mice leads to a COX-2-dependent bowel
hypercontractility, persisting after infection resolution.
Moreover, persistent enteric alterations, following the acute
phases of diverticulitis, have been documented, along with
changes in colonic neurotransmitter contents (Bottner and
Wedel, 2012). Overall, based upon previous knowledge, it is
conceivable that colonic tissues from DD patients may
undergo marked rearrangements, in terms of modulation by
COX isoforms on enteric cholinergic pathways, as a conse-
quence of the past episodes of diverticulitis.

In the present study, another interesting point of novelty
came from experiments designed to explore the excitatory
tachykininergic control of colonic smooth muscle and its
modulation by COX pathways. We first observed that NK;
receptors mediated tachykininergic contractions evoked by

either neurogenic tachykinins or exogenously applied SP.
Under control conditions, these motor responses were
blocked by COX inhibitors, with COX-1 blockade being more
effective than COX-2 inhibition. These results, indicating
that both COX isoforms exerted an excitatory control on
tachykininergic motility in human colon, were consistent
with our histomorphological data, showing that COX-1 was
mainly expressed at neuronal level and to a lesser extent in
smooth muscle cells, and that COX-2 immunopositivity was
mainly distributed at glial and muscular level. The neuronal
localization of SP suggests that COX-1 was predominantly
invovled in the modulation of excitatory tachykininergic
nerve pathways, whereas COX-2 was more likely to act at
muscular level to modulate post-junctional responses
mediated by tachykininergic receptors. However, when con-
sidering the effects of COX-1 blockade on myogenic tachy-
kininergic motor responses, we observed that SC-560 blunted
SP-induced contractions. Therefore, given the fact that this
isoform is also expressed at a muscular level, although to a
lower extent, an additional role of COX-1 in the modulation
of tachykininergic motor activity at this site cannot be ruled
out. In keeping with this view, Amann et al. (2001) previously
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Figure 7

Double immunofluorescence of COX-2 (green)-HuC/D (red neurons) or -GFAP (red glial cells) in myenteric ganglia of colonic specimens from
control subjects and DD patients. In control tissue, COX-2 is expressed in GFAP* glia. In DD colonic samples COX-2-immunoreactivity is enhanced
in GFAP* glia, as demonstrated by merged COX-2-GFAP images. Bar: 50 um.

showed that SP release from guinea pig lung was regulated by
COX-1, because it was blunted by indomethacin or SC-560,
to a similar extent. When experiments with COX inhibitors
were performed on colonic preparations from DD patients,
we observed that the excitatory control driven by COX-1 on
tachykininergic contractions was no longer active, while that
by COX-2 became predominant. In particular, the regulatory
actions of COX-2 were evident not only at neural levels but
also in longitudinal smooth muscle cells, as shown by the
myogenic responses induced by exogenous SP. These conclu-
sions are supported by our immunohistochemical and
molecular analysis on colonic tissues from DD patients,
which showed a decreased COX-1 expression at neuronal
level, with a parallel increment of COX-2 expression in
smooth muscle. Of note, Depoortere et al. (2003) have previ-
ously observed that, in a rabbit model of colitis, the effects of
indomethacin on colonic contractions changed from an
excitatory to an inhibitory pattern, indicating a significant
rearrangement in the control by COX pathways in the pres-
ence of bowel inflammation. In addition, Neunlist et al.
(2003) showed that, in patients with ulcerative colitis, there
was a shift of colonic myenteric nerves from a predominance
of cholinergic to an increased density of SP innervation,
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suggesting neuroplastic changes were associated with bowel
inflammation.

The present observations are relevant clinically. Indeed,
it has been repeatedly reported that patients with DD,
both symptomatic and asymptomatic, display a pattern of
increased colonic motility (Bassotti et al., 2001; 2003), and
that in symptomatic subjects there is a significant association
between episodes of abdominal pain and colonic motor
abnormalities (Bassotti et al., 2005b). Thus, symptoms related
to abnormal (hypercontractile) patterns of colonic motor
functions in DD patients might depend, at least in part, upon
the alterations highlighted in our study. Of course, other
abnormalities, such as those related to colonic smooth
muscle (Mattii et al., 2013) and mast cells within the colonic
layers (Bassotti et al., 2013), are likely also to play pathophysi-
ological roles, and it is possible that the summation of differ-
ent abnormalities leads to the generation of dysmotility-
related (Bassotti and Villanacci, 2012) and sensory (Clemens
et al., 2004) abdominal symptoms often reported by patients
with DD.

Overall, to the best of our knowledge, our findings
provide the first demonstration of a rearranged modulatory
control, mediated by COX isoforms, of human colonic



excitatory cholinergic and tachykininergic pathways, in the
presence of DD. In particular, our data support the concept
that, in the presence of DD, both COX isoforms lose their
inhibitory control of cholinergic neuromuscular transmis-
sion, whereas COX-2 maintains an enhanced excitatory
modulation of tachykininergic pathways. Taken together,
these findings suggest that, in patients with DD, abdominal
symptoms associated with hypercontractility might result, at
least in part, from an altered modulation of COX pathways
on excitatory motor activity.

In conclusion, the evidence that cholinergic and tachy-
kininergic pathways are both involved in the regulation of
excitatory colonic motor activity could be of clinical interest
for the development of novel pharmacological compounds
acting as anti-spasmodic agents. Moreover, pharmacological
blockade of COX-2 is also likely to reduce bowel hypercon-
tractility associated with DD due to the facilitatory effects of
this enzyme on excitatory tachykininergic pathways.
However, the use of COX inhibitors may increase the risk of
diverticular bleeding and complications (Strate et al., 2011),
even if there is no current evidence that selective COX-2
inhibitors could induce complications in patients with DD.
In addition, our findings on the modulation of excitatory
motility by COX isoforms in DD colon might pave the way to
future therapeutic approaches based upon the pharmacologi-
cal modulation of enzymes and/or receptor pathways down-
stream of COX isoforms, for instance, ligands for prostanoid
receptors. Such approaches might be beneficial in resolving
dysmotility in DD colon while sparing mucosal integrity and
avoiding or lowering the risk of bleeding. Therefore, although
it is possible that the use of COX inhibitors for the manage-
ment of colonic motor disorders associated with DD could
have detrimental side-effects, this issue remains controversial
and deserves additional investigations.
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Figure S1 Results of preliminary dose-ranging experiments.
Effects of indomethacin, SC-560 or DFU (0.01-10 uM) on
contractile responses induced by 10 s single trains of trans-
mural electrical stimulation (0.5 ms, 30 mA, 10 Hz) in
colonic preparations obtained from control subjects or DD
patients. Tissues were maintained in standard Krebs solution.
In control tissues, indomethacin concentration-dependently
enhanced electrically evoked contractions, with a maximal
effect at 1 uM. SC-560 and DFU evoked also enhancing
actions, with maximal effects at 0.1 and 1 uM respectively. In
DD tissues, both indomethacin and DFU blunted the electri-
cally evoked contractions, with maximal effects at 1 uM. By
contrast, SC-560 did not affect the contractile responses to
electrical stimulation at all tested concentrations. Each
column represents the mean + SEM obtained from 5-6 experi-
ments. *P < 0.05, significantly different from the correspond-
ing contractions observed in the absence of test drugs.
Table $1 Summary of the characteristics of patients.

Table $2 Antibodies employed in the present study.
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