
fphar-08-00811 November 7, 2017 Time: 18:11 # 1

ORIGINAL RESEARCH
published: 08 November 2017

doi: 10.3389/fphar.2017.00811

Edited by:
Francisco Ciruela,

University of Barcelona, Spain

Reviewed by:
Robson Coutinho-Silva,

Universidade Federal do Rio
de Janeiro, Brazil
Romain Lefebvre,

Ghent University, Belgium

*Correspondence:
Paulo Correia-de-Sá

farmacol@icbas.up.pt

Specialty section:
This article was submitted to

Experimental Pharmacology and Drug
Discovery,

a section of the journal
Frontiers in Pharmacology

Received: 15 August 2017
Accepted: 26 October 2017

Published: 08 November 2017

Citation:
Vieira C, Ferreirinha F,

Magalhães-Cardoso MT, Silva I,
Marques P and Correia-de-Sá P

(2017) Post-inflammatory Ileitis
Induces Non-neuronal Purinergic

Signaling Adjustments of Cholinergic
Neurotransmission in the Myenteric

Plexus. Front. Pharmacol. 8:811.
doi: 10.3389/fphar.2017.00811

Post-inflammatory Ileitis Induces
Non-neuronal Purinergic Signaling
Adjustments of Cholinergic
Neurotransmission in the Myenteric
Plexus
Cátia Vieira, Fátima Ferreirinha, Maria T. Magalhães-Cardoso, Isabel Silva,
Patrícia Marques and Paulo Correia-de-Sá*

Laboratório de Farmacologia e Neurobiologia, Center for Drug Discovery and Innovative Medicines (MedInUP), Instituto de
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Uncoupling between ATP overflow and extracellular adenosine formation changes
purinergic signaling in post-inflammatory ileitis. Adenosine neuromodulation deficits
were ascribed to feed-forward inhibition of ecto-5′-nucleotidase/CD73 by high
extracellular adenine nucleotides in the inflamed ileum. Here, we hypothesized that
inflammation-induced changes in cellular density may also account to unbalance the
release of purines and their influence on [3H]acetylcholine release from longitudinal
muscle-myenteric plexus preparations of the ileum of 2,4,6-trinitrobenzenesulfonic acid
(TNBS)-treated rats. The population of S100β-positive glial cells increase, whereas
Ano-1-positive interstitial cells of Cajal (ICCs) diminished, in the ileum 7-days after
the inflammatory insult. In the absence of changes in the density of VAChT-positive
cholinergic nerves detected by immunofluorescence confocal microscopy, the inflamed
myenteric plexus released smaller amounts of [3H]acetylcholine which also became less
sensitive to neuronal blockade by tetrodotoxin (1 µM). Instead, [3H]acetylcholine release
was attenuated by sodium fluoroacetate (5 mM), carbenoxolone (10 µM) and A438079
(3 µM), which prevent activation of glial cells, pannexin-1 hemichannels and P2X7
receptors, respectively. Sodium fluoroacetate also decreased ATP overflow without
significantly affecting the extracellular adenosine levels, thus indicating that surplus ATP
release parallels reactive gliosis in post-inflammatory ileitis. Conversely, loss of ICCs may
explain the lower amounts of adenosine detected in TNBS-treated preparations, since
blockade of Cav3 (T-type) channels existing in ICCs with mibefradil (3 µM) or inhibition
of the equilibrative nucleoside transporter 1 with dipyridamole (0.5 µM), both decreased
extracellular adenosine. Data indicate that post-inflammatory ileitis operates a shift on
purinergic neuromodulation reflecting the upregulation of ATP-releasing enteric glial cells
and the depletion of ICCs accounting for decreased adenosine overflow via equilibrative
nucleoside transporters.

Keywords: post-inflammatory ileitis, acetylcholine release, adenosine release, ATP release, myenteric plexus,
enteric glia, interstitial cells of Cajal
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INTRODUCTION

Inflammation of the gastrointestinal (GI) tract triggers a series
of adaptive morphological, chemical and functional changes
in the cellular components responsible for maintaining gut
homeostasis (Sharkey and Kroese, 2001). These involve the
number and chemical coding of enteric neurons, but also the
relative abundance and activity of adjacent non-neuronal cells
such as enteric glia, interstitial cells of Cajal, fibroblast-like
cells and smooth muscle fibers, which are directly or indirectly
influenced by inflammatory cells infiltrates. Adaptive cellular
responses may impact on the coordination of motor function,
local blood flow, GI secretions and also on the endocrine
and immune reactions (Costa et al., 2000). As a matter of
fact, the post-inflammatory status is frequently accompanied by
significant changes in enteric motility (Pontell et al., 2009; Vieira
et al., 2014).

Changes in the release of purines together with adaptive
modifications of purinoceptors expression and/or function
are hallmarks of inflammatory reactions in most tissues,
with the GI tract being no exception (reviewed in Roberts
et al., 2012). Although purinergic signaling modifications
underlying inflammatory responses of the GI tract are not
fully understood, the extreme plasticity of the purinergic
system and its pathophysiological impact on immune reactions,
enteric neuronal networking and cellular communication make
drugs targeting the purinergic cascade ideal candidates for
treating inflammatory GI diseases. Purines, such as ATP and
adenosine, are released from activated infiltrating inflammatory
cells (Marquardt et al., 1984), as well from resident neuronal and
non-neuronal enteric cells (Stead et al., 1989; Bogers et al., 2000).
ATP released in response to inflammatory mediators is crucial
for neutrophil activation and immune defense (Lazarowski et al.,
2011), but can also function as a danger signal preventing cells
invasion of immune-privileged tissues, like myenteric ganglia
(Bradley et al., 1997).

In healthy individuals, ATP is co-released by vesicular
exocytosis from enteric neurons with other neurotransmitters,
like acetylcholine (ACh; Burnstock, 1976), which is the main
responsible for gut motility. Mounting evidences indicate that
ATP release from non-neuronal cells is also critical to control
organ functions, in both normal and stressful conditions
(Bodin and Burnstock, 2001; Lazarowski et al., 2011; Mutafova-
Yambolieva, 2012; Pinheiro et al., 2013; Silva et al., 2015).
Non-neuronal release of ATP may be carried out by vesicular
ATP transporters (VNUT) (Sawada et al., 2008; Lazarowski et al.,
2011), as well as via other mechanisms involving activation of
ABC proteins and hemichannels containing connexins and/or
pannexins (Bodin and Burnstock, 2001; Lazarowski et al., 2011;
Pinheiro et al., 2013; Carneiro et al., 2014; Timóteo et al., 2014;
Silva et al., 2015).

Once released from either neuronal or non-neuronal cells,
ATP modifies organ functions by activating directly ionotropic
P2X and metabotropic P2Y purinoceptors or indirectly, via
P1 receptors, after being metabolized into adenosine through
ecto-nucleotidases. At the myenteric neuromuscular synapse,
ATP transiently facilitates [3H]ACh release from non-stimulated

nerve terminals via the activation of P2X (most probably P2X2 or
P2X2/3) receptors (Duarte-Araújo et al., 2009). Fast conversion
of ATP directly into AMP catalyzed by NTPDases 2 and 3
(Vieira et al., 2014) and, subsequent, formation of adenosine
by ecto-5′-nucleotidase/CD73, controls evoked [3H]ACh release
through stimulation of high-affinity excitatory A2A and/or
inhibitory A1 receptors located on nerve terminals and ganglion
cells bodies of myenteric neurons, respectively (Duarte-Araújo
et al., 2004a, 2009; Vieira et al., 2011). However, inflammation
may lead to overexpression of NTPDase2 at the myenteric
synapse (Vieira et al., 2014), which is a preferential nucleoside
triphosphatase hydrolysing ADP 10 to 15 times less efficiently
than ATP (Kukulski et al., 2011). This favors ADP accumulation
instead of adenosine and subsequent down-regulation of enteric
neuromuscular transmission through the activation of inhibitory
P2Y1 receptors (Duarte-Araújo et al., 2009).

In contrast to ATP, adenosine is not stored nor released
from synaptic vesicles. The nucleoside is involved in the
fine-tuning modulation of enteric neuromuscular functions,
influencing nerve-evoked neurotransmitters release, smooth
muscle contractility, peristaltic reflexes and, ultimately, the GI
transit (reviewed in Antonioli et al., 2011b). Membrane-bound
adenosine receptor subtypes are heterogeneously distributed
throughout the gut. Our group has contributed to elucidate
the localization and function of all four adenosine receptor
subtypes at the longitudinal muscle–myenteric plexus of the
rat ileum (Vieira et al., 2011) and to uncover the complexities
underlying differential activation of adenosine receptors, namely
inhibitory A1 and excitatory A2A, which are major contributors
to control ACh release from cholinergic enteric neurons
(Duarte-Araújo et al., 2004a; Correia-de-Sá et al., 2006). Data
suggest that adenosine inactivation systems, both adenosine
deaminase and equilibrative nucleoside transporters, located in
close proximity to the nucleoside release / production sites
at the myenteric synapse are the key determinants for the
predominant excitatory tone mediated by A2A receptors. Under
normal physiological conditions, this microenvironment restricts
endogenous adenosine actions to the synaptic region where
A2A receptors are concentrated on cholinergic nerve terminals,
thus preventing activation of other receptor subtypes located
more abundantly in extrasynaptic regions (e.g., myenteric cell
bodies and enteric glia). Yet, this scenario may change under
pathological conditions (see e.g., De Man et al., 2003; Antonioli
et al., 2011a; Zoppellaro et al., 2013).

Concerning adenosine production, our group demonstrated
that the ecto-nucleotidase pathway contributes only partially
to the total interstitial adenosine concentration in the rat
myenteric plexus (Correia-de-Sá et al., 2006). Adenosine released
as such from either neuronal or non-neuronal cells seems to
be the main source of endogenous adenosine in the enteric
nervous system (Duarte-Araújo et al., 2004a). This release is
sought to be mediated by facilitated diffusion via equilibrative
nucleoside transporters (Duarte-Araújo et al., 2004a; Correia-
de-Sá et al., 2006) existing in interstitial cells of Cajal (ICCs)
(Vieira et al., 2014), among other cells. Another potential
source of endogenous adenosine could be adenosine 3′,5′-cyclic
monophosphate (cAMP) extruded from activated cells, which
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can be converted to AMP and then to adenosine by ecto-
phosphodiesterase and ecto-5′-nucleotidase/CD73, respectively
(Giron et al., 2008). Likewise, β-NAD+ released from stimulated
enteric nerve varicosities (Hwang et al., 2011; Durnin et al.,
2013) could also serve as adenosine precursor. But again, the
last two sources of adenosine depend on the activity of ecto-5′-
nucleotidase/CD73, which apparently accounts only partially for
endogenous adenosine accumulation in the myenteric plexus of
the rat ileum (Vieira et al., 2014).

Uncoupling between ATP overflow and extracellular
adenosine formation has been observed in post-inflammatory
ileitis (Vieira et al., 2014). This situation disrupts the purinergic
control of gut motility and has been ascribed to feed-forward
inhibition of ecto-5′-nucleotidase/CD73 by high extracellular
levels of adenine nucleotides together with augmentation of
adenosine deaminase (ADA) activity in the inflamed ileum.
While these findings explain, at least partially, the loss of
adenosine neuromodulation in the inflamed ileum, they miss
the point regarding enhancement of the ATP-mediated tone.
In this study, we hypothesized that inflammation-induced
changes in the density of specific enteric resident cells could
also account to unbalance the release of purines and, thus, their
influence on evoked [3H]ACh release from longitudinal muscle-
myenteric plexus preparations of rats with TNBS-induced
post-inflammatory ileitis.

MATERIALS AND METHODS

TNBS-Induced Intestinal Inflammation
Rat Model
The animals were provided free access to standard laboratory
chow and water. Animal care and experimental procedures
were carried out in accordance with the United Kingdom
Animals (Scientific Procedures) Act 1986 and followed the
European Communities Council Directive of 24 November 1986
(86/609/EEC) and the National Institutes of Health Guide for
Care and Use of Laboratory animals (NIH Publications No.
80-23) revised 1996. All studies involving animals are reported in
accordance with ARRIVE guidelines for reporting experiments
involving animals (McGrath et al., 2010). This study and all
its procedures were approved by the Ethics Committee and the
Animal Welfare Responsible Organism of ICBAS-UP (Decision
N◦ 224/2017).

Rats (Wistar, ∼200 g; CharlesRiver, Barcelona, Spain) of both
gender were kept at a constant temperature (21◦) and a regular
light- (06.30–19.30 h) dark (19.30–06.30 h) cycle, with food and
water) and a regular light- (06.30–19.30 h) dark (19.30–06.30 h)
cycle, with food and water ad libitum. Intestinal inflammation
was produced by the instillation of 2,4,6-trinitrobenzenesulfonic
acid (TNBS) into the lumen of the rat ileum, according to
the procedures described in a previous study from our group
(Vieira et al., 2014) and confirmed in haematoxylin-eosin stained
histological sections using the Pontell and Jergens criteria
(Jergens, 1999; Wirtz and Neurath, 2007; Engel et al., 2008;
Pontell et al., 2009). After a fasting period of 4–8 h with free
access to drinking water, rats underwent median laparotomy

under anesthesia with medetomidine (10 mg/Kg) plus ketamine
(75 mg/Kg) subcutaneously. At the end of the procedure animals
were retrieved with atipamezole (10 mg/Kg) subcutaneously. The
terminal ileal loop was gently exteriorized, and TNBS (40 mM,
1 mL) was injected through the enteric wall into the lumen of
the ileum with a 29G (0.3366 mm OD) beveled needle, 10 cm
proximal to the ileocolonic junction. Controls received 1 mL of
0.9% saline. Sixty minutes after surgery, the rats were allowed
to eat and drink ad libitum. After surgery, pain was controlled
with tramadol hydrochloride (10 mg/Kg) subcutaneously. To
have a control of the time course of body weight loss and
recovery after injection of TNBS, rats were weighed prior
to TNBS administration and daily following surgery. Animals
with intestinal inflammation (TNBS) transiently lose weight for
3–4 days after surgery and regain weight thereafter. Seven days
after surgery, animals were sacrificed following an overnight
fasting period.

[3H]Acetylcholine Release Experiments
Eight centimeters sections of the rat ileum not including the
terminal one centimeter and the injected proximal portion
were used. The longitudinal muscle strip with the myenteric
plexus attached was separated from the underlying circular
muscle according to the method of Paton and Vizi (1969).
This preparation is abundant in cholinergic neurons, mainly
excitatory neurons projecting to the longitudinal muscle (25%)
that receive inputs from intrinsic primary afferents (26%) and
from ascending and descending pathways (17%) (Costa et al.,
1996).

The procedures used for labeling the preparations and
measuring evoked [3H] acetylcholine ([3H]ACh) release were
previously described (Vizi et al., 1984; Duarte-Araújo et al.,
2004a; Correia-de-Sá et al., 2006; Vieira et al., 2011) and used with
minor modifications. Isolated longitudinal muscle-myenteric
plexus (LM-MP) strips were subdivided into 2-cm pieces, which
were randomly mounted in 365 µL chambers of a semi-
automated 12-sample superfusion system (SF-12 Suprafusion
1000, Brandel, Gaithersburg, MD, United States) heated at 37◦C.
The preparations were superfused with gassed (95% O2 and 5%
CO2) Tyrode’s solution containing (mM): NaCl 137, KCl 2.7,
CaCl2 1.8, MgCl2 1, NaH2PO4 0.4, NaHCO3 11.9 and glucose
11.2. After a 30-min equilibration period, nerve terminals were
labeled during 40 min with 1 µM of [3H]choline (specific activity
5 µCi/nmol) under electrical field stimulation (1 Hz frequency,
1 ms pulse width, 75 mA) using two platinum-made grid
electrodes placed above and below the muscle strip (transmural
EFS stimulation). Following loading, the washout superfusion
(1 ml/min) of the preparations was performed during 80 min
with Tyrode’s solution supplemented with the choline uptake
inhibitor, hemicholinium-3 (10 µM). Tritium outflow was
evaluated by liquid scintillation spectrometry (TriCarb2900TR,
Perkin Elmer, and Boston, MA, United States; % counting
efficiency: 56 ± 2%) in 0.6 ml bath samples automatically
collected every 1 min using the SF-12 suprafusion system.
[3H]ACh release was evoked by two periods of EFS (S1 and
S2), each consisting of 200 square wave pulses of 1 ms duration
delivered at a 5-Hz frequency. The area of the peak corresponding
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to evoked [3H]ACh release was calculated as the sum of the
differences between the total radioactivity present in the 4
samples collected after stimulus application and the basal tritium
outflow (see Figure 3A). Baseline values were inferred by linear
regression of the radioactivity decay immediately before stimulus
and after its return to baseline (e.g., Duarte-Araújo et al., 2004a;
Correia-de-Sá et al., 2006; Vieira et al., 2011, 2014). Test drugs
were added 8 min before S2 and were present up to the end of
the experiments. The change in the ratio between the evoked
[3H]ACh release during the two stimulation periods (S2/S1)
relative to that observed in control conditions (in the absence
of test drugs) was taken as a measure of the effect of the tested
drugs; in the absence of test drugs, the calculated S2/S1 ratios
were 0.83 ± 0.07 (n = 6) and 0.80 ± 0.09 (n = 6) in control and
TNBS-treated samples, respectively (see Figure 5A). Positive and
negative values represent facilitation and inhibition of evoked
[3H]ACh release, respectively. None of the drugs significantly
(P > 0.05) changed the basal tritium outflow.

Release of ATP and Adenine Nucleosides
(Adenosine plus Inosine)
The procedures used to measure ATP and adenine nucleosides
were previously described (Vieira et al., 2014). Experiments were
performed using an automated perfusion system for sample
collecting for given time periods, therefore improving the efficacy
of HPLC (with diode array detection) and bioluminescence
analysis. After a 30-min equilibration period, the preparations
were incubated with 1.8 mL gassed Tyrode’s solution, which was
automatically changed every 15 min by emptying and refilling
the organ bath with the solution in use. The preparations
were electrically stimulated once, 15 min after starting sample
collection (zero time), using 3000 square wave pulses of 1-ms
duration delivered at a 5-Hz frequency. In these experiments,
only the sample collected before stimulus application and the
two samples collected after stimulation were retained for analysis.
Bath aliquots (50–250 µL) were frozen in liquid nitrogen
immediately after collection, stored at −20◦C (the enzymes
are stable for at least 4 weeks) and analyzed within 1 week
of collection by HPLC with diode array detection (Finigan
Thermo Fisher Scientific System LC/DAD, equipped with an
Accela Pump coupled to an Accela Autosample, a diode array
detector and an Accela PDA running the X-Calibur software
chromatography manager). Chromatographic separation was
carried out through a Hypersil GOLD C18 column (5 µM,
2.1 mm × 150 mm) equipped with a guard column (5 µm,
2.1 mm × 1 mm) using an elution gradient composed
of ammonium acetate (5 mM, with a pH of 6 adjusted
with acetic acid) and methanol. During the procedure the
flow rate was set at 200 µL per min and the column
temperature was maintained at 20◦C. The autosampler was
set at 4◦C and 50 µL of standard or sample solution was
injected, in duplicate, for each HPLC analysis. In order to
obtain chromatograms and quantitative analysis with maximal
sensibility, the diode array detection wavelength was set at
259 nm for adenosine and 248 nm for inosine (Supplementary
Figure S1).

The ATP content of the same samples was evaluated in parallel
with the luciferin-luciferase ATP bioluminescence assay kit HS
II (Roche Applied Science, Indianapolis, IN, United States).
Luminescence was determined using a multi detection microplate
reader (SynergyHT, BioTek Instruments).

Stimulation-evoked release of adenine nucleotides and
nucleosides was calculated by subtracting the basal release,
measured in the sample collected before stimulation, from the
total release of adenine nucleotides and nucleosides determined
in the sample collected immediately after stimulus application.

Myographic Recordings of Ileal
Contractile Activity
The contractile activity of the LM-MP was recorded as previously
described (Vieira et al., 2009, 2011; Mendes et al., 2015). Ileum
strips from control and TNBS-treated rats were mounted along
the longitudinal axis in 14 ml capacity perfusion chambers
connected to isometric force transducers. The changes in tension
were recorded continuously with a PowerLab data acquisition
system (Chart 5, v.4.2; AD Instruments, United States). Tissues
were preloaded with 0.5 g of tension and allowed to equilibrate
for 90 min under continuous superfusion with gassed (95% O2
and 5% CO2) Tyrode’s solution at 37◦C.

Immunofluorescence Staining and
Confocal Microscopy Observation
LM-MP fragments were isolated from the rat ileum as previously
described. The LM-MP fragments were stretched to all directions
and pinned onto Petri dishes coated with Sylgard R©. The tissues,
then, were fixed in PLP solution (paraformaldehyde 2%, lysine
0.075 M, sodium phosphate 0.037 M, sodium periodate 0.01
M) for 16 h at 4◦C, unless stated otherwise. Following fixation,
the preparations were washed three times for 10 min each
using 0.1 M phosphate buffer. At the end of the washout
period, tissues were cryoprotected during 16 h with a solution
containing anhydrous glycerol 20% and phosphate buffer 0.1 M
at 4◦C and, then, stored at −20◦C for further processing. Once
defrosted, tissue fragments were washed with phosphate saline
buffer (PBS) and incubated with a blocking buffer, consisting
in fetal bovine serum 10%, bovine serum albumin 1%, triton
X-100 1% in PBS, for 2 h; washout was facilitated by constant
stirring of the samples. After blocking and permeabilization,
samples were incubated with selected primary antibodies (see
Table 1) diluted in the incubation buffer (fetal bovine serum
5%, serum albumin 1%, Triton X-100 1% in PBS), at 4◦C, for
48 h. For double immunostaining, antibodies were combined
before application to tissue samples. Please note that ICCs
immunofluorescence staining using antibodies against Ano-1
and c-Kit required the use of acetone as tissue fixative, which
difficult double immunostaining with other primary antibodies.
For the c-Kit/M3 double immunostaining, tissues were fixed
with acetone/formaldehyde solution (50% acetone, 2% PFA in
PBS) for 10 min at 4◦C, whereas the best results with Ano-1
antibody were obtained in tissues fixed with 100% acetone for
10 min at −20◦C. Following the washout of primary antibodies
with PBS supplemented with Triton X 1% (3 cycles of 10 min),
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tissue samples were incubated with species-specific secondary
antibodies in the dark for 2 h, at room temperature. In some
experiments tetramethylrhodamine-conjugated α-bungarotoxin
(BTX-rhod, 1.25 µM) was incubated together with secondary
antibodies to label ionotropic nicotinic receptors containing α7
subunits. Finally, tissue samples were mounted on optical-quality
glass slides using VectaShield as mounting media (VectorLabs)
and stored at 4◦C. Observations were performed and analyzed
with a laser scanning confocal microscope (Olympus FV1000,
Tokyo, Japan).

The images were stored in TIFF format with the same
resolution and, subsequently, analyzed with the ImageJ R© software
version 1.46r (National Institutes of Health) in order to quantify
the density of stained cell constituents of the LM-MP. Settings
such as the area, the integrated density and the mean gray value
were measured systematically in all analyzed images; background
settings were obtained from an area of the section untreated
with the primary-antibody. The values obtained were used to
calculate the corrected total cryosection fluorescence (CTCF)
using a formula published in the website1.

Co-localization was assessed by calculating the Pearson’s linear
correlation coefficient (ρ) and the staining overlap for each
confocal micrograph stained with two fluorescent dyes using
the Olympus Fluoview 4.2 Software (Olympus FV1000, Tokyo,
Japan) (see e.g., Barros-Barbosa et al., 2015, 2016a,b). The ρ value
is a measure of pixel-by-pixel covariance in the signal levels of

1http://sciencetechblog.com/2011/05/24/measuring-cell-fluorescence-using-
imagej

two images (stainings) and varies between +1 and −1, inclusive,
where 1 is total positive correlation, 0 is no correlation, and
−1 is total negative correlation; because it subtracts the mean
intensity from each pixel’s intensity value, the ρ coefficient is
independent of signal levels and signal offset (background). Thus,
the Pearson’s linear correlation coefficient can be measured in
two-color images without any form of preprocessing, making
it both simple and relatively safe from user bias (Dunn et al.,
2011). Because (1) ρ may be less sensitive to differences in
signal intensity between the components of an image caused by
different labeling with fluorocromes, photobleaching or different
settings of amplifiers, and (2) the negative values of ρ are difficult
to interpret when the degree of overlap is the quantity to be
measured, the subtraction of the averages of the two colors can
be omitted to create the overlap coefficient, which varies between
+1 (total overlap) and 0 (no overlap); as with the Pearson’s, this
coefficient is not dependent on the magnitude of the signal (gain),
but does depend on the background.

Materials and Solutions
2,4,6-trinitrobenzenesulphonic acid (TNBS); carbenoxolone,
choline chloride, paraformaldehyde (prills), lysine, sodium
periodate, anhydrous glycerol, fetal bovine serum (Sigma,
St Louis, MO, United States); serum albumin, triton X-100,
methanol, potassium dihydrogen phosphate (KH2PO4)
(Merck, Darmstadt, Germany); 3-[[5-(2,3-dichlorophenyl)-
1H-tetrazol-1-yl]methyl]pyridine hydrochloride (A438079),
mibefradil dihydrochloride, NG-nitro-L-arginine methyl ester

TABLE 1 | Primary and secondary antibodies used in immunohistochemistry experiments.

Antigen Code Species Dilution Supplier

Primary antibodies

NF200 ab8135 Rabbit (rb) 1:1000 ABCAM

nNOS ab1376 Goat (gt) 1:300 ABCAM

S100β Ab868 Rabbit (rb) 1:400 ABCAM

Ano-1 Ab53212 Rabbit (rb) 1:100 ABCAM

P2X7 APR-004 Rabbit (rb) 1:50 Alomone

M3 AMR-006 Rabbit (rb) 1:50 Alomone

ENT1 ANT-051 Rabbit (rb) 1:100 Alomone

VaChT AB1588 Guinea-pig (gp) 1:500 Chemicon

ChAT AB 144P Goat (gt) 1:100 Chemicon

GFAP MAB360 Mouse (ms) 1:600 Chemicon

Vimentin M0725 Mouse (ms) 1:150 Dako

c-Kit SC-1494 Goat (gt) 1:50 Santa Cruz

CD206 SC-34577 Goat (gt) 1:50 Santa Cruz

CD11B/αM Sc-53086 Mouse (ms) 1:50 Santa Cruz

PGP 9.5 7863-1004 Mouse (ms) 1:750 Serotec

Secondary antibodies

Alexa Fluor 488 anti-rb A-21206 Donkey 1:1000 Molecular probes

Alexa Fluor 488 anti-ms A21202 Donkey 1:1000 Molecular probes

Alexa Fluor 568 anti-gt A11057 Donkey 1:1000 Molecular probes

Alexa Fluor 568 anti-ms A-10037 Donkey 1:1000 Molecular probes

Alexa Fluor 633 anti-ms A21052 Goat 1:1000 Molecular probes

TRITC 568 anti-gp 706-025-148 Donkey 1:150 Jackson Immuno Res.

Dylight 649 anti-gp 706-025-148 Donkey 1:100 Jackson Immuno Res.
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hydrochloride (L-NAME), 2′,3′-O-(2,4,6-trinitrophenyl)adeno-
sine-5′-triphosphate tetra(triethylammonium) salt (TNP-ATP);
tetrodotoxin (TTX) (Tocris Cookson Inc., United Kingdom);
Sodium Fluoroacetate (Supelco); Apamin was from Abcam
Biochemicals (Cambridge, United Kingdom); tetramethyl-
rhodamine-conjugated α-bungarotoxin (BTX-rhod) was from
ThermoFisher Scientific (Waltham, MA, United States);
[methyl-3H]-choline chloride (ethanol solution, 80 Ci mmol−1)
(Amersham, United Kingdom); ATP bioluminescence assay kit
HS II (Roche Applied Science, Indianapolis, IN, United States);
medetomidine hydrochloride (Domitor, Pfizer Animal Health);
atipamezole hydrochloride (Antisedan, Orion, Espoo, Finland);
ketamine hydrochloride (Imalgene, Merial, Lyon, France);
Sodium chloride 0.9%, tramadol hydrochloride (Labesfal,
Santiago de Besteiros, Portugal).

All drugs were prepared in distilled water. All stock solutions
were stored as frozen aliquots at −20◦C. Dilutions of these
stock solutions were made daily and appropriate solvent controls
were done. No statistically significant differences between control
experiments, made in the absence or in the presence of the
solvents at the maximal concentrations used (0.5% v/v), were
observed. The pH of the perfusion solution did not change by the
addition of the drugs in the maximum concentrations applied to
the preparations.

Presentation of Data and Statistical
Analysis
The values are expressed as mean ± SEM, with n indicating
the number of animals used for a particular set of experiments.
Statistical analysis of data was carried out using unpaired
Student’s t-test with Welch correction. P < 0.05 represents
significant differences.

RESULTS

Post-inflammatory Ileitis Causes an
Increase in Enteric Glial Cells (Types III
and IV) and a Partial Loss of Pacemaker
Interstitial Cells of Cajal (ICCs)
Structural changes accompanied by neuronal cell death have
been observed in chronic intestinal inflammation (Sanovic et al.,
1999; Linden et al., 2005; Venkataramana et al., 2015). However,
we found no obvious changes in the amount of neurons
stained positively against (1) neurofilament NF200 expressed
predominantly in Dogiel type I and II neurons (Hu et al.,
2002), and (2) a pan-neuronal marker, protein gene product
9.5 (PGP 9.5), in the myenteric plexus 7 days after instillation
of TNBS into the lumen of ileum compared to control rats
treated with saline (Figures 1c-f). This is compatible with
Moreels et al. (2001) findings showing that TNBS-induced
ileitis in the rat lacks the chronic inflammatory phase and is
characterized by an (sub)acute transmural inflammation that is
accompanied by functional abnormalities of neuronal activity,
which persists for at least 8 weeks without obvious neuronal
loss (Stewart et al., 2003; Nurgali et al., 2007). Notwithstanding

this, these authors found alterations in longitudinal muscle
contractility which was attributed to structural thickness of the
ileal wall.

Confocal micrographs show that neuronal cells are grouped
in small clusters (enteric ganglia), which are interconnected
by nerve fiber bundles from whom emerge small diameter
nerve terminals (see e.g., Furness, 2006). Inflammatory
infiltrates consisting of monocytes/macrophages exhibiting
immunoreactivity against the integrin CD11B/OX42 were
found surrounding the myenteric plexus of TNBS-treated rats
(Figure 1b), but not in preparations from control animals
(Figure 1a). The absence of inflammatory cells inside myenteric
ganglia has been observed before (see also Figures 3C, 6) and this
is why myenteric ganglia are considered an immune-privileged
tissue (Bradley et al., 1997).

Enteric glial cells express astrocytic cell markers, including the
intermediate filament glial fibrillary acidic protein (GFAP) and
the calcium-binding protein S100β (Gulbransen and Sharkey,
2012). Subtypes of enteric glia are classified in: type I,
intraganglionic cells; type II, within interganglionic fibers; type
III, form a matrix in the extraganglionic region remaining in
close association with neuronal bundles; and type IV, elongated
glia running with nerve fibers within the musculature (Boesmans
et al., 2015). Figures 1g–j (and adjacent bar graphs) show
that the myenteric plexus of rats treated with TNBS exhibits
increased amounts of GFAP- and S100β-positive glial cells. Major
differences in GFAP- and S100β-immunostaining were found at
the neuromuscular region, meaning that TNBS treatment affects
predominantly glial cells in the extraganglionic (glial type III)
and intramuscular (glial type IV) regions. Thus, in contrast to
the absence of significant structural changes in the neuronal
cell population, TNBS-induced ileitis stimulates enteric glial
cells proliferation (Bradley et al., 1997) or, at least, the increase
in expression and/or synthesis of glial protein cell markers
(Cabarrocas et al., 2003), in a similar manner to that observed
in astrocytes of the CNS (Lhermitte et al., 1980; Rühl et al., 2004).

Interstitial cells of Cajal (ICCs) are known to act as pacemaker
cells and integrators of nerve activity and smooth muscle
contraction (Sanders, 1996). The number of these cells can
significantly change in pathological conditions (Ekblad et al.,
1998). Using vimentin, a characteristic intermediate filament
of mesenchymal cells like ICC/FLC, we show here that the
density of vimentin-positive cells decrease significantly in
the myenteric plexus of TNBS-induced ileitis (Figure 1l)
compared to control preparations (Figure 1k); the bar chart
does not show data regarding the corrected total cryosection
fluorescence (CTCF) staining of vimentin in control and
TNBS-treated rats because only two animals per group
were analyzed. Notwithstanding this, our data show that
staining with anoctamine-1 (Ano-1), a calcium-activated
chloride channel involved in the pacemaker activity of ICCs
(Gomez-Pinilla et al., 2009), also decreased in density 7-days
after instillation of TNBS into the lumen of the rat ileum
(Figure 2A). Bar charts next to the confocal micrographs show
that the partial loss of Ano-1 immunoreactivity was detected
focusing both in the ganglion layer (myenteric stellate cells;
Figures 2Aa,b) and in the neuromuscular region (intramuscular
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FIGURE 1 | Confocal micrographs of whole-mount preparations of the longitudinal muscle-myenteric plexus of the ileum of control (CTR) and TNBS-treated rats.
Z-stacks illustrate the immunoreactivity against CD11B/αM (OX42) (marker of inflammatory cells) (a,b), NF200 (neurofilament expressed in neurons) (c,d), PGP9.5
(pan-neuronal cell marker) (e,f), GFAP (g,h) and S100β (i,j) (enteric glial cells markers), and vimentin (intermediate filament of mesenchymal cells, like ICCs and
FLCs) (k,l). Images are representative of at least four different animals per group, except for vimentin where only two rats were analyzed in each group. Scale
bars = 100 µm. Bar charts at the right hand-side panels represents mean ± SEM of corrected total cryosection fluorescence (CTCF) staining for each cell marker;
CTCF staining discriminated by ganglion level and neuromuscular region are also shown for GFAP and S100β antibodies. ∗P < 0.05 (unpaired Student’s t-test with
Welch correction) represent significant differences from control animals.

spindle-shape cells, Figures 2Ac,d) of inflamed LM-MP
preparations.

The loss of ICC/FLC may affect the frequency of spontaneous
enteric contractions (Kinoshita et al., 2007). In fact, myographic
recordings demonstrate that spontaneous contractions of
LM-MP preparations of the ileum of TNBS-treated animals were
less frequent (P < 0.05) than those observed in control animals
(Figure 2Bi). The amplitude of spontaneous contractions
had a tendency to increase in TNBS-treated preparations,
though without reaching statistical significance (P > 0.05)
(Figure 2Bii).

Myenteric Neurons from the Ileum of
TNBS-Treated Rats Release Smaller
Amounts of [3H]ACh, But No
Relationship Exists between Cholinergic
Hypoactivity and Nitrergic Inhibitory
Signals
ACh is the prime regulator of intestinal motility and is
the most important excitatory neurotransmitter in the
myenteric plexus (Costa et al., 1996). Figure 3A shows that

cholinergic neurons from the myenteric plexus of TNBS-
treated rats release significantly less amounts of [3H]ACh
(see also Collins et al., 1992a; Davis et al., 1998) despite no
obvious changes were detected by confocal microscopy in
the density of cholinergic nerve fibers stained specifically
against the vesicular acetylcholine transporter (VAChT)
(Arvidsson et al., 1997) (Figure 3B).

Conversely, we found that TNBS-treated rats had higher
immunoreactivity against choline acetyltransferase (ChAT),
the enzyme that catalyzes the transfer of an acetyl group
from the coenzyme, acetyl-CoA, to choline yielding ACh
(Figure 3C). Bar charts next to the micrographs show that
changes are detected both in the ganglion layer and in
the neuromuscular region of TNBS-treated preparations.
Increases in ChAT-immunoreactivity may be due to the
presence of this enzyme inside CD11B-positive inflammatory
cells surrounding myenteric ganglia and infiltrating the
intramuscular layer of TNBS-treated rats (Figure 3C). In
inflamed preparations, CD11B co-localizes with ChAT in
a subset of ChAT-positive myenteric cells as indicated by
the staining overlap (0.185 ± 0.091, n = 8, P < 0.001) and
the Pearson’s coefficient (0.226 ± 0.082, n = 8, P < 0.001)
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FIGURE 2 | The partial loss of anoctamine-1 (Ano-1)-positive ICCs in the myenteric plexus of TNBS-treated rats correlates with the reduction in the frequency of
spontaneous contractions of the rat ileum. (A) Confocal micrographs of whole-mount preparations of the ileum of control and TNBS-injected rats taken at the
myenteric ganglion level (a,b) and at the longitudinal smooth muscle layer (c,d). Shown is the immunoreactivity against Ano-1, a calcium-activated chloride channel
involved in the pacemaker activity of ICCs. Images are representative of at least five different animals per group. Scale bars = 100 µm. Bar charts at the right
hand-side panel represents mean ± SEM of corrected total cryosection fluorescence (CTCF) of Ano-1 staining at the ganglion level and at the neuromuscular region.
(B) Histograms representing the frequency (i) and the amplitude (ii) of spontaneous myographic contractions of the ileum from control rats and TNBS-treated
animals. The data are mean ± SEM of an n number of animals. ∗P < 0.05 (unpaired Student’s t-test with Welch correction) represents significant differences from
control animals.

scores. Co-localization of CD11b and ChAT indicate that
inflammatory cells are able to synthesize ACh and might
contribute to non-neuronal ACh release (volume cholinergic
transmission) under certain conditions, like an inflammatory
insult.

The lack of obvious changes in the density of VAChT-
positive cholinergic nerve fibers, prompted us to investigate
whether cholinergic nerve hypoactivity had any relationship
with increased volume inhibitory neurotransmission operated
by NO, which can be released from neighboring nitrergic
nerves, enteric glia cells and/or infiltrating immunocytes
(MacEachern et al., 2015; see also Figure 4A). This was
hypothesized because up-regulation of nitric oxide synthase

(NOS) activity and enhancement of NO-mediated inhibitory
neurotransmission were demonstrated in chronic inflammatory
bowel diseases (Miller et al., 1993). Figure 4B shows that
inhibition of NOS activity with L-NAME (100 µM) had
no effect on evoked [3H]ACh release from the LM-MP
of the ileum of control and TNBS-treated rats, indicating
that NO does not mediate inhibition of [3H]ACh release
in TNBS-induced ileitis. Quantification of neuronal NOS-
immunoreactivity in the myenteric plexus of the ileum
of TNBS-treated animals was not significantly (P < 0.05)
different from control rats, both at the ganglion level and
at the neuromuscular region (Figure 4A and adjacent bar
charts).
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FIGURE 3 | Electrically stimulated myenteric neurons of TNBS-treated rats release smaller amounts of [3H]ACh. (Ai) Ordinates represent tritium outflow from typical
experiments using myenteric plexus-longitudinal muscle preparations from the ileum of control (CTR) and TNBS-treated rats expressed in disintegrations per min
(DPM)/g of wet tissue. Abscissa indicates the times at which samples were collected. [3H]ACh release was elicited by electrical field stimulation (5 Hz, 1 ms, 200
pulses) twice, starting at 4th (S1) and 13th (S2) minutes after the end of washout (zero time). (Aii) Shown is the amount of [3H]ACh released from electrically
stimulated myenteric neurons of the ileum of control and TNBS-treated rats during S1 in DPM/g of wet tissue. ∗P < 0.05 (unpaired Student’s t-test with Welch
correction) represents a significant difference from control animals. (B,C) Confocal micrographs of whole-mount preparations of the longitudinal muscle-myenteric
plexus of the ileum from control and TNBS-treated rats stained against the vesicular ACh transporter (VAChT) and choline acetyltransferase (ChAT). Please note the
presence of ChAT immunoreactivity inside CD11B-positive inflammatory cells surrounding myenteric ganglia and infiltrating the intramuscular layer of TNBS-treated
rats. Images are representative of at least five animals per group. Scale bar = 100 µm. Bar charts at right hand-side panels represent mean ± SEM of corrected total
cryosection fluorescence (CTCF) staining against VAChT and ChAT, respectively. ∗P < 0.05 (unpaired Student’s t-test with Welch correction) represents a significant
difference from control animals.
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FIGURE 4 | (A) Confocal micrographs of whole-mount preparations of the longitudinal muscle-myenteric plexus of the ileum from control and TNBS-treated rats
taken at the myenteric ganglion level (a,b) and at the longitudinal smooth muscle layer (c,d). Shown is the immunoreactivity against neuronal NOS (nNOS). Z-stacks
presented in panels (e) and (f) show that nNOS-positive nitrergic nerve fibers (red) are adjacent, but do not co-localize, with VAChT immunoreactivity (green). Images
are representative of at least four individuals per group. Scale bar = 100 µM. Bar charts at the right hand-side panel represent mean ± SEM of corrected total
cryosection fluorescence (CTCF) nNOS staining detected at the ganglion level and at the neuromuscular region. (B) Effect of the nitric oxide synthase (NOS) inhibitor,
L-Name (100 µM), on [3H]ACh released from stimulated myenteric neurons of the ileum of control and TNBS-treated rats. After loading and washout periods,
[3H]ACh release was elicited by two trains (S1 and S2) of electrical field stimulation, each consisting of 200 pulses delivered at a 5 Hz frequency. L-Name (100 µM)
was applied 8 min before S2. The ordinates are changes in S2/S1 ratios compared to the S2/S1 ratio obtained without addition of any drug. The data are
means ± SEM of four to six individuals.

Post-inflammatory Shift from Neuronal
to Non-neuronal Control of Evoked
[3H]ACh Release from Stimulated
Myenteric Neurons
Figure 5A shows that [3H]ACh release from electrical-stimulated
ileal myenteric neurons of healthy rats was almost prevented
(P < 0.05) by the blockage of nerve action potentials
with tetrodotoxin (TTX, 1 µM). This confirms our previous

observations, where we also demonstrated that [3H]ACh
excoytosis from depolarized myenteric nerve terminals depended
on Ca2+ influx through voltage-sensitive channels (Duarte-
Araújo et al., 2004a,b; Correia-de-Sá et al., 2006). Interestingly,
inhibition of electrically driven [3H]ACh outflow from TNBS-
treated preparations was much less sensitive to TTX (1 µM) than
control preparations (Figure 5A), but transmitter release was
still fully prevented (P < 0.05) in Ca2+-free conditions, i.e., the
S2/S1 ratio decreased from 0.80 ± 0.09 (n = 6) to 0.13 ± 0.01
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FIGURE 5 | (A) Effects of TTX (1 µM, a nerve action potential blocker), sodium
fluoroacetate (5 mM, a glial cell metabolism uncoupler), mibefradil (3 µM, an
inhibitor of Cav3 (T-type) channels existing in ICCs), apamin (0.3 µM, an
inhibitor of small-conductance KCa2 (SK3) channels characteristic of FLCs),
carbenoxolone (10 µM, a pannexin-1 inhibitor), A438079 (3 µM, a P2X7
receptor antagonist) and TNP-ATP (10 µM, a blocker of ionotropic P2X2 and
P2X2/3 receptors) on electrically evoked [3H]-ACh release from the LM-MP of
the rat ileum of control and TNBS-treated rats. After loading and washout
periods, [3H]ACh release was elicited by two trains (S1 and S2) of electrical
field stimulation, each consisting of 200 pulses delivered at a 5 Hz frequency.
Drugs were applied 8 min before S2. Abscissa is changes in S2/S1 ratios
compared to the S2/S1 ratio obtained without addition of any drug. The data
are means ± SEM of three to six individuals. ∗,#P < 0.05 (unpaired Student’s
t-test with Welch correction) represent significant differences from the situation
where no drugs were added to control and TNBS-treated preparations,
respectively (dashed vertical lines); § P < 0.05 (unpaired Student’s t-test with
Welch correction) represent significant differences from control animals.
Confocal micrographs of whole-mount preparations of the longitudinal
muscle-myenteric plexus of the ileum from control and TNBS-treated rats.
Shown is the P2X7 receptor immunoreactivity in preparations also stained
against the vesicular ACh transporter (VAChT, Bi) and the enteric glial cell
marker (S100β, Bii). The P2X7 receptor co-localizes partially with VAChT at
the ganglion level (Bi, white arrows); a more extensive co-localization exists
between the P2X7 receptor and the glial cell marker, S100β (Bii), both at
myenteric ganglia (white arrows) and at the neuromuscular layer (asteriks) of
control and TNBS-treated preparations. Z-stack images are representative of
at least four animals per group. Scale bar = 100 µm.

(n = 4) upon removing Ca2+ from the Tyrode’s solution. Thus,
the results suggest that [3H]ACh outflow in TNBS-induced ileitis
is likely due to exocytosis triggered via direct axonal activation by
a non-neuronal released activator (see e.g., Broadhead et al., 2012;
Gulbransen et al., 2012).

Under the present experimental conditions, the influence
of smooth muscle contractions was ruled out since the Cav1
(L-type) channel blocker, nifedipine (1 µM), depressed ACh-
induced contractions of the longitudinal muscle without affecting
the release of [3H]ACh from stimulated LM-MP of both control
(Correia-de-Sá et al., 2006) and TNBS-treated rats (unpublished
observations). Likewise, we discarded the participation of ICCs
and fibroblasts-like cells (FLCs) in the regulation of evoked
[3H]ACh release in both animal groups, because the transmitter
release was not (P > 0.05) affected when the experiments
were performed in the presence of selective inhibitors of ICCs
and FLCs activity (Figure 5A), namely mibefradil (3 µM) and
apamin (0.3 µM) which block specifically voltage-sensitive Cav3
(T-type) and small-conductance KCa2 (SK3) channels that are
characteristic of these cells, respectively (Fujita et al., 2003).

Next, we tested whether the gliotoxin, sodium fluoroacetate
(5 mM) (MacEachern et al., 2015), could affect [3H]ACh release
from stimulated myenteric neurons. Figure 5A, shows that while
sodium fluoroacetate (5 mM) was unable to change transmitter
release in preparations from healthy rats, it significantly
(P < 0.05) decreased evoked [3H]ACh release from myenteric
neurons of TNBS-treated animals. These results led us to the
hypothesis that the cholinergic tone is kept to a minimum due
to the release of an excitatory gliotransmitter from proliferating
enteric glial cells in post-inflammatory ileitis.

ATP May Be the Putative Excitatory
Gliotransmitter Responsible for Keeping
the Cholinergic Tone in Post-
inflammatory Ileitis
The nature of the putative excitatory gliotransmitter regulating
ACh release from inflamed myenteric neurons is uncertain.
Considering our previous observations that (1) ATP can be
released from both neuronal and non-neuronal cells, and that (2)
it can increase the release of [3H]ACh from resting myenteric
nerve terminals through the activation of ionotropic P2X
receptors in the presence of TTX (Duarte-Araújo et al., 2009), we
designed experiments to test if endogenous ATP could play any
role in the regulation of ACh release in TNBS-induced ileitis.

Recently, our group demonstrated that ATP can be released
from non-neuronal cells through hemichannels containing
pannexin-1 and this mechanism can lead to a “vicious cycle”
where ATP can induce the release of ATP via the activation of
ionotropic P2X and metabotropic P2Y receptors under normal
and pathological conditions (Pinheiro et al., 2013; Noronha-
Matos et al., 2014; Timóteo et al., 2014; Certal et al., 2015; Silva
et al., 2015). High extracellular ATP levels, such as those detected
after an inflammatory insult, can stimulate low-affinity P2X7
receptors, which often but not exclusively couple to pannexin-
1 to promote ATP outflow, via the pannexin-1 hemichannel
or the P2X7 receptor pore (Gulbransen and Sharkey, 2012;
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FIGURE 6 | CD11B-immunoreactive inflammatory cells surrounding myenteric ganglia and infiltrating the intramuscular layer of TNBS-treated rats also stain
positively against CD206 (a cell marker of anti-inflammatory M2 macrophages) and tetramethylrhodamine-conjugated α-bungarotoxin (BTX-rhod) identifying α7
subunit-containing nicotinic receptors both in Control (a,c,e,g) and TNBS-treated (b,d,f,h) rats. Confocal micrographs of whole-mount preparations of the
longitudinal muscle-myenteric plexus of the ileum of Control (i) and TNBS-treated (j) rats show that CD11B-positive cells do not express the P2X7 receptor. Images
are representative of at least four animals per group. Scale bar = 100 µm.

Diezmos et al., 2013). This prompted us to investigate the role
of pannexin-1 hemichannels and P2X7 receptors on [3H]ACh
release from stimulated LM-MP preparations of control and
TNBS-treated rats using specific inhibitors.

Figure 5A, shows that selective blockage of pannexin-1
hemichannels and P2X7 receptors respectively with
carbenoxolone (10 µM) and A438079 (3 µM) significantly
(P < 0.05) decreased [3H]ACh release from myenteric neurons
of TNBS-treated rats, but not of their control littermates.
The magnitude of the inhibitory effects on transmitter release
produced by carbenoxolone (10 µM) and A438079 (3 µM)
was about the same of that observed upon blocking glial
cells activity with sodium fluoroacetate (5 mM) (Figure 5A).
Notwithstanding the fact that P2X7 receptors are present in
VAChT-positive cholinergic nerve terminals in myenteric ganglia
(Figure 5Bi), the distribution of the P2X7 immunoreactivity in
the myenteric plexus of both groups of animals accompanies
that of the glial cell marker, S100β (Figure 5Bii). Co-localization
of the P2X7 receptor and the S100β glial marker has been
demonstrated before in the rat myenteric plexus (Vanderwinden
et al., 2003; Gulbransen and Sharkey, 2012). This feature was
confirmed and expanded to post-inflammatory ileitis in our
experimental settings as demonstrated by the elevated scores
of the staining overlap (0.706 ± 0.059 and 0.703 ± 0.001 in
control and TNBS-treated rats, respectively; 4 animals per group,
P < 0.01) and the Pearson’s coefficient (ρ = 0.674 ± 0.074 and
ρ= 0.665± 0.006 in control and TNBS-treated rats, respectively;
4 animals per group, P < 0.01) obtained by merging the two
fluorescence channels (yellow staining; see Figure 5Bii).

We discarded the presence of P2X7 receptors in
CD11B+/ChAT+ inflammatory cells surrounding myenteric
ganglia and/or infiltrating the intramuscular layer of the
ileum of TNBS-treated rats (Figures 6i,j), thus eliminating
the contribution of P2X7 receptors to TTX-resistant ACh

release from these cells. Notwithstanding this, our data show
that a subset of CD11B-labeled cells present in the myenteric
plexus of TNBS-treated rats are also positive to the scavenger
mannose C-type receptor, CD206, and to tetramethylrhodamine-
conjugated α-bungarotoxin (BTX-rhod) (Figures 6a–h).
Co-localization of CD11B and CD206 is reflected by increases
in the staining overlap from 0.170 ± 0.028 in control animals
to 0.431 ± 0.169 in TNBS-treated rats, while the same occurred
concerning the Pearson’s coefficient, i.e., the ρ value increased
from 0151 ± 0.027 in control animals to 0.411 ± 0.178 in
TNBS-treated rats (4 animals per group, P < 0.01). A similar
situation was verified when double immunolabelling CD11B
or CD206 positive inflammatory cells with BTX-rhod. This
labeling pattern suggests that CD11B-positive inflammatory
cells next to myenteric neurons of TNBS-treated rats have
an increasing proportion of anti-inflammatory macrophages
of the M2 subtype (Figures 6a–h; Rõszer, 2015) carrying α7
nicotinic receptors, which cohabitate with a still significant
amount of CD11B+/CD206− cells (most probably monocytes-
derived pro-inflammatory M1 macrophages). Activation of
α7 subunit-containing nicotinic receptors by ACh in resident
M2 macrophages modulates ATP-induced Ca2+ responses
which play a key role in the gastrointestinal cholinergic
anti-inflammatory pathway (Matteoli et al., 2014).

Murine enteric neurons express mainly P2X2 and P2X3
subunit-containing receptors (Galligan, 2002; Castelucci et al.,
2002; Ren et al., 2003), which are responsible for ATP-induced
Ca2+ transients (Ohta et al., 2005) and [3H]ACh overflow
from resting myenteric neurons in the presence of TTX
(Duarte-Araújo et al., 2009). Fast desensitizing homomeric P2X2
and/or heteromeric P2X2/3 receptor channels can be blocked
by micromolar concentrations of trinitrophenyl-substituted
nucleotides, especially TNP-ATP (Virginio et al., 1998). In control
rats, TNP-ATP (10 µM) reduced the release of [3H]ACh by
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FIGURE 7 | Effects of TTX (1 µM), sodium fluoroacetate (5 mM) and mibefradil
(3 µM) on ATP release from stimulated longitudinal muscle-myenteric plexus
preparations of the ileum from control and TNBS-treated rats. Drugs were in
contact with the preparations for at least 15 min before stimulus application
(5 Hz frequency, 3000 pulses of 1 ms duration). Samples from the incubation
media were collected and analyzed using the luciferin-luciferase
bioluminescence assay for ATP quantification (this figure); aliquots of the same
samples were used in parallel to measure their content in adenosine (plus
inosine) by HPLC with diode array detection (results in Figure 8). Ordinates
represent stimulation-induced increases in ATP above baseline levels
determined immediately before the stimulus application; results are expressed
in pmol/mg of tissue. The data are means ± SEM of four to six animals.
∗,#P < 0.05 (unpaired Student’s t-test with Welch correction) represent
significant differences from the amount of ATP released in the absence of any
drug added to preparations from control and TNBS-treated animals (dashed
horizontal lines), respectively.

53 ± 10% (n = 4), but its effect was significantly decreased
to 17 ± 5% (n = 5, P < 0.05) in the ileum of TNBS-treated
animals (Figure 5A). These findings raise the question about
the purinoceptor subtype involved in ATP-induced transmitter
release from myenteric neurons in post-inflammatory ileitis, a
situation where the extracellular concentration of the nucleotide
dramatically increases (Vieira et al., 2014). The low-affinity/slow-
desensitizing P2X7 receptor is the most probable candidate,
because (1) evoked [3H]ACh release was significantly attenuated
by A438079 (3 µM) (Figure 5A), and (2) VAChT-positive
cholinergic myenteric nerve terminals exhibit P2X7 receptor
immunoreactivity (Figure 5Bi).

Post-inflammatory Myenteric Glial Cells
Release Higher Amounts of ATP
In a previous study from our group, we demonstrated that
ATP is released in higher amounts from electrically stimulated
TNBS-treated preparations than in control tissues (Vieira et al.,
2014). High post-inflammatory ATP levels are comparable to
those obtained in control LM-MP preparations submitted to

blockage of action potentials generation, of glial cells metabolism
and of ICCs activation respectively with TTX (1 µM), sodium
fluoroacetate (5 mM) and mibefradil (3 µM) (Figure 7). These
findings indicate that all these cells contribute to keep low
extracellular ATP levels in normal physiological conditions.
However, this scenario changes considerably in TNBS-induced
ileitis. From the inhibitors used to target specifically the
three resident cell types in the myenteric plexus, only sodium
fluoroacetate (5 mM) was able to decrease significantly (P < 0.05)
the release of ATP in post-inflammatory ileitis, while TTX (1 µM)
and mibefradil (3 µM) were both ineffective (Figure 7).

This suggests that increased overflow of ATP after an
inflammatory insult may possibly result from activation of
proliferating glial cells. Interestingly, the pharmacology affecting
ATP overflow from stimulated ileal preparations of TNBS-treated
rats (Figure 7) looks like that verified by measuring the release of
[3H]ACh (Figure 5A), further strengthening our hypothesis that
ATP may be the putative excitatory gliotransmitter responsible
for keeping to a minimum the cholinergic tone in TNBS-induced
ileitis.

Moreover, blockade of pannexin-1 hemichannels with
carbenoxolone (10 µM) and P2X7 receptors with A438079
(3 µM) significantly (P < 0.05) decreased ATP overflow in
TNBS-treated rats; while carbenoxolone (10 µM) was more
active in decreasing the resting release of the nucleotide (from
5.1 ± 0.3 to 2.8 ± 0.4 fmol/mg, n = 4), A438079 (3 µM)
depressed the release of ATP induced by electrical stimulation to
the control level (from 9.2 ± 0.8 to 5.1 ± 0.6 fmol/mg, n = 4).
These results suggest that pannexin-1 hemichannels may drive
ATP release even during resting conditions, while ATP-induced
ATP release via the activation of low affinity P2X7 receptors
requires high extracellular levels of the nucleotide that might be
favored by electrical stimulation of the tissue.

Deficient Extracellular Adenosine
Accumulation in Post-inflammatory
Ileitis Parallels the Loss of ICCs
Although adenosine may be released from activated
inflammatory cells (Marquardt et al., 1984) in the vicinity
of myenteric neurons (Bogers et al., 2000), the loss of adenosine
neuromodulatory control of evoked [3H]ACh release in TNBS-
induced ileitis detected in a previous report results mainly from
deficient accumulation of the nucleoside at the myenteric synapse
(Vieira et al., 2014); this was verified despite the increase in ATP
content of the same samples. Uncoupling between ATP overflow
and adenosine levels in post-inflammatory ileitis was ascribed
to feed-forward inhibition of ecto-5′-nucleotidase/CD73 and
upregulation of adenosine deaminase. Here, we decided to
evaluate the putative contribution of inflammation-induced
cell density changes in the myenteric plexus to adenosine
deficiency. To this end, we measured in parallel to the ATP
levels the extracellular concentration of adenosine and of its
deamination metabolite, inosine, by HPLC (with diode array
detection) immediately before and after electrical stimulation
of LM-MP preparations of both control and TNBS-treated rats
in the presence of cell-specific activity inhibitors. Figure 8A
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shows that the amounts of adenosine (plus inosine) released
into the extracellular fluid following stimulation of the LM-MP
are much higher in healthy controls than in TNBS-treated
rats. It is worth to note that the amount of adenosine (plus
inosine) accumulated in the LM-MP of healthy rats following
electrical field stimulation was 7,000-fold higher than the
ATP concentration in the same collected samples. It is also
important to notice that we were unable to detect β-NAD+
and/or cyclic AMP in our collected samples, neither before
nor after electrical stimulation of the preparations; this was
verified despite our chromatographic system is suitable to detect
standards of these putative adenosine precursors in the same
(picomolar) concentration range (data not shown). In view
of this, stoichiometric conversion of ATP (or other released
adenine nucleotide) into adenosine by ectonucleotidases can
barely be considered a major source of the nucleoside in the
myenteric plexus of the rat ileum (see e.g., Correia-de-Sá
et al., 2006), thus confirming our previous suspicions that
high amounts of adenosine may be released as such from
neuronal and/or non-neuronal cells (Duarte-Araújo et al.,
2004a).

Stimulus-evoked adenosine (plus inosine) release was partially
dependent on neuronal activity in preparations from healthy
rats, but not in the ileum of TNBS-treated animals. This was
assumed because pre-treatment of the preparations with TTX
(1 µM) reduced by about 50% the outflow of adenine nucleosides
in control tissues with no effect on TNBS-treated preparations
(Figure 8A). This means that the neuronal source of adenosine
may be severely affected in TNBS-induced ileitis due to neuronal
cells dysfunction (see above). Even though we considered
unlikely that proliferating glial cells could contribute to adenosine
deficits in the inflamed myenteric plexus of the rat ileum, we
tested the effect of the glial cell metabolic uncoupler, sodium
fluoroacetate (5 mM). Inhibition of glial cells metabolism caused
a significant (P < 0.05), yet of smaller magnitude compared
TTX, reduction of adenosine outflow from stimulated LM-
MP preparations of control rats, whereas sodium fluoroacetate
(5 mM) had only a minor effect (P > 0.05) in the myenteric plexus
isolated from TNBS-treated rats (Figure 8A). The inhibitory
action of sodium fluoroacetate (5 mM) was slightly more
evident in healthy tissues than in TNBS-treated preparations,
which is in agreement with the proposed uncoupling between
ATP overflow and adenosine formation secondary to the
inflammatory insult.

Prevention of smooth muscle contractions with the voltage-
sensitive Cav1 (L-type) channel inhibitor, nifedipine (5 µM),
did not affect the release of adenosine (plus inosine) in both
animal groups (Correia-de-Sá et al., 2006; Vieira et al., 2009,
2014). However, blockade of Cav3 (T-type) channels expressed
in ICCs with mibefradil (3 µM) significantly (P < 0.05)
attenuated the release of adenosine (plus inosine) from both
control and TNBS-treated animals. Taking into consideration
previous findings from our laboratory demonstrating that
the nucleoside transport inhibitor, dipyridamole (0.5 µM),
decreased proportionally and by a similar amount the outflow
of adenosine (plus inosine) to that obtained with mibefradil
(3 µM) from both control and inflamed tissues (Vieira

et al., 2014), it is very likely that adenosine accumulated
in the ileum following an inflammatory insult originates
predominantly from activated ICCs via a dipyridamole-
sensitive equilibrative nucleoside transporter (ENT). The
presence of ENT1-immunoreactivity in ICC-like cells located
in the myenteric plexus of the ileum of control and TNBS-
treated rats is shown in Figure 8Bi. The decrease in ENT1
immunoreactivity seems to parallel that of Ano-1 positive ICCs
in the myenteric plexus of the ileum of TNBS-injected animals
(see Figures 2A, 8Bi).

In a previous study, we showed that adenosine outflow
via dipyridamole-sensitive ENT-1 may be positively modulated
by muscarinic M3 receptors in the LM-MP of the rat ileum
leading to activation of facilitatory A2A receptors on cholinergic
nerve terminals (Vieira et al., 2009). Signals from myenteric
motor nerves onto ICCs involve M3 receptors in mice intestine
(Wang et al., 2003; So et al., 2009), indicating that a close
relationship between enteric excitatory nerve terminals and
intramuscular ICCs is fundamental to modulate cholinergic
neurotransmission in the enteric nervous system (Wang et al.,
2003). Figure 8C shows that muscarinic M3 receptors are
located in a small subset of c-Kit positive ICCs in myenteric
ganglia, but this proportion significantly increases in c-Kit
expressing intramuscular ICCs. Similar results were obtained
in murine small intestine and gastric fundus (Epperson et al.,
2000; Lecci et al., 2002), with muscarinic M3 receptors
staining outside c-Kit-labeled cells most probably located
in enteric neurons. Interestingly, muscarinic M3 receptors
immunoreactivity substantially decreased in extraganglionic
myenteric cells of TNBS-injected animals compared to their
control littermates (Figure 8Bii). This pattern resembles that
obtained in micrographs stained with ENT1 and Ano-1
antibodies (see Figures 2A, 8Bi, respectively). Unfortunately, we
were unable to double label LM-MP preparations with ENT1
plus M3 and ENT-1 plus Ano-1 because the available antibodies
were raised in the same host species (rabbit) (see Table 1); in
addition, we felt technical difficulties when attempting to target
ENT-1 in c-Kit-stained ICCs because the latter requires the
use of a tissue fixative solution containing 50% acetone and
2% PFA in PBS, which revealed incompatible with the ENT-1
immunostaining.

DISCUSSION

TNBS-Induced Ileitis Affects Cholinergic
Function without Neuronal Cell Loss: A
Model to Study Neuronal to
Non-neuronal Cell Communication after
Inflammatory Insults
A number of key cellular players may be involved in the
reaction to inflammatory insults by the gastrointestinal system.
These include inflammatory cells, such as granulocytes,
lymphocytes, mast cells, monocytes and macrophages, which
release numerous cytokines, pro-inflammatory peptides,
neuroactive and neurotrophic factors, noxious compounds,
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FIGURE 8 | (A) Shows the effects of TTX (1 µM), sodium fluoroacetate (5 mM) and mibefradil (3 µM) on evoked adenosine (plus inosine) release from stimulated
LM-MP ileal preparations of control and TNBS-treated rats. Drugs were in contact with the preparations for at least 15 min before EFS. Samples from the incubation
media were collected and analyzed by HPLC with diode array detection to evaluate their content in adenine nucleosides (see Supplementary Figure S1); aliquots
of the same samples were tested in parallel using the luciferin-luciferase bioluminescence assay for ATP quantification (results in Figure 7). Ordinates represent
stimulation-induced increases in adenosine (plus inosine) above baseline levels determined immediately before EFS; results are expressed in pmol/mg of tissue. The
data are means ± SEM of four to six individuals. ∗,#P < 0.05 (unpaired Student’s t-test with Welch correction) represent significant differences from the amount of
adenosine (plus inosine) released in the absence of any drug added to preparations from control and TNBS-treated animals (dashed horizontal lines), respectively.

(Continued)
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FIGURE 8 | Continued
(B) Shown are confocal micrographs of whole-mount preparations of the longitudinal muscle-myenteric plexus of the ileum from control and TNBS-treated rats
stained against the equilibrative nucleoside transporter 1 (ENT1) (i) and the muscarinic M3 receptor. The staining pattern of both antibodies resembles that obtained
for anoctamine-1 (Ano-1)-positive interstitial cells at the ganglion level shown Figure 2. Images are representative of at least four individuals per group. Scale
bar = 100 µM. Bar charts at the right hand-side panels represents mean ± SEM of corrected total cryosection fluorescence (CTCF) of ENT-1 and muscarinic M3

antibodies staining, respectively. ∗P < 0.05 (unpaired Student’s t-test with Welch correction) represent significant differences from control animals. (C) Shown is
confocal micrographs of whole-mount preparations of the longitudinal muscle-myenteric plexus (LM-MP) of the ileum of control rats. Please note that the majority of
c-Kit positive interstitial cells of Cajal (ICCs, red) at the neuromuscular region are endowed with muscarinic M3 receptors (green) (long arrows); although
co-localization of c-kit (red) and muscarinic M3 receptor (green) is still apparent at the myenteric ganglion level (small arrows), most of the cells express only one of
these markers. Yellow staining denotes co-localization when overlaying the green and red confocal channels.

inflammatory enzymes and other danger signaling molecules.
Enteric plasticity comprises a wide range of structural and/or
functional changes in enteric neurons, glial cells and interstitial
cells (ICC/FLC). As a result of adaptive responses to different
types of pathophysiological conditions, enteric neurons are
able to rapidly change their structure, function and chemical
phenotype in order to maintain homeostasis of gut functions.
In contrast to long-term functional abnormalities in the activity
of neuronal cells described by several authors (Stewart et al.,
2003; Nurgali et al., 2007) and confirmed in the present study
by denoting hypoactivity of cholinergic neurotransmission,
we found no obvious modifications in the cellular density and
distribution of specific neuronal cell markers (e.g., NF200,
PGP 9.5, VAChT, nNOS) in TNBS-induced ileitis. In this
sense, ileitis caused by TNBS differs from other chronic
inflammatory disease models because it lacks the chronic
inflammatory phase (Moreels et al., 2001) that is usually
accompanied by neuronal cell loss (Sanovic et al., 1999; Linden
et al., 2005; Venkataramana et al., 2015). Notwithstanding,
this constrain may be turned into an advantage characteristic
of this animal model if one wants to investigate the adaptive
changes of neuronal to non-neuronal cells communication
after a transient inflammatory insult, as we aimed in this
work.

Results show that stimulated myenteric neurons release
smaller amounts of [3H]ACh in the ileum of TNBS-treated
rats compared to their control littermates, without evidence
of any alteration in the density of VAChT-positive cholinergic
nerve fibers in the myenteric plexus. Likewise, significant
decreases in [3H]choline uptake, acetylcholine release and
contractile responses to stimulation of enteric nerves have been
observed in rats with colitis induced by TNBS (Poli et al.,
2001). These results imply a functional loss, not corresponding
to cellular depletion, of cholinergic neurotransmission in
inflamed tissues (Collins et al., 1992a). The mechanism
underlying attenuation of ACh release in the inflamed rat
intestine has been a matter of debate in the literature, but
so far there is no unifying theory given the contradictory
findings when looking at different immune cell players and
inflammatory mediators (e.g., Davis et al., 1998). This is
so, even though evidences have been produced showing that
cytokines may directly change neurotransmitters content and
release (Collins et al., 1992b). This contention strengthens
our hypothesis that functional and structural adaptations of
resident non-neuronal myenteric cell populations of the rat
ileum may play a relevant role in the mechanisms underlying

downregulation of cholinergic neurotransmission in TNBS-
induced ileitis.

Post-inflammatory Depletion of ICCs
Correlates with Adenosine Deficiency
and Decreased Frequency of
Spontaneous Contractions in the Ileum
of TNBS-Treated Rats
Using immunofluorescence confocal microscopy, we show here
that the LM-MP of the rat ileum becomes deficient in Ano-1
positive ICCs, both in the ganglion layer (myenteric stellate
cells) and at the neuromuscular region (intramuscular spindle-
shape cells). The same occurred regarding immunostaining
against vimentin, which is an intermediate filament protein also
present in FLCs. Porcher et al. (2002) demonstrated an almost
complete abolition of interstitial cells in biopsy samples from
patients with Crohn’s disease. In the more severe colitis rat
model, muscularis resident macrophages have been implicated
in the loss of ICCs detected 7-days after instillation of TNBS
(Kinoshita et al., 2007). TNF-α secreted from classically activated
M1 macrophages reduces the number of cultured ICCs, whereas
the conditioned medium from M2 macrophages had no effect
(Eisenman et al., 2017). Co-localization studies show here that
despite the increasing proportion of CD11B+/CD206+/BTX-
rhod+ anti-inflammatory M2 macrophages (see Rõszer, 2015)
next to myenteric neurons of TNBS-treated rats, these cells
cohabitate with a still important subset of CD11B+/CD206−
inflammatory cells, most probably composed of monocytes-
derived pro-inflammatory M1 macrophages. This inflammatory
cell pattern may be responsible for the loss of ICCs detected in
post-inflammatory ileitis and may account to the decrease in the
frequency of spontaneous contractions of LM-MP preparations
of the ileum of TNBS-treated rats, as these cells have been
implicated in the generation of electrical slow waves regulating
the phasic contractile activity of the gastrointestinal smooth
muscle (Kinoshita et al., 2007).

To our knowledge, this is the first report showing a
relationship between the loss of ICCs in the myenteric
plexus of the rat ileum following an inflammatory insult
and depletion of extracellular adenosine compared to the normal
physiological condition. This was concluded because the lowest
extracellular adenosine levels in the ileum were detected upon
blocking the activity of ICCs with the Cav3 (T-type) channel
inhibitor, mibefradil, both in control conditions and after
the inflammatory insult with TNBS. Therefore, it is highly
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likely that this mechanism, together with the feed-forward
inhibition of ecto-5′-nucleotidase/CD73 and upregulation of
adenosine deaminase shown in our previous study (Vieira
et al., 2014), may concur to prevent adenosine-mediated actions
in post-inflammatory ileitis. Considering that, under normal
physiological conditions, endogenous adenosine facilitates
[3H]ACh release from stimulated myenteric neurons through
the preferential activation of pre-junctional A2A receptors
(Duarte-Araújo et al., 2004a), one may speculate that cholinergic
hypoactivity in TNBS-induced ileitis is dependent on the loss of
adenosine A2A receptor-mediated neurofacilitation. Although
not explored in this study cholinergic nerve hypoactivity in
TNBS-induced ileitis may also be due to reinforcement of the
muscarinic M2-receptor-mediated pre-synaptic auto-inhibition
(Takeuchi et al., 2005; Vieira et al., 2009). Yet, even if this
mechanism is verified it may be cut-short by the resultant
decline of [3H]ACh release from inflamed myenteric nerves. One
must also not forget that neurons are an important source of
extracellular adenosine in the ileum of healthy animals (Correia-
de-Sá et al., 2006) and this resource may turn to be deficient
accompanying inflammation-induced functional abnormalities
of myenteric neurons, which cannot be compensated by the
concurrent loss of interstitial cells.

Depletion of ICCs Downregulates M3
Receptor-Mediated Adenosine Overflow
via ENT1, Decreasing Facilitation of
Cholinergic Neurotransmission via
Pre-synaptic A2A Receptors
Purinergic re-enforcement to maintain cholinergic
neurotransmission during high enteric nerve activity or
whenever endogenous levels of adenosine become elevated has
been observed in hypoxia, inflammation and postoperative ileum
(Milusheva et al., 1990; De Man et al., 2003; Kadowaki et al.,
2003). In a previous study, we provided evidence suggesting
that muscarinic M3 receptors activation by neuronally released
ACh triggers a positive feedback loop leading to facilitation
of transmitter release that is indirectly mediated by adenosine
outflow and activation of pre-junctional A2A receptors (Vieira
et al., 2009). Yet, at that time we had no information regarding
the cellular players of the tripartite myenteric neuromuscular
synapse involved in this pathway. Nowadays, we learned that
c-kit positive ICCs are endowed with muscarinic M3 receptors
coupled to Gq/11 (reviewed in Ward and Sanders, 2001; Goyal,
2013; see also Figure 8) and these receptors can be activated
by inhibiting endogenous ACh breakdown with physostigmine
resulting in adenosine overflow from the myenteric plexus of
healthy rats (Vieira et al., 2009). Activation of phospholipase C
(PLC) by muscarinic M3 receptors causes the formation of IP3
and DAG with subsequent recruitment of intracellular Ca2+

and protein kinase C activation, respectively (Koh and Rhee,
2013). Increases in intracellular Ca2+ can strengthen activation
of protein kinase C, which subsequently stimulates adenosine
outflow via the equilibrative transporter ENT1 (Coe et al.,
2002). Increase in protein kinase C activity might also stimulate
5′-nucleotidase inside cells (Obata et al., 2001) and/or inhibit

adenosine kinase (Sinclair et al., 2000), enhancing intracellular
adenosine accumulation and the efflux of the nucleoside from
the cells. These hypotheses were confirmed in the myenteric
plexus of healthy rats incubated with the protein kinase C
activator, phorbol 12-myristate 13-acetate, whereas extracellular
adenosine accumulation was prevented by inhibiting ENT1 with
dipyridamole (Vieira et al., 2009).

Using immunofluorescence confocal microscopy, we show
here that the density of muscarinic M3 receptors decreased
significantly in the myenteric plexus of the ileum of TNBS-
treated rats. Downmodulation of M3 receptors-immunolabelling
was more significant at the intramuscular level and paralleled
the decrease in the immunostaining against ENT1 and Ano-1
in LM-MP preparations of rats injected with TNBS. In this
context, our current vision is that the loss of ICCs expressing
muscarinic M3 receptors in TNBS-induced ileitis contributes
to reduce extracellular adenosine accumulation, breaking down
the amplification loop initiated by ACh release from myenteric
neurons that is mediated by muscarinic M3 receptors-induced
adenosine overflow from ICCs, and concluded through the
activation of facilitatory A2A receptors on cholinergic nerve
terminals. To our knowledge, this is the first time adenosine
released from myenteric ICCs is implicated in functional
cholinergic nerve abnormalities in post-inflammatory ileitis.

Surplus ATP Released from Proliferating
Glial Cells Contributes to Sustain
Cholinergic Tonus at Minimum in
TNBS-Induced Post-inflammatory Ileitis
While the findings discussed so far may justify the
downregulation of cholinergic neurotransmission in TNBS-
induced ileitis, they fail to explain why ACh release from
inflamed myenteric neurons becomes partially resistant
to blockade of nerve action potentials by TTX and the
mechanism(s) underlying the TTX-resistant transmitter release
that is low, but still significant, in inflamed preparations.
The appearance of TTX-resistant sodium currents has been
observed before in TNBS-induced ileitis (Stewart et al., 2003).
Interestingly, the pharmacology concerning the modulation of
[3H]ACh release from myenteric motor neurons of TNBS-treated
rats is remarkably similar to that obtained when attempting to
control ATP release in the same preparations. Notwithstanding
the fact that inflammation-induced variations in the myenteric
concentrations of ACh and ATP diverge (i.e., ACh decreases
and ATP increases), the release of the two transmitters were
significantly reduced in the presence of the gliotoxin, sodium
fluoroacetate, but it was not affected by the neuronal activation
blocker, TTX. These results led us to suggest that enteric glia cells
are crucial to maintain ACh release from inflamed myenteric
neurons and that ATP released from these cells may be the
excitatory gliotransmitter responsible for keeping cholinergic
tonus at minimum in TNBS-induced ileitis.

As a matter of fact, we observed increases in GFAP- and
S100β-immunoreactivities in TNBS-induced ileitis suggesting
that the inflammatory insult may stimulate enteric glial
cells proliferation (Bradley et al., 1997) and/or activate the

Frontiers in Pharmacology | www.frontiersin.org 17 November 2017 | Volume 8 | Article 811

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-08-00811 November 7, 2017 Time: 18:11 # 18

Vieira et al. Purinergic Signaling in Post-inflammatory Ileitis

expression/synthesis of glial protein cell markers (Cabarrocas
et al., 2003). The release of cytokines and growth factors
from inflammatory and immune cells may promote glial
cells proliferation (Fields and Burnstock, 2006). On the
other hand, enteric glial cells may secrete high amounts of
neurotrophic factors, like NGF and GDNF, which may change
the neurochemical code and content of neurotransmitters in
myenteric neurons, even if they do not vary in terms of density
(Von Boyen and Steinkamp, 2010). Enteric glia cells may also
be a source of pro-inflammatory cytokines, such as IL-6 and
IL-1β (Stoffels et al., 2014), with the latter being associated with
the suppression of ACh release from the myenteric plexus (Van
Assche and Collins, 1996). However, if this were the case in
TNBS-induced ileitis, blockade of enteric glia cells metabolism
would enhance, rather than decrease, evoked [3H]ACh release
from myenteric motor neurons. Moreover, enteric glia contain
neurotransmitter precursors, uptake and degrade neuroactive
substances, express neurotransmitter receptors and provide
neurosupporting actions (Vasina et al., 2006). Regarding recovery
from inflammatory adaptive cell changes, it appears that enteric
glial dysfunction does not persist after the resolution of intestinal
inflammation in TNBS-treated animals, indicating that attempts
to correct glial cells dysfunction may be restricted to the course of
inflammatory adaptations (MacEachern et al., 2015).

The function of enteric glial cells is intimately tied to
the levels of purines and membrane-bound ectonucleotidases,
which regulate the availability of P2 receptor ligands (Braun
et al., 2004; Lavoie et al., 2011). Data from this study suggest
that surplus ATP released by the myenteric plexus after an
inflammatory insult may originate from proliferating glial cells,
because ATP accumulation was reduced to control levels in
the presence of the specific glial metabolic uncoupler, sodium
fluoroacetate. ATP released from glial cells, acting most likely
via pre-junctional homodimer P2X2 or heterodimer P2X2/3
receptors sensitive to TNP-ATP, may trigger the release of
ACh directly from cholinergic nerve terminals (Galligan, 2002;
Castelucci et al., 2002; Ren et al., 2003; Ohta et al., 2005;
Duarte-Araújo et al., 2009; see also Figure 5A). Ionotropic
P2X receptor subtypes are Ca2+ permeable non-selective cation
channels (also permeable to Na+), which can also inhibit
membrane potassium conductance in enteric neurons (Barajas-
López et al., 1996). Via these mechanisms, ATP can cause
membrane depolarization leading to a secondary opening of
voltage-gated Ca2+ channels and to transmitter exocytosis
in the absence of action potential generation (Duarte-Araújo
et al., 2009; see also Barthó et al., 2006), thus contributing
to the maintenance of the cholinergic tone within a certain
extent. Redistribution of NTPDase2, but not NTPDase3 from
ganglia to the neuromuscular region leads to preferential ADP
accumulation from released ATP, particularly when extracellular
ATP levels reach the Vmax for NTPDase3 (Duarte-Araújo
et al., 2009) like that occurring in inflamed neuromuscular
synapses (Vieira et al., 2014). Inflammation-induced increase
in the expression of NTPDase2 in intramuscular glia may
also contribute to restrain nerve-evoked ACh release in TNBS-
induced ileitis due to the activation of ADP-sensitive inhibitory
P2Y1 receptors in myenteric nerve terminals (Duarte-Araújo

et al., 2009), yet this hypothesis needs further experimental
confirmation.

The Post-inflammatory Shift from
Neuronal to Non-neuronal ACh Release
Involves Ionotropic P2X7 Receptors and
ATP Release via Pannexin-1
Hemichannels from Proliferating Glial
Cells
Next we attempted to investigate the mechanism underlying the
control shift from neuronal to non-neuronal of ACh release in
TNBS-induced ileitis. Results show that evoked ACh release from
inflamed myenteric neurons was attenuated by blocking the P2X7
receptor-pannexin-1 pathway respectively with A438079 and
carbenoxolone in a similar manner to that verified with sodium
fluoroacetate. Interestingly, the P2X7 receptor immunoreactivity
in the myenteric plexus of the rat ileum is remarkably similar
to that obtained for the glial cell marker, S100β, indicating that
they may co-localize as shown previously (Vanderwinden et al.,
2003; Gulbransen and Sharkey, 2012). Despite this, the P2X7
receptor is also expressed in neuronal soma and nerve terminals,
but it is absent from smooth muscle fibers, interstitial cells and
anti-inflammatory M2 macrophages (CD11B+/CD206+cells).

The ionotropic P2X7 receptor is a non-selective cation
channel allowing Na+ and Ca2+ influx and K+ efflux in the
presence of high-micromolar ATP concentrations (Morandini
et al., 2014). This receptor has been largely associated with
inflammatory diseases, including inflammatory bowel diseases
(Diezmos et al., 2013), and it can signal through caspase-1
to cause the production of pro-inflammatory IL-1β and IL-18
(Kurashima et al., 2012), as well as TNF-α and nitric oxide (Alves
et al., 2013), from inflammatory cells. Prophylactic systemic
P2X7 receptor blockade attenuates the severity of mucosal
damage, lowers macrophage and T-cells infiltration, and prevents
the production of pro-inflammatory cytokines like TNF-α and
IL-1β (with no changes detected in anti-inflammatory TGF-β
and IL-10) secondary to experimental colitis in rats (Marques
et al., 2014). This information is supported by our findings
showing that resident anti-inflammatory M2 macrophages
(CD11B+/CD206+cells) in the myenteric plexus of the rat ileum
do not express P2X7 receptors 7 days after the inflammatory
insult. The corollary of this finding may be that P2X7-mediated
pro-inflammatory actions in inflammatory bowel diseases are
undertaken by monocyte-derived macrophages polarized toward
the M1 phenotype (CD11B+/CD206− cells). Macrophages of the
M1 subtype overexpressing the P2X7 receptor were found in the
inflamed mucosa and have been implicated in the pathogenesis of
Crohn’s disease in human patients (Neves et al., 2014). These cells
usually contribute to initiate and sustain inflammation through
the release of large amounts of cytokines (e.g., IL-1β, TNF-α,
IL-12, IL-18, and IL-23) and NO from L-arginine, whereas
anti-inflammatory M2 macrophages are most often involved in
phagocytic activity, immune confinement and tissue remodeling
during the healing phase of inflammatory insults. It also became
clear from our data that maintenance of the non-neuronal
cholinergic tone attributed to activation of P2X7 receptors in
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FIGURE 9 | Inflammation-induced cholinergic hypoactivity is deeply dependent on the purinergic shift from a preferential adenosinergic tone under physiological
conditions to a more prevalent ATP-mediated control of ACh release in TNBS-induced ileitis. The post-inflammatory loss of ICCs correlates with adenosine deficiency
in the ileum of TNBS-treated rats breaking down facilitation of cholinergic neurotransmission operated by muscarinic M3 receptors-induced adenosine overflow from
ICCs via ENT-1 and activation of pre-junctional facilitatory A2A receptors. Adenosine depletion contrasts with the excess of ATP released from proliferating glial cells
after the inflammatory insult and may also be explained by deficient formation from release adenine nucleotides by NTPDase cascade redistribution and excess of
catabolism by adenosine deaminase (ADA) overproduction in inflammatory tissues (see Vieira et al., 2014). Extracellular ATP accumulation contributes to maintain
the cholinergic tone at a minimum through the activation of high affinity / fast desensitizing pre-junctional P2X2 and/or P2X2/3 receptors. Inflammatory-induced
neuronal to non-neuronal shift of ACh release is also intimately tight to a mechanism involving low affinity / slow desensitizing ionotropic P2X7 receptors and surplus
ATP release via pannexin-1 hemichannels from proliferating glial cells. This scenario admits that post-inflammatory ileitis recapitulates an ancestral mechanism by
which ATP released by glial cells directly (via ionotropic P2X receptors) stimulates ACh release from cholinergic nerve terminals even when these cells are disturbed
and unable to generate normal action potentials. ACh: acetylcholine; ADO: adenosine; ENT1: equilibrative nucleoside transporter 1; ICC: interstitial cells of Cajal;
Panx1: pannexin-1 hemichannels. Solid arrows indicate preferential mechanisms, while dotted arrows are assigned to deficient paths.

post-inflammatory ileitis cannot be due to ACh release from
CD11B+/CD206+/ChAT+ inflammatory cells infiltrating the
myenteric plexus because these cells do not express this receptor.

Pannexin-1 is also expressed in a variety of immune cells and
is required for caspase-1 cleavage in response to P2X7 receptor
activation (Pelegrin and Surprenant, 2006). Downregulation
of pannexin-1 is associated with pro-inflammatory responses,
whereas the opposite promotes anti-inflammatory reactions
(Sáez et al., 2014). Pannexin-1, along with pannexin-2, is
expressed in all layers of the human colon, including the
mucosa, muscularis mucosa, submucosa and muscularis externa,
where it is found preferentially in enteric ganglia, but also in
the endothelium of blood vessels, epithelial cells and goblet
cells (Diezmos et al., 2013; Maes et al., 2015). The P2X7
receptor and pannexin-1 hemichannels form signaling complexes
in several cell types and both structures may concur to
release ATP from non-neuronal cells under physiological and
pathological conditions. Interestingly, the selective P2X7 receptor
antagonist, A438079, and the specific pannexin-1 inhibitor,
carbenoxolone, did not modify evoked ACh release in the ileum
of healthy rats where myenteric ATP levels are low, but they
significantly decreased [3H]ACh overflow from preparations
of TNBS-treated rats in conditions where extracellular ATP
release from proliferating glial cells is assumed to be high.
It has also been shown that activation of the P2X7 receptor
in enteric neurons may elicit ATP release through pannexin-1
hemichannels and this may act as a danger signal for neurons
(Gulbransen et al., 2012). However, this mechanism is unlikely
to modulate [3H]ACh outflow in post-inflammatory ileitis
because no substantial neuronal loss was observed in our
experimental conditions and the transmitter release in TNBS-
induced ileitis was TTX-resistant, yet fluoroacetate-sensitive,
indicating a dominant participation of enteric glial cells.

Pivotal Role of Enteric Glia and ICCs to
Maintain the Integrity of Gut Function as
Part of a General Strategy to Respond to
GI Tract Disorders Involving Purinergic
Signaling
It has been proposed that enteric glial cells may play a critical
role in maintaining the integrity of the bowel and that their
loss or dysfunction might contribute to cellular mechanisms of
inflammatory bowel diseases. A fulminating and fatal jejuno-
ileitis is produced 7–14 days after ablation of enteric glia in
adult transgenic mice, with almost none effects in other parts of
the GI tract including the colon (Bush et al., 1998). It remains,
however, to be explored whether deficits in ATP outflow from
deficient glial cells play a role in triggering this disease process.
This would be clinically relevant, since we predict here that the
nucleotide may be an important gliotransmitter responsible for
sustaining cholinergic tone after an inflammatory insult and this
might contribute to avoid degeneration of myenteric neurons
as already proved for glutamate in the CNS (Bush et al., 1999).
In this context, the vasoactive properties of released adenine
nucleotides and nucleosides may also contribute to microvascular
disturbances and certain changes resembling ischemic bowel (see
e.g., Mendes et al., 2015).

Thus, similarities in the appearance of end-stage
pathology in various bowel conditions (e.g., inflammation,
hypoxia/ischemia, diabetes) suggest that the gut may have
limited ways of responding when it is defective (Bush
et al., 1998). For this reason it is important to identify
single events that are able to trigger complex pathological
cascades. Our working hypothesis in this study was that
inflammation-induced cell density changes in the myenteric
plexus may unbalance the release of purines and, thus,
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their influence on ACh release from stimulated enteric nerves.
We clearly demonstrated that inflammation-induced cholinergic
hypoactivity is deeply dependent on the purinergic shift from a
preferential adenosinergic tone under physiological conditions to
a more prevalent ATP-mediated control of ACh release in TNBS-
induced ileitis (Figure 9). The adenosine neuromodulation
deficit parallels the partial loss of ICCs population in the
inflamed myenteric plexus and contributes to explain the brake
of the cholinergic amplification loop operated by facilitatory
muscarinic M3 and adenosine A2A receptors, which is responsible
for keeping the safety margin of myenteric neuromuscular
transmission under stressful conditions. On the other hand,
proliferating and/or reactive enteric glial cells markedly influence
the amount of ATP at the inflamed myenteric synapse by creating
a vicious cycle that promote the release of the nucleotide through
a mechanism involving the P2X7 receptor/pannexin-1 pathway.
Data suggest that ATP may be the excitatory gliotransmitter
responsible for keeping the cholinergic tone above a critical
minimum in post-inflammatory ileitis. Inflammation may, thus,
recapitulate an ancestral mechanism by which ATP released by
glial cells directly (via ionotropic P2X receptors) stimulates ACh
release from cholinergic nerve terminals even when these cells are
disturbed and unable to generate normal action potentials.

CONCLUSION

This study provides a deeper understanding of the
pathophysiological impact of purines in the communication
between non-neuronal cells and neurons underlying the
dysregulation of cholinergic neurotransmission in post-
inflammatory ileitis. Data suggest that the purinergic cascade
(e.g., ATP release mechanisms, ecto-nucleotidase enzymes and
purinoceptors activation) may offer novel therapeutic targets
to overcome long-term cholinergic neurotransmission deficits
affecting motility in inflammatory bowel diseases.
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FIGURE S1 | Images depict HPLC chromatograms obtained by injecting either
adenosine (ADO) plus inosine (INO) standard solutions (upper panel) or
experimental bath samples collected immediately before (Pre-EFS) and after
(Post-EFS) stimulation of longitudinal muscle-myenteric plexus (LM-MP)
preparations of the ileum from control and TNBS-treated rats. Please note that
basal levels of ADO plus INO are inferior in TNBS-treated than in control
preparations. Electrical field stimulation (EFS, 5 Hz frequency, 3000 pulses, 1 ms
width) increases the ADO plus INO content of bathing samples obtained from both
animal groups, but the maximal release of nucleosides was still lower in
TNBS-treated rats than in control animals.
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