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Filpa V, Carpanese E, Marchet S, Pirrone C, Conti A, Rainero
A, Moro E, Chiaravalli AM, Zucchi I, Moriondo A, Negrini D,
Crema F, Frigo G, Giaroni C, Porta G. Nitric oxide regulates
homeoprotein OTX1 and OTX2 expression in the rat myenteric
plexus after intestinal ischemia-reperfusion injury. Am J Physiol
Gastrointest Liver Physiol 312: G374–G389, 2017. First published
February 2, 2017; doi:10.1152/ajpgi.00386.2016.—Neuronal and in-
ducible nitric oxide synthase (nNOS and iNOS) play a protective and
damaging role, respectively, on the intestinal neuromuscular function
after ischemia-reperfusion (I/R) injury. To uncover the molecular
pathways underlying this dichotomy we investigated their possible
correlation with the orthodenticle homeobox proteins OTX1 and
OTX2 in the rat small intestine myenteric plexus after in vivo I/R.
Homeobox genes are fundamental for the regulation of the gut wall
homeostasis both during development and in pathological conditions
(inflammation, cancer). I/R injury was induced by temporary clamp-
ing the superior mesenteric artery under anesthesia, followed by 24
and 48 h of reperfusion. At 48 h after I/R intestinal transit decreased
and was further reduced by N�-propyl-L-arginine hydrochloride
(NPLA), a nNOS-selective inhibitor. By contrast this parameter was
restored to control values by 1400W, an iNOS-selective inhibitor. In
longitudinal muscle myenteric plexus (LMMP) preparations, iNOS,
OTX1, and OTX2 mRNA and protein levels increased at 24 and 48 h
after I/R. At both time periods, the number of iNOS- and OTX-
immunopositive myenteric neurons increased. nNOS mRNA, protein
levels, and neurons were unchanged. In LMMPs, OTX1 and OTX2
mRNA and protein upregulation was reduced by 1400W and NPLA,
respectively. In myenteric ganglia, OTX1 and OTX2 staining was
superimposed with that of iNOS and nNOS, respectively. Thus in
myenteric ganglia iNOS- and nNOS-derived NO may promote OTX1
and OTX2 upregulation, respectively. We hypothesize that the neu-
rodamaging and neuroprotective roles of iNOS and nNOS during I/R
injury in the gut may involve corresponding activation of molecular
pathways downstream of OTX1 and OTX2.

NEW & NOTEWORTHY Intestinal ischemia-reperfusion (I/R) in-
jury induces relevant alterations in myenteric neurons leading to
dismotility. Nitrergic neurons seem to be selectively involved. In the
present study the inference that both neuronal and inducible nitric
oxide synthase (nNOS and iNOS) expressing myenteric neurons may
undergo important changes sustaining derangements of motor func-
tion is reinforced. In addition, we provide data to suggest that NO
produced by iNOS and nNOS regulates the expression of the vital

transcription factors orthodenticle homeobox protein 1 and 2 during
an I/R damage.

rat small intestine; ischemia-reperfusion; myenteric plexus; nitric
oxide; OTX

INTESTINAL ISCHEMIA-REPERFUSION (I/R) injury from insufficiency
of blood flow to all or part of the gastrointestinal tract is
associated with high morbidity and mortality (53). The isch-
emic insult has severe consequences for the metabolically
active intestinal mucosa, which undergoes shedding, barrier
dysfunction, and bacterial translocation, leading to prolonged
reduction in intestinal blood flow (29, 45). Other enteric cell
types, including smooth muscle cells, enteric glial cells, and
neurons, may also deteriorate (41, 50, 63). Myenteric neurons
are especially sensitive and can be irreversibly compromised.
The neuronal loss may entail hampered digestion of food (41).
Indeed, an I/R injury causes pathological alterations, particu-
larly a slowing of transit, suggestive of a long-lasting neurop-
athy (55).

Although restoration of blood flow is essential to rescue
ischemic tissues, reperfusion induces further cell damage by
reactive oxygen species (ROS), with ultimate cell death (44).
Nitric oxide (NO) may also play a key role in the cytotoxic
events consequent to the I/R damage by diffusion-controlled
reaction with another free radical, the anion superoxide, pro-
ducing peroxynitrite (18). Peroxynitrite may add to over-
whelming oxidative protein nitrosylation, DNA breakage, and
cell injury (33). Other factors that can amplify damage by
reperfusion injury include activation of inflammation at the site
of injury (44) and insufficient clearance of dying cells adding
to inflammation and further impairing tissue repair (68). NO
also takes part in the inflammatory cascade consequent to I/R
injury, via indirect, radical-mediated mechanisms, or by direct
modulation of proinflammatory protein production via regula-
tion of transcription factors (33, 44).

In the gut, NO is synthesized by the neuronal (n), endothelial
(e), and inducible (i) isoforms of nitric oxide synthase (NOS),
all of which have been localized to myenteric neurons of
different species (19, 62, 66). In the myenteric plexus, nitrergic
inhibitory motor neurons and descending interneurons play a
fundamental role in the physiological regulation of peristalsis
and mainly express nNOS (12). nNOS containing myenteric
neurons seem to be selectively targeted by in vivo I/R injury
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(30, 54). Damage and loss of function of nNOS-immunoposi-
tive myenteric neurons may underlie intestinal motility de-
rangement, suggesting that NO produced by nNOS is protec-
tive against the metabolic insult (55, 56). Conversely, intestinal
I/R damage has been associated with upregulation of iNOS,
which may replace nNOS in the synthesis of NO in myenteric
neurons (24).

In the present study we aimed to further investigate func-
tional plasticity of nitrergic myenteric neurons occurring in
response to an I/R injury by evaluating possible molecular
pathways linked to the neuroprotective and neurodamaging
action of nNOS and iNOS, respectively. We evaluated the
involvement of orthodenticle homeobox protein 1 and 2
(OTX1 and OTX2), belonging to the family of homeoprotein
transcription factors, as molecular pathways downstream of
nNOS and iNOS activation in myenteric neurons after in vivo
I/R damage to the rat small intestine.

Homeobox developmental genes influence neuronal pattern-
ing, neurogenesis, and neuronal differentiation during brain
development (61). Some of these factors, such as OTX1 and
OTX2 continue to be expressed in the adult brain and may
function in the development of pathological conditions linked
to inflammation and tumorigenesis (14, 31, 51). Homeobox
genes are also described to play an important role in the
development of intestinal neuromuscular tissues. Alterations of
these factors during development may underlay anatomical
and/or functional changes of the gut wall, eventually leading to
dysmotility in humans (20, 36). In addition, homeobox tran-
scription factors, including OTX, may participate in dysfunc-
tions of intestinal mucosal homeostasis, which occur during
inflammatory responses and cancer (13, 69). In our study we
aim for the first time to evaluate the possible involvement of
OTX proteins in the adaptive responses occurring in myenteric
ganglia during an I/R injury in adult rats. The hypothesis of a
possible relation and cross regulation among two sources of
NOS (nNOS and iNOS), OTX1, and OTX2 was investigated
with molecular, morphological, and functional approaches.

METHODS

Animals. Male Wistar rats (Harlan Italy; Correzzana, Monza, Italy),
weighing between 250 and 300 g, were housed in groups of four under
controlled environmental conditions (temperature 22 � 2°C; relative
humidity 60–70%) with free access to a standard diet and water and
were maintained at a regular 12-h:12-h light/dark cycle. Principles of
good laboratory animal care were followed and animal experimenta-
tion was in compliance with specific national and international laws
and regulations. All the experimental procedures were approved by
the animal welfare board of the University of Insubria.

Ischemia-reperfusion. Rats were anaesthetized with pentobarbital
(50 mg/kg) diluted in sterile phosphate-buffered saline (PBS), given
intraperitoneally. After laparatomy, a loop of the small intestine that
was supplied by a single branch of the superior mesenteric artery
(SMA) was exteriorized and retracted to the left and the SMA was
temporarily occluded for 60 min with an atraumatic microvascular
clamp. The clip was then gently removed, the abdominal wall was
sutured and animals returned to a cage after recovering from anesthe-
sia. In a first set of experiments aiming to validate the model, major
histological changes, the degree of inflammatory infiltration and upper
gastrointestinal transit efficiency were evaluated after 60 min of
ischemia and following 60 min, 24, 48, and 72 h of reperfusion after
occlusion. Further experimental animal groups were represented by
sham-operated animals undergoing the same surgical manipulation

except SMA occlusion and normal unoperated rats. Intestinal speci-
mens obtained from sham-operated were taken 60 min, 24, 48, and 72
h after laparatomy. Since major histological and functional changes
have been evidenced at 24 and 48 h after reperfusion (see RESULTS),
the successive investigations have been carried out only in these I/R
groups, in the respective sham-operated groups and in normal control
animals. The following treatments were applied intraperitoneally.
Twenty minutes before ischemia or sham operation to four to eight
animals of each group: N�-propyl-L-arginine hydrochloride (NPLA;
10 mg/kg), a selective inhibitor of nNOS (71), and 3-aminomethyl-
benzylacetamidine dihydrochloride (1400W; 5 mg/kg), a selective
inhibitor of iNOS (21). Drugs were diluted in PBS for intraperitoneal
administration. Doses were chosen on the basis of literature data
indicating the efficacy and absence of toxic activity (34, 37). At the
end of the different reperfusion periods, rats were killed by decapita-
tion and segments of the small intestine (8–6 cm long), ~5 cm oral to
the ileo-cecal junction, were rapidly excised and rinsed with a phys-
iological ice-cold Tyrode’s solution having the following composition
(in mM): 137 NaCl, 2.68 KCl, 1.8 CaCl2·2H2O, 2 MgCl2, 0.47
NaH2PO4, 11.9 NaHCO3, and 5.6 glucose). Whole wall intestinal
segments were fixed and stored for successive immunohistochemistry
experiments. Western immunoblot and real-time RT-PCR studies
were conducted using preparations consisting of external longitudinal
muscle layer segments with attached myenteric plexus (LMMP)
obtained immediately after excision of small intestine segments. For
RT-PCR experiments, LMMP samples were stored in a preserving
solution (RNA later; Ambion Life Technologies Italia, Monza, Italy)
at �20°C, while for Western immunoblotting, LMMPs were stored at
�80°C for successive assay. Myeloperoxidase activity assay (MPO)
was performed on mucosa deprived intestinal segments prepared
immediately after excision and frozen at �80°C for storage.

Gastrointestinal transit. Gastrointestinal transit was measured as
described by Puig et al. (52), with modifications. In brief, animals
were fasted for at least 20 h before the experiment but had free access
to water. Small intestine motility was evaluated by measuring the
distance traveled by a charcoal meal (0.25 ml of a mixture of 10%
vegetable charcoal and 5% arabic gum in saline) administered to each
rat by oral gavage, 30 min before death. After this time the abdominal
cavity was opened and, after the pylorus and ileo-cecal junction was
ligated, the small intestine was carefully removed, avoiding stretch-
ing. The distance traveled by black marker along the small intestine
was then measured by a premeasured template and was expressed as
the percentage of the small intestine length from pylorus to cecum.

Myeloperoxidase activity. Tissue myeloperoxidase (MPO) activity,
as an indicator of tissue neutrophil infiltration, was measured accord-
ing to Bradley et al. (11) with modifications. Mucosa-deprived intes-
tinal samples were homogenized (50 mg/ml) in ice-cold 50 mM
potassium phosphate buffer (pH 6.0) containing 0.5% hexadecyl
trimethylammonium bromide (HTAB). The homogenate was centri-
fuged at 14,000 rpm for 20 min at 4°C. The supernatant fraction was
recovered and a 34-�l aliquot of the supernatant was mixed with 986
�l of the same phosphate buffer containing 0.167 mg/ml O-dianisi-
dine dihydrochloride and 0.0005% hydrogen peroxide. The rate of
change in absorbance was recorded spectrophotometrically at 460 nm.
One unit (U) of MPO was defined as the amount of enzyme that
degrades 1 �mol/min of hydrogen peroxide at 25°C. The results were
expressed in units per milligram wet tissue weight.

Histology. Full-thickness small intestine samples were placed in
histology cassette, fixed with buffered formalin (4% w/v formalde-
hyde and acetate buffer 0.05 M) for 24–48 h and routinely embedded
in paraffin. Three-micrometer-thick sections were stained with hema-
toxylin-eosin (HE) for morphologic evaluation. Additional sections
were mounted on poly-L-lysine-coated slides for immunohistochem-
ical analysis of neutrophil infiltration. Immunohistochemistry was
performed with the avidin-biotin-peroxidase method (32) using a
polyclonal antibody anti-MPO (760–2659; Ventana Medical System,
Tucson, AZ). Endogenous peroxidase activity was blocked by im-
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mersing sections for 10 min in a solution of 3% hydrogen peroxide in
water. Primary antibody was incubated overnight at 4°C. Specific
biotinylated secondary antibody and avidin-biotin-peroxidase com-
plex were consecutively applied, each for 1 h at room temperature.
The immunohistochemical reaction was developed with diaminoben-
zidine–hydrogen peroxide reaction (65). The sections were counter-
stained with hematoxylin. Neutrophil infiltration was evaluated only
in whole well oriented sections of intestine, counting MPO� cells in
four high-power fields (�400, diameter 0.55 mm) for each mucosal,
sottomucosal, muscular, and serosal-sottoserosal layer. MPO value
has been reported as the average of MPO� cells for field in each layer.

Whole mount immunohistochemistry. Segments of the rat small
intestine were fixed for 4 h at room temperature (RT) in 0.2 mol/l PBS
with the following composition (in M): 0.14 NaCl, 0.003 KCl, 0.015
Na2HPO4, 0.0015 KH2PO4, pH 7.4, 4% formaldehyde, and 0.2%
picric acid. Preparations were then cleared of fixative and stored at
4°C in PBS containing 0.05% thimerosal. Whole mounts of LMMPs
were then prepared according to the method described by Giaroni et
al. (23). Briefly, after specific sites were blocked with PBS containing
1% Triton X-100 and 10% normal horse serum (NHS) (Euroclone;
Celbio, Milan, Italy) for 1 h, preparations were incubated with
optimally diluted primary antibodies (Table 1). Double-labeling was
performed during consecutive incubation times: the first primary
antibody was added overnight at 4°C and then incubation with the
appropriate secondary antibody followed for 2 h at RT. Whole mounts
were successively incubated overnight at 4°C with the second primary
antibody and for 2 h at RT with an appropriate secondary antibody.
Preparations were mounted onto glass slides, using a mounting me-
dium with DAPI (Vectashield; Vector Laboratory, Burlingame, CA).
To establish the proportion of OTX, iNOS, and nNOS expressing
myenteric neurons, quantitative analysis of double fluorescently la-
beled small intestine whole mounts was performed as previously
described (22). Briefly, the number of neurons that was immunoreac-
tive for the pan-neuronal marker HUC/D in a ganglion was first
counted and then the number of neurons that was immunopositive to
the second antibody labeled with a fluorophore of a different color
was determined. The cohort size was 10–15 ganglia, and data were
collected from preparations obtained from at least 3 animals for each

experimental group. Morphological changes in nNOS-immunoposi-
tive neurons were evaluated by measuring the total area of the
neuronal profile, the ratio of the area of the total cell profile to the cell
body profile and the nuclear eccentricity as described by Rivera et al.
(54). The cohort size was 20 neurons, and data were collected from
whole mounts obtained from at least 3 animals for each experimental
group. Negative controls and interference control staining was eval-
uated by omitting one or both of the primary antibodies or one of the
secondary antibodies and by incubating intestinal whole mounts with
nonimmune serum from the same species from which primary anti-
bodies were obtained. No specific signal was detected in all these
conditions. Preparations were analyzed by confocal microscopy on a
Leica TCS SP5 confocal laser scanning system (Leica Microsystems,
Wetzlar, Germany) and pictures were processed using Adobe-Photo-
shop CS2.0 software.

Real-time quantitative RT-PCR. Total RNA was extracted from
small intestine LMMPs preparations with TRIzol (Invitrogen) and
treated with DNase I (DNase Free; Ambion) to remove any traces of
contaminating DNA. cDNA was obtained retrotranscribing 2 �g of
total RNA using the High Capacity cDNA synthesis kit (Applied
Biosystems, Life Technologies, Grand Island, NY). Quantitative RT-
PCR was performed on the Abi Prism 7000 real-time thermocyclator
(Applied Biosystems) with Power Sybr Green Universal PCR Master
Mix (Applied Biosystems) following manufacturer’s instructions.
Primers were designed using Primer Express software (Applied Bio-
systems) on the basis of available sequences deposited in public
database (Table 2). For quantitative RT-PCR a final concentration of
500 nM for each primer was used. Primers were designed to have a
similar amplicon size and similar amplification efficiency as required
for the utilization of the 2���Ct method to compare gene expression
(43). 	-Actin was used as housekeeping gene. Experiments were
performed four to eight times for each different preparation. The
effect of the drug tested on the different experimental groups was
evaluated by comparing the respective 2���Ct values.

Western immunoblot analysis. OTX1, OTX2, iNOS, and nNOS
protein level analysis was carried out starting from LMMPs prepara-
tions with successive centrifugations according to the method de-
scribed by Giaroni et al. (22). The purified membrane fraction and the

Table 1. Primary and secondary antisera and their respective dilutions used for Western blot assay and
immunohistochemistry

Antiserum Dilution (WB) Dilution (HC) Source Host Species

Primary antisera
iNOS 1:300 1:50 Santa Cruz Biotechnology (sc8310; H-174) Rabbit
iNOS 1:50 AbCam (ab49999) Mouse
nNOS 1:200 Millipore (AB1529) Sheep
nNOS 1:200 1:50 Santa Cruz Biotechnology (sc648; R-20) Rabbit
OTX pan 1:100 Santa Cruz Biotechnology (sc11026; N-15) Goat
OTX1 1:200 1:50 Santa Cruz Biotechnology (sc133872; Y-22) Rabbit
OTX2 1:200 1:50 Santa Cruz Biotechnology (sc30659; P-15) Goat
HUC/D 1:100 Molecular Probes (A-21272) Mouse
S-100 1:200 Dako (Z0311) Rabbit
	-actin 1:1,000 Mouse

Secondary antisera and streptavidin complexes
Anti-rabbit Alexa Fluor 488 1:200 Molecular Probes (A21206) Donkey
Anti-goat Cy3 1:500 Jackson ImmunoResearch Laboratories (705-165-147) Donkey
Cy3-conjugated streptavidin 1:500 Amersham (PA43001)
FITC-conjugated straptavidin 1:200 Molecular Probes (SA1001)
F(ab’)2 anti-mouse IgG (H�L) biotin 1:300 Caltag Laboratories (M35015) Goat
F(ab’)2 anti-rabbit IgG (H�L) biotin 1:300 Caltag Laboratories (L43015) Goat
Anti-rabbit IgG HRP peroxidase conjugated 1:10,000 Santa Cruz Biotechnology (sc2004) Goat
Anti-goat IgG HRP peroxidase conjugated 1:7,500 Santa Cruz Biotechnology (sc2020) Donkey

iNOS, inducible nitric oxide synthase; nNOS, neuronal nitric oxide synthase; WB, Western blot assay; HC, immunohistochemistry; OTX1 and OTX2,
orthodenticle homeobox protein 1 and 2. Company locations: Amersham, GE Healthcare, Buckinghamshire, UK; Caltag Laboratories, Invitrogen, Burlingame,
CA; Cell Signaling Technology, Danvers, MA; Dako, Glostrup, Demark; Jackson ImmunoResearch Laboratories, Baltimore, MD; Molecular Probes, Carlsbad,
CA; Santa Cruz Biotechnology, Santa Cruz, CA; Sigma-Aldrich, Milan, Italy.
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supernatant were boiled for 2 min after dilution with Laemmli sample
buffer and processed as described elsewhere (39). Membranes were
incubated with optimally diluted primary and horseradish peroxidase-
conjugated secondary antisera (Table 1). OTX1, OTX2, and iNOS
levels were evaluated in the supernatant (cytosolic) fraction, whereas
nNOS levels were investigated in the membrane fraction. Blots for
OTX1, OTX2, iNOS, and nNOS were developed using an enhanced
chemiluminescence technique (ECL advance Amersham Pharmacia
Biotech, Cologno Monzese, Italy). Signal intensity was quantified by
densitometric analysis using ImageJ National Institutes of Health
image software (downloadable at https://imagej.nih.gov/). (59). In
each membrane 	-actin was monitored and used as protein loading
control. Experiments were performed four to seven times for each
different preparation. The effect of in vivo I/R on protein levels was
expressed as the percentage variation vs. values obtained in prepara-
tions deriving from control normal unoperated animals. Specificity of
iNOS and nNOS primary antibodies was evaluated by testing their
selectivity in RAW 264.7 macrophage cells and in the rat hippocam-
pus, respectively (data not shown). Specificity of OTX1 and OTX2
primary antibodies was evaluated by testing their selectivity in the
spontaneous immortalized human Müller cell line (MIO-M1) (40) and
in the rat hippocampus (42), respectively (data not shown). Omission
of the primary antibody was also performed as a control of specificity.

Statistical analysis. For statistical analysis the GraphPad Instat
statistical package (version 5.3, GraphPad software, San Diego, CA)
was used. Data were analyzed by one-way ANOVA followed, when
significant, by an appropriate post hoc comparison tests (Tukey’s
multiple comparisons tests). Differences were considered statistically
significant when P � 0.05.

Drugs and materials. N5-[imino(propylamino)methyl]-L-ornithine
hydrochloride [N�-propyl-L-arginine hydrochloride (NPLA)] and
3-aminomethylbenzylacetamidine dihydrochloride (1400W) were pur-
chased from Tocris (Bristol, UK). All other reagents were purchased
either from Sigma-Aldrich or from Bio-Rad (Segrate, Italy).

RESULTS

General observations: histology. Occlusion of the terminal
branch of the SMA induced a change in the color of the

corresponding intestinal segment that became purple. After
blood flow restoration the tissue returned to a normal pink
color. Animals recovered uneventfully from anesthesia and
once awake were active and ate normally. No signs of distress
could be detected. A gross visual inspection of the regions
subjected to I/R did not reveal any anomaly with respect to
sham-operated and unoperated control animals at all times.

The microscopic evaluation of intestinal sections showed
signs of cellular suffering both in neuronal and muscle cells. At
24 and 48 h after reperfusion many neurons of submucosal and
myenteric plexus were swollen with cytoplasm vacuolisations
and ill-defined cellular membrane with respect to normal con-
trol preparations (Fig. 1, A and B). Nuclear inclusions were
sometimes present. Cytoplasmic vacuolisations and spaces
between muscle cells were the main degenerative changes
observed in some regions of muscularis propria with respect to
normal control preparations (Fig. 1, A and B). Mucosa and
serosal epithelium did not display prominent histological ab-
normalities. In sham-operated samples the histological features
of cellular suffering previously described were rarely observed
in neurons or muscle cells.

Neutrophil infiltration and MPO. Neutrophils, evaluated by
the MPO reaction, were counted in three compartments: the
mucosa, the submucosa, and the muscularis propria (Figs. 1C
and 2, A–C). In the mucosa, no significant variation in the
number of MPO-positive cells per field was observed after both
I/R and in sham-operated animals with respect to normal
control preparations. In the submucosa, a significant increase in
neutrophil infiltration was observed both after 24 h of reper-
fusion and in the respective sham-operated group (P 
 0.05
and P 
 0.01, respectively) with respect to normal values. A
significant increase of MPO reaction was also observed in the
sham-operated group, 48 h after laparatomy (P 
 0.05). In the
muscularis propria, a significant increase in the number of
neutrophil cells per field was observed after 24 h of reperfusion
(P 
 0.01) with respect to normal preparations. Neutrophil
number increased, although not significantly, 48 and 72 h
following reperfusion with respect to normal values. In the 24,
48, and 72 h sham-operated groups the numbers of neutrophils
increased, but not significantly, with respect to normal prepa-
rations.

In mucosa-deprived rat small intestine segment, MPO activ-
ity significantly increased after 60 min, 24, and 48 h of
reperfusion (P 
 0.05 and P 
 0.01) with respect to values
obtained in normal conditions. In preparations obtained from
sham-operated animals, MPO activity significantly increased
(P 
 0.05) after 24 and 48 h of reperfusion. MPO values
returned to normal values 72 h following reperfusion and in the
respective sham-operated group (Fig. 3A).

In normal control animals, in vivo treatment with NPLA and
1400W did not modify MPO activity. Both NPLA and 1400W
significantly reduced (P 
 0.01) I/R-induced enhancement of
MPO after both 24 and 48 h of reperfusion and in the respec-
tive sham-operated animal. In preparations obtained from
sham-operated animals enhancement of MPO activity after 24
and 48 h of reperfusion was significantly reduced (P 
 0.05)
by both NPLA and 1400W (Fig. 3B).

Gastrointestinal transit. Upper gastrointestinal transit (Fig.
4A) significantly decreased 60 min (P 
 0.05) after in vivo-
induced ischemia and returned toward control values 60 min
after reperfusion. A delay of transit was observed at 24 h,

Table 2. Sequence of primers used in the study for qRT-PCR
analysis

Gene Sequence

	-Actin
Forward 5=-AGGCCCCTCTGAACC-3=
Reverse 5=-GGGGTGTTGAAGGTC-3=

iNOS
Forward 5=-CACTTTGACGACTCA-3=
Reverse 5=-AGCGAACAAATAGA-3=

nNOS
Forward 5=-ACAGTCATCAGACAC-3=
Reverse 5=-GGGCAGCAACGGGAT-3=

OTX1
Forward 5=-GCGAGGAGGTGGCTCTCA-3=
Reverse 5=-GGCTCGGCGGTTCTTGA-3=

OTX2
Forward 5=-CCCAATTTGGGCCGACTT-3=
Reverse 5=-GCGTAAGGCGGTTGCTTTAG-3=

VEGF�
Forward 5=-GCTGTGTGTGTGAGTGGCTTA-3=
Reverse 5=-CCCATTGCTCTGTACCTTGG-3=

HIF1�
Forward 5=-AAGCACTAGACAAAGCTCACCTG-3=
Reverse 5=-TTGACCATATCGCTGTCCAC-3=

HIF1�, hypoxia-inducible factor-1�; VEGF�, vascular endothelial growth
factor-�.
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which became significant (P 
 0.01) following 48 h of reper-
fusion. After 72 h of reperfusion transit was lower, but not
significantly different, with respect to normal control values. In
sham-operated groups, at all times investigated, transit was
reduced, although not significantly, with respect to values
obtained in normal control animals.

NPLA significantly delayed transit in normal control ani-
mals (Fig. 4B), in the 48-h sham-operated group (P 
 0.05),
and after 48 h of reperfusion following ischemia (P 
 0.001).
In this latter group NPLA further, although not significantly,
reduced the delay of transit induced by the I/R injury. In
normal control animals and in the 48-h sham-operated group,
in vivo treatment with 1400W did not modify gastrointestinal
transit. The reduction of transit observed after 48 h of reper-
fusion was completely restored to normal control values after
1400W administration.

Hypoxia-inducible factor-� and vascular endothelial growth
factor-� mRNA levels in LMMP preparations. Hypoxia-induc-
ible factor (HIF1�) and vascular endothelial growth factor
(VEGF�) mRNA levels in rat small intestine LMMP prepara-
tions obtained from normal animals, after 24 and 48 h of
reperfusion following ischemia, and in the relative sham-
operated animals are described in Fig. 5, A and B, respectively.
HIF1� mRNA levels significantly increased after 24 h of
reperfusion and in the relative sham-operated group with re-
spect to normal animals (P 
 0.001 and P 
 0.05, respec-
tively). Both enhancements decreased 48 after ischemia and in
the respective sham-operated group. At this time HIF1�
mRNA levels were not significantly different with respect to
normal control levels. VEGF� gene expression was also sig-
nificantly upregulated 24 h after reperfusion but not in the
respective sham-operated group (P 
 0.001 and P 
 0.05,

respectively). After 48 h of reperfusion and in the respective
sham-operated group, the levels of VEGF� transcript were not
significantly different with respect to control values.

Levels of nNOS and iNOS mRNA in LMMP preparations.
Quantitative RT-PCR analysis of nNOS and iNOS mRNA in
rat small intestine LMMP preparations is shown in Fig. 6, A
and B. After 24 and 48 h of reperfusion following the ischemic
injury, the levels of nNOS mRNA did not significantly change
with respect to both normal and the respective sham-operated
animals. Administration of NPLA and 1400W did not modify
nNOS mRNA levels in all experimental groups studied (Fig.
6A). iNOS mRNA levels significantly increased after 24 and 48
h of reperfusion following in vivo ischemia with respect to
preparations obtained from both normal (P 
 0.001) and from
the respective sham-operated groups (P 
 0.001 and P 

0.05). In the sham-operated groups, iNOS mRNA levels in-
creased, although not significantly, with respect to preparations
obtained from normal animals. In preparations obtained from
both normal and sham-operated animals, iNOS mRNA levels
remained unchanged after administration of both 1400W and
NPLA. I/R-induced enhancement of iNOS mRNA levels at 24
and 48 h of reperfusion were reduced, but not significantly, by
1400W. Pretreatment with NPLA did not affect iNOS mRNA
levels both at 24 and 48 h after reperfusion (Fig. 6B).

Levels of expression of nNOS and iNOS in LMMP
preparations. Western blot analysis of nNOS and iNOS protein
expression in rat small intestine LMMP preparations is shown
in Fig. 4, C and D. In rat small intestine LMMP preparations,
the nNOS-specific antibody revealed one band at 155 kDa (Fig.
6C). In I/R conditions and in sham-operated animals, nNOS
protein levels remained unchanged with respect to normal
animals (Fig. 4C). Both NPLA and 1400W did not significantly

A

B

CCM

MP

LM

CM

MP

LM

Fig. 1. A: smooth muscle cells in the circular
(CM) and longitudinal (LM) layers and myen-
teric plexus (MP) of normal control rat small
intestine [hematoxylin-eosin (HE); original mag-
nification: �600; bar: 0.01 mm]. B: smooth mus-
cle cells in the CM and LM layers and MP of rat
small intestine obtained after 60 min of in vivo
ischemia followed by 24 h of reperfusion. Neu-
rons and muscle cells show signs of cellular
suffering. In particular, neurons display irregular
and ill-defined nuclear and cellular membrane,
whereas cytoplasmic vacuolizations and spaces
between cells are present in muscle tissue (HE;
original magnification: �600; bar: 0.01 mm). C:
myeloperoxidase (MPO) immunohistochemical
staining of whole wall rat small intestine ob-
tained after 60 min of in vivo ischemia followed
by 24 h of reperfusion. Neutrophils are well
marked (brown) and their count is easy for all the
layers.
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modify nNOS protein expression in all experimental groups
(Fig. 6C). In rat small intestine LMMP preparations (Fig. 6D),
the specific antibody against iNOS revealed one band at 125
kDa. iNOS protein levels significantly increased (P 
 0.01)
with respect to normal animals 24 h after reperfusion and
further significantly raised (P 
 0.001) at 48 h after reperfu-
sion following in vivo ischemia (Fig. 6D). iNOS protein levels
at 48 h were also significantly higher than the levels observed
in the respective sham-operated group (P 
 0.001). In sham-
operated groups, both at 24 and 48 h after laparatomy, iNOS

protein levels did not significantly change with respect to
normal animals. After in vivo treatment with NPLA, iNOS
protein levels remained unchanged in all experimental groups.
1400W significantly reduced I/R-induced enhancement of
iNOS protein levels, both at 24 and 48 h after reperfusion (P 

0.05 and P 
 0.001, respectively; Fig. 6D).

Levels of OTX1 and OTX2 mRNA in LMMP preparations.
OTX1 and OTX2 mRNA levels in rat small intestine LMMP
preparations obtained from the different experimental groups
are described in Fig. 7, A and B. OTX1 mRNA levels signif-
icantly increased 24 and 48 h after in vivo ischemia with
respect to both normal and sham-operated animals (P 

0.001). In preparations obtained from sham-operated animals,
OTX1 mRNA levels increased, although not significantly, with
respect to normal animals. Treatment with both NPLA and
1400W did not significantly change OTX1 mRNA levels in
preparations obtained from both normal and sham-operated
animals. Enhancement of OTX1 gene expression at both 24
and 48 h of reperfusion after in vivo ischemia was significantly
reduced by both NPLA (P 
 0.05 and P 
 0.001, respectively)
and 1400W (P 
 0.01 and P 
 0.001, respectively) (Fig. 7A).
OTX2 mRNA levels significantly increased after 24 h of
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normal control animals (empty bar), after 60 min of in vivo ischemia (dotted
bar), at different times after inducing in vivo I/R (solid bars), and in the
respective animals subjected to sham operation (slashed bars). Values are
expressed as means � SD of neutrophil count of 4–5 experiments. *P 
 0.05,
**P 
 0.01 by one-way ANOVA followed by Tukey’s test vs. values obtained
in normal control animals.
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reperfusion (P 
 0.001) and declined toward values obtained
in normal preparations after 48 h of reperfusion. OTX2 gene
expression was also significantly upregulated in sham-operated
animals 24 h after laparatomy (P 
 0.05) but remained un-
changed at 48 h with respect to normal values. Both NPLA and
1400W did not significantly modify OTX2 mRNA levels in
preparations obtained from normal animals, 24-h sham-oper-
ated animals, after 48 h of reperfusion and in the respective
sham-operated group. NPLA and 1400W significantly (P 


0.001) decreased OTX2 mRNA levels induced by 24 h of
reperfusion following in vivo ischemia (Fig. 7B).

Levels of expression of OTX1 and OTX2 in LMMP
preparations. In rat small intestine LMMP preparations (Fig.
7C), the specific OTX1 antibody revealed one band at 37 kDa.
Since RT-PCR analysis revealed a prominent enhancement of
OTX1 mRNA at 48 h after reperfusion, OTX1 protein levels
were analyzed in protein extracts of LMMPs obtained at this
time of reperfusion and in the respective sham-operated group.
OTX1 protein expression significantly increased (P 
 0.01)
after 48 h of reperfusion following in vivo ischemia and
remained unchanged in sham-operated preparations. Adminis-
tration of both NPLA and 1400W did not alter OTX1 protein
expression in normal and in sham-operated animals. NPLA and
1400W significantly reduced I/R-induced OTX1 protein en-
hancement at this time (P 
 0.001 and P 
 0.05, respectively)
(Fig. 7C).

In rat small intestine LMMP preparations (Fig. 7D), the
specific antibody revealed one band at 32 kDa. Since OTX2
mRNA significantly increased 24 h after reperfusion, OTX2
protein levels were analyzed in protein extracts of LMMP
obtained at this time of reperfusion and in the respective
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 0.05, ***P 
 0.001 by
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determined by comparing 2���Ct values normalized to 	-actin.
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sham-operated group. OTX2 expression significantly increased
after 24 h of reperfusion following in vivo ischemia (P 

0.001) and remained unchanged in sham-operated preparations
with respect to normal animals. In all experimental groups
NPLA reduced OTX2 protein levels. However, a statistically
significant reduction was observed only at 24 h of reperfusion
after ischemia and in the sham-operated group (P 
 0.001 and
P 
 0.01, respectively). In normal and sham-operated animals,
1400W did not modify OTX2 protein levels. The iNOS blocker
significantly reduced OTX2 protein expression after 24 h of
reperfusion following in vivo ischemia (P 
 0.05) reperfusion
(Fig. 7D).

Distribution of nNOS-immunoreactive and iNOS-immunore-
active in LMMP whole mounts preparations. In preparations
obtained from all experimental groups, nNOS-immunoreac-
tive was observed in the cytoplasm of myenteric neurons.
Some neurons had a large cell body with club-like dendrites,
while others were small with an ovoidal shape and with no
visible dendrites. nNOS-immunoreactive was evidenced

also in neuronal fibers within the ganglia and along the
interconnecting strands and in the secondary and tertiary
fiber tracts. (Fig. 8, A and D). The number of nNOS-immuno-
reactive myenteric neurons in LMMP preparations obtained
from normal animals was 21.8 � 2.8%, (n � 4) and was not
significantly different with respect to the values obtained at 24
and 48 h following the ischemic damage and to the relative
sham-operated groups (Fig. 9A). However, the profiles of
myenteric neurons staining for nNOS were altered in small
intestine specimens collected after 24 and 48 h of reperfusion.
Following 24 and 48 h after I/R, the total cell area and the ratio
between the total cell area and the cell soma area were
significantly larger with respect to both normal and sham-
operated animals (P 
 0.001 and P 
 0.05, respectively; Fig.
10, A and B). nNOS-immunoreactive neurons of both I/R
preparations significantly displayed more nuclear eccentricity,
which is indicative of damage, with respect to both normal and
sham-operated animals (P 
 0.001 and P 
 0.05, respectively)
(Fig. 10C). Total cell area, area ratios, and nuclear eccentricity
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Fig. 6. RT-PCR and Western blot analysis of nNOS and iNOS transcript and protein levels in rat small intestine longitudinal muscle myenteric plexus preparations
(LMMPs) during in vivo I/R. nNOS (A) and iNOS (B) mRNA levels in control animals (empty bar), at 24 and 48 h after inducing I/R (solid bars), and in the
respective sham-operated animal (slashed bars). The relative gene expression was determined by comparing 2���Ct values normalized to 	-actin. Values are
means � SE of 4–8 experiments of the percentage variation of relative gene expression with respect to values obtained in control animals. Levels of protein
expression of nNOS (C) and iNOS (D) were obtained in the membrane and supernatant fractions of LMMPs, respectively. Blots representative of immunoreactive
bands for nNOS and iNOS and 	-actin in the different experimental conditions are reported on top of C and D. Samples (100 �g) were electrophoresed in
SDS-10% polyacrylamide gels. Numbers at the margins of the blots indicate relative molecular weights of the respective protein in kDa. Specific treatments are
reported below graphs. Values are expressed as means � SE of 4–7 experiments of the percentage variation of optical density (O.D.) with respect to values
obtained in control. **P 
 0.01, ***P 
 0.001 vs. control animals; °°°P 
 0.001 vs. 24 h of I/R group; #P 
 0.05, ###P 
 0.001 vs. respective sham-operated
group; §P 
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 0.01 vs. respective I/R group by one-way ANOVA followed by Tukey’s test.
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of myenteric neurons staining for nNOS were not significantly
different in preparations obtained from normal and sham-
operated animals (Fig. 10, A–C).

In LMMP preparations obtained from all experimental
groups, iNOS staining was observed in the soma of myenteric
neurons with an ovoidal shape and no visible dendrites (Fig. 8,
G and J). In control animals, the percentage of iNOS-immu-
noreactive neurons was 5.2 � 0.6%, n � 6. The proportion of
iNOS-immunopositive neurons significantly increased 24 and
48 h after ischemia (11.6 � 1.3%, n � 5, P 
 0.001, and
11.7 � 0.8%, n � 6, P 
 0.001, respectively), with respect to
the value obtained in control animals. The number of myen-
teric neurons staining for iNOS in the myenteric plexus of
sham-operated animals was not significantly different with

respect to control values (Fig. 9B). Double labeling with S100
revealed the presence of iNOS-immunoreactivity in enteric
glial cells both in myenteric ganglia and in the muscular layer
(Fig. 8, M–O).

Distribution of OTX1-immunoreactive and OTX2-immuno-
reactive in LMMP whole mounts preparations. In preparations
obtained from all experimental groups, pan OTX-immunore-
activity was observed in the cytoplasm and nucleus of myen-
teric neurons as well as in prolongations surrounding neuronal
membranes. Some neurons had a large cell body, while other
smaller neurons with an ovoidal shape were prevalently local-
ized in the periphery of the ganglion (data not shown). In
control animals, the percentage of pan OTX-immunoreactive
neurons was 5.7 � 0.4%, n � 6. The proportion of pan-OTX-
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Fig. 7. RT-PCR and Western blot analysis of orthodenticle homeobox protein 1 and 2 (OTX1 and OTX2) transcript and protein levels in rat small intestine
longitudinal muscle myenteric plexus preparations (LMMPs) after in vivo I/R damage. RT-PCR quantification of OTX1 (A) and OTX2 (B) transcripts in control
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determined by comparing 2���Ct values normalized to 	-actin. Levels of OTX1 (C) and OTX2 (D) protein expression analyzed in supernatant fractions of
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 0.001 vs. control animals; °°°P 
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 0.001 vs. respective I/R or sham-operated group by one-way ANOVA followed by Tukey’s test.
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immunopositive neurons significantly increased 24 and 48 h
after ischemia (17.0 � 1.6%, n � 6, P 
 0.001, and 17.3 �
0.8%, n � 6, P 
 0.001, respectively), with respect to the value
obtained in control animals (Fig. 9C). The number of myen-
teric neurons staining for pan-OTX antibody in the myenteric
plexus of sham-operated animals was not significantly higher
(10.0 � 1.4%, n � 4 P 
 0.05, 11.0 � 0.6%, n � 4 P 
 0.01,
respectively) with respect to control values (Fig. 9C). Double
staining of both OTX1 and OTX2 specific antibodies with

S100 showed localization of OTX1 immunoreactivity in the
enteric glial network (Fig. 11, B–D), while OTX2 immunore-
activity could not be evidenced at this level (data not shown).
Double staining with specific antibodies directed against either
OTX1 or OTX2 and HUC/D showed that few myenteric
neurons are immunoreactive to OTX1 (data not shown), while
OTX2 has a predominant neuronal localization (Fig. 11, F–J).
In myenteric ganglion obtained from all experimental groups,
double staining showed that OTX1 immunoreactivity was

Fig. 8. Immunohistochemical localization of nNOS and iNOS in whole mount preparations of the rat small intestine obtained from animals subjected to in vivo
ischemia followed by 48 h reperfusion and in the relative sham-operated group. A–F: colocalization of nNOS with the neuronal marker HUC/D. G–L:
colocalization of iNOS with HUC/D. The neuronal marker HUC/D stained the somata of all myenteric neurons (B, E, H, and K). M–O: colocalization of iNOS
with the glial marker S100. Arrows indicate iNOS- and HUC/D-positive myenteric neurons (G–L). Bar � 50 �m.
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highly superimposable with iNOS labeling, whereas OTX1
immunostaining myenteric neurons were not positive to nNOS
as shown in Fig. 12, A–F. In all experimental groups, almost all
OTX2-immunoreactive neurons stained for nNOS (Fig. 12,
G–I). There was no evidence of costaining between OTX2 and
iNOS as shown in Fig. 12, J–L.

DISCUSSION

The present study strengthens the inference that after in vivo
I/R damage to the intestine, both nNOS and iNOS expressing

myenteric neurons may undergo important changes that sustain
derangements of motor function (24, 54, 56). In these condi-
tions, the number of iNOS-expressing neurons is increased,
while nNOS-immunopositive neurons, which are fundamental
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Fig. 10. Morphological analysis of nNOS immunoreactive neurons in rat small
intestine whole mounts preparations after I/R. A: nNOS cell profile areas,
including dendrites obtained from control animals (empty bars), at 24 and 48
h after inducing in vivo I/R (solid bars) and in the relative sham-operated
animals (slashed bars). B: ratios of total cell areas, including dendrites, to cell
body area (obtained from control animals (empty bars), at 24 and 48 h after
inducing in vivo I/R (solid bars), and in the relative sham-operated animals
(slashed bars). C: nuclear eccentricity (ratio of the major and minor diameters),
obtained from control animals (empty bars), at 24 and 48 h after inducing in
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bars).Values are expressed as means � SE of 4–6 experiments. *P 
 0.05,
***P 
 0.001 vs. control animals by one way ANOVA followed by Tukey’s
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for normal propulsion, are damaged, and both changes could
contribute to I/R-mediated slowing of transit. In addition, to
our knowledge, we provide the first morphological and biomo-
lecular data suggesting that NO produced by iNOS and nNOS
exerts a modulatory role on the expression of vital transcription
factors orthodenticle homeobox protein 1 and 2 (OTX1 and
OTX2) during I/R damage.

Yin and yang of iNOS and nNOS after I/R damage. In good
agreement with rat, mice, and human data (9, 54, 64), in our
model, re-establishment of blood flow after segmental mesen-
teric vascular occlusion induced a rapid infiltration of neutro-
phils in the external intestinal muscular layer secreting danger-
ous molecules, including myeloperoxidase (MPO). In particu-
lar, reperfusion of the rat small intestine after ischemia induced
an increase in neutrophil infiltration in both the submucosal
and smooth muscle layers, which reached statistical signifi-
cance 24 h after the SMA occlusion. Accordingly, MPO
activity increased during the reperfusion period in mucosa-
deprived intestinal segments reaching a maximum after 24 h.

The significant reduction of small intestine transit after both
60 min of ischemia and after 48 h of reperfusion reflects the
occurrence of adaptive changes in the intestinal motor function
after the I/R damage. In particular, the slowing of transit
observed after 60 min of ischemia may represent an acute
response to energy depletion and hypoxic injury (67). Accord-
ingly, in the mouse jejunum after 60 min of in vitro ischemia
the frequency of spontaneous contractions were drastically
reduced while the response to electrical transmural stimulation
was completely abolished (10). Analogous observations were
obtained in guinea pig ileum after an in vivo ischemic chal-
lenge (57).

In our study, restoration of normal metabolic conditions
resulted in initial improvement in intestinal motility, but fur-
ther reduction of transit was observed after 48 h of reperfusion.
Subsequently, in agreement with other studies, the efficiency of
the intestinal transit returned to control values by 72 h (8). The
major changes observed 24 to 48 h after reperfusion for both
neutrophil infiltration and intestinal transit suggest that these
time periods may be crucial for the development of damages to
the external muscular layer and the attached myenteric plexus,
which is reflected by the histological data showing cellular
suffering in both neurons and smooth muscle cells. Consistent

with this notion, in longitudinal muscle myenteric plexus
preparations (LMMPs), the amount of hypoxia-inducible fac-
tor-1� (HIF1�) mRNA significantly increased both at 24 and
48 h after I/R. HIF1� is a key regulator of the genomic
response to hypoxia in both physiological and pathophysiolog-
ical conditions since it may sustain the encoding of proteins
involved in cellular energy preservation and that support tissue
oxygenation, such as vascular endothelial growth factor-�
(VEGF�) (15). Interestingly, target VEGF� transcript levels
were also elevated at 24 and 48 h after I/R. In the sham-
operated group at 24 h after neutrophil infiltration, HIF1� and
VEGF� transcript levels were elevated, indicating likely in-
flammatory damage induced by laparatomy. Indeed, during
active intestinal inflammation, such as IBD, these three param-
eters are upregulated (4, 7, 17, 25).

Focusing on the possible divergent roles of nNOS and iNOS
in myenteric ganglia after an I/R, our immunohistochemical
findings suggest that in the rat small intestine, as previously
seen in guinea pig and mouse, the normal 22% nNOS contain-
ing myenteric neurons among the total myenteric neuron pop-
ulation, was unchanged (17, 54). Accordingly, protein and
transcript levels of nNOS in LMMPs were also unchanged.
However, the morphology of this subset of myenteric neurons
was profoundly affected, with swollen cytoplasm, enlarged and
distorted dendrites, and nuclear eccentricity. This supports the
notion of selective damage to nNOS containing myenteric
neurons after an I/R injury to the gut (55, 60). Also in accord
with other reports, in control conditions a small number of rat
small intestine myenteric neurons stain for iNOS, representing
about 6% of the myenteric neurons (24, 27, 46). Notably, iNOS
is also expressed in enteric glial cells, which represent an
important nonneuronal component of the enteric nervous sys-
tem and share many similarities with central nervous system
astrocytes. Several studies have demonstrated that enteric glial
cells, in analogy with the function of astrocytes, not only
contribute to a protective local microenvironment but may also
function in enteric information transfer via neuroligand action
(28, 58). iNOS expressed by enteric glia may then participate
in intestinal I/R damage, as does iNOS expressed by astrocytes
after an ischemic injury to the brain (3).

The number of iNOS immunostaining myenteric neurons
significantly increased at 24 and 48 h after I/R; and consistent

Fig. 11. Confocal images showing immunohistochemical localization of OTX1 and OTX2 in whole mount preparations of the rat small intestine obtained 24 and
48 h after inducing in vivo I/R. A–D: colocalization of OTX1 with the glial marker S100. A: OTX1 negative control obtained after incubation with nonimmune
rabbit serum. E–J: colocalization of OTX2 with the neuronal marker HUC/D. E: OTX2 negative control obtained after incubation with nonimmune goat serum.
Arrows indicate OTX2- and HUC/D-positive myenteric neurons (F–J). Bar � 50 �m.

G385NO REGULATES OTX HOMEOPROTEINS IN MYENTERIC PLEXUS AFTER I/R

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00386.2016 • www.ajpgi.org
Downloaded from journals.physiology.org/journal/ajpgi (093.035.245.045) on February 23, 2021.



with other reports for neuronal cells (47, 72), both transcript
and protein levels of iNOS significantly increased. Interest-
ingly, the results parallel those for HIF1�, a potent modulator
of iNOS mRNA transcription under I/R conditions (35).

The ability of 1400W to modulate iNOS mRNA at 24 and 48
h after I/R suggests a possible autoregulation of NO levels.
Both positive and negative feedback mechanisms for NO levels
have been suggested (1). In our study, pretreatment with
1400W attenuated I/R-induced increase of iNOS protein levels
more than iNOS mRNA levels, suggesting the occurrence of a
positive feedback pathway which amplifies iNOS translation
more than transcription.

The ability of 1400W and NPLA to reduce I/R-induced
enhancement of MPO activity in intestinal whole wall speci-
mens after 24 and 48 h of reperfusion suggests that both
iNOS-and nNOS-derived NO may take part to neutrophil
recruitment after an ischemic damage to the gut. In this view,
as observed in other peripheral tissues, NO produced by nNOS

not only represents a primary enteric neurotransmitter but may
also participate to the development of intestinal I/R injury (16).

However, when considering the neuromuscular transmis-
sion, the ability of NPLA to reduce small intestinal transit in
control and sham-operated animals strengthens the concept that
intestinal motility strictly relies upon the integrity of nNOS
function. In fact, at 48 h after I/R, greater transit slowing was
seen after nNOS selective blockade, consistent with previous
findings (8, 56). By contrast, at 48 h after I/R, iNOS blockade
restored efficiency of intestinal transit to control values, con-
sistent with overproduction of iNOS-derived NO as detrimen-
tal to intestinal motor function (9) Overall, nitrergic myenteric
neurons may gain functional plasticity by balancing NOS
isoforms (24, 61). nNOS may be the major source of NO in the
physiological modulation of nonadrenergic noncholinergic
motor responses, exerting a protective effect during I/R injury,
while upregulation of iNOS in these conditions would rather
enhance intestinal motor derangements.

Fig. 12. Confocal images showing colocalization of OTX1 and OTX2 with nNOS and iNOS in whole mount preparations of the rat small intestine during I/R.
A–F: colocalization of OTX1 with nNOS and iNOS in the small intestine of animals subjected to 60 min of in vivo ischemia followed by 48 h of reperfusion
preparations. G–L: colocalization of OTX2 with nNOS and iNOS in whole mount preparations of the rat small intestine obtained from animals subjected to 60
min of in vivo ischemia followed by 24 h of reperfusion. arrows indicate myenteric neurons positive for OTX1 but not for nNOS (B and C) and neurons staining
for OTX1 and iNOS (D–F). Arrows indicate myenteric neurons staining for OTX2 and nNOS (G–I) and neurons positive for OTX2 but not for iNOS (K and
L). Bar � 50 �m.
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Molecular mechanism of iNOS vs. nNOS action. The mo-
lecular mechanism/s underpinning the neurodamaging and
neuroprotective actions of iNOS and nNOS on myenteric
neurons during I/R injury have not been clearly elucidated. NO
has been described to participate to the I/R injury by diverse
molecular and biochemical pathways including activation of
transcription factors (44). Here we show that in myenteric
ganglia NO produced by either nNOS or iNOS after an I/R
injury may influence the availability of two homeobox tran-
scription factors, OTX1 and OTX2, both essential for brain
development (48, 61). OTX1 and OTX2 expression in adult
brain and soma is generally low, but several reports suggest
that both transcription factors may participate in tumor growth
or inflammatory injury (5, 14, 70). Ours is the first to assess the
possible involvement of OTX1 and OTX2 in the response of
myenteric ganglia to I/R injury. Both homeobox proteins are
indeed expressed in the myenteric plexus of the rat small
intestine: OTX1, predominantly in enteric glial cells, and
OTX2, uniquely in neuronal cells. Importantly, we find both
upregulated after I/R damage, with increased numbers of
myenteric neurons positive for OTX. Interestingly, while
OTX1 transcription was upregulated at 24 h and further ele-
vated at 48 h of reperfusion, OTX2 transcript and protein were
maximally elevated at 24 h of reperfusion and declined toward
control values at 48 h. The observation that both OTX1 and
OTX2 are expressed in normal adult rat myenteric ganglia and,
all the more, that their levels of expression may change after
I/R injury is highly suggestive that both proteins may have a
role in the modulation of intestinal neuromuscular functions.
Noteworthy, major changes in the number and function of both
excitatory and inhibitory enteric neuronal pathways may occur
in response to deletion of a homeobox gene phylogenetically
related to OTX, Ncx/Hox11L.1, which retains a fundamental
role for enteric ganglia development (2, 38, 48, 69).

Because sham-operated groups showed more OTX1 and
OTX2 mRNA than control LMMPs, OTX1 and OTX2 may be
sensitive to the inflammatory challenge associated with lapa-
ratomy. In this regard, several reports suggest that CDX2, an
intestine-specific homeodomain transcription factor phyloge-
netically related to OTX, is involved in the development of
inflammatory responses in the gut (13).

NPLA and 1400W were able to drastically reduce I/R-
induced OTX1 and OTX2 mRNA and protein levels in
LMMPs, suggesting that NO derived from both iNOS and
nNOS regulates OTX1 and OTX2 transcription and translation
in this model. However, 1400W modulates OTX1 mRNA and
protein levels more efficiently, indicating a more consequential
involvement of iNOS, as confirmed by the superimposition of
OTX1 with iNOS staining, but not with nNOS, in rat small
intestine myenteric plexus. By contrast, upregulation of OTX2
mRNA and protein was more sensitive to NPLA, indicating
greater selectivity for nNOS, as confirmed by the superimpo-
sition of nNOS and OTX2 immunostaining in myenteric gan-
glia.

NO may thus modulate myenteric and glial function by
promoting OTX1 and OTX2 upregulation, with NO derived
from iNOS promoting OTX1 upregulation more, while nNOS
seems to be more closely related to OTX2 upregulation. We
hypothesize that the neurodamaging and neuroprotective roles
of iNOS and nNOS during I/R injury in the gut may thus
involve corresponding activation of molecular pathways down-

stream of OTX1 and OTX2, respectively. On the whole these
observation are highly suggestive that an interplay between
myenteric nitrergic pathways and OTX transcription factors
may sustain NO-mediated development of altered motor re-
sponses after intestinal I/R injury. Interestingly, a preferential
involvement of enteric nitrergic inhibitory pathways underlays
development of dysmotility in Ncx/Hox11L.1�/� mice (38).

Intestinal ischemia is a rarely preventable event and most
research in the field has focused on advancing techniques for
early detection of ischemia and the development of novel
therapeutic approaches that target the reperfusion period fol-
lowing the ischemic insult. One of the more promising ap-
proaches is to individuate molecular pathways underpinning
cell damage and the superimposed inflammatory reaction,
which on its own may exacerbate I/R injury and hampers tissue
repair. Development of new therapeutic strategies in this field
comprise the modulation of cell death pathways as well as the
repair processes (26). In this perspective our data, by providing
new hints on the possible sources for NO in the myenteric
plexus after an I/R injury and by describing new molecular
pathways linked to its production, may contribute to the de-
velopment of novel strategies for the treatment of gastrointes-
tinal diseases such as I/R injury.
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