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Summary

In this work, we have characterized the neuromuscular and neurosecretory
mechanisms and the barrier function of the pig colon in two animal models
representative of the productive porcine cycle, namely, an experimental model of
enterotoxigenic Escherichia coli (ETEC) infection and a model of early socialization

and environmental enrichment during lactation.

In both animal models, we observed an inhibitory neural tone that was sensitive to
L-NNA (a competitive inhibitor of the nitric oxide synthase, NOS) and MRS2500 (an
orthosteric antagonist of the P2Y1 receptor). To characterize the inhibitory
neuromuscular transmission, we compared MRS2500 with BPTU, which is an
allosteric antagonist of the P2Y1 receptor that could develop a more selective
response compared with the MRS2500. In our work, BPTU produced a partial
reversion of the inhibitory response induced by electrical field stimulation and the
P2Y agonist, ADPBS, although the complete blockade of the response was only
achieved with the addition of MRS2500. To characterize the excitatory
neuromuscular transmission, we used non-nitrergic non-purinergic conditions
(incubation of L-NNA and MRS2500) to selectively stimulate the cholinergic

excitatory neurons.

The neurosecretory response was characterized by electrical field stimulation. We
observed that the two major neurotransmitters involved in the secretory response
were acetylcholine and vasoactive intestinal peptide. In addition, different
mediators, such as carbachol, vasoactive intestinal peptide, serotonin, nicotine,

forskolin and histamine stimulated epithelial secretion of chloride.

Regarding the experimental infection model with ETEC, we observed that animals
showed an intestinal barrier dysfunction (day 4 post-infection), an increase in the
active electrogenic transport (day 4 and 9 post-infection), as well as an increase of
the number of mucosal mast cells (day 9 post-infection). These alterations were
probably due to the stimulation of the immune and the enteric nervous systems by
the enterotoxins released by the ETEC. In contrast, the neuromuscular mechanisms

remained unchanged.

In the early socialization and environmental enrichment model during lactation, we

observed that enriched animals showed a decrease in active electrogenic transport
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(at day 3 post-weaning). This observation was probably due to the etiological
treatment and the environmental enrichment that provided a better adaptation to the
stress situation caused by weaning as compared with the control animals. In

contrast, the neuromuscular mechanisms remained unchanged.

In this work, we have therefore explored new pharmacological tools that have
allowed us to adequately characterize the neural mechanisms that lead to muscle
contraction and relaxation and epithelial secretion. We did not observe motor
changes in either of the two models studied. In contrast, ETEC infection transiently
increased the colonic permeability and activated a neurosecretory mechanism that
could be partly responsible for diarrhoea. In the socialization model, we observed a
decrease in electrogenic active transport that could be a result of a better adaptation

of the animals to weaning.
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Resum

En aquest treball hem caracteritzat els mecanismes neuromusculars i
neurosecretors i la funcié barrera del colon distal del porc. A més a més, hem valorat
aquests mecanismes en dos models animals representatius del cicle productiu
porci, un model d’infeccid experimental per I'Escherichia coli enterotoxigenic
(ETEC) i un model de socialitzacié primerenca i d’enriquiment ambiental durant la

lactacio.

En els dos models utilitzats, vam observar la preséncia d’un to neural inhibitori basal
que es va poder bloquejar amb l'addicié de L-NNA (inhibidor competitiu de I'dxid
nitric sintasa, NOS) i de MRS2500 (antagonista ortosteric del receptor P2Y1). Per
caracteritzar la resposta inhibitoria vam comparar el MRS2500 amb el BPTU, un
antagonista al-losteric del receptor P2Y1, que podria guanyar selectivitat en la
resposta comparat amb el MRS2500. En el nostre estudi, el BPTU va mostrar una
recuperacio parcial de la resposta inhibitoria induida per estimul de camp i per
I'agonista P2Y, ADPS, tot i que, la reversio total només es va assolir amb I'addicio
de MRS2500. Per caracteritzar la neurotransmissié excitatoria, vam utilitzat unes
condicions “no-nitrérgiques, no purinérgiques” (incubacié amb L-NNA i MRS2500)

per estimular, de manera selectiva, les neurones excitatories colinérgiques.

La caracteritzacio de la resposta neurosecretora mitjangant I'estimulacié eléctrica
de camp va demostrar que els principals neurotransmissors implicats en la resposta
secretora son l'acetilcolina i el péptid intestinal vasoactiu. A més a més, diferents
mediadors, com son el carbacol, el péptid intestinal vasoactiu, la serotonina, la

nicotina, el forskolin i la histamina van estimular la secrecié epitelial de clor.

Pel que fa al model d’infeccié experimental per ETEC, vam observar que els
animals presentaven una alteracié de la funcié barrera (dia 4 post-infeccio), un
increment del transport actiu electrogénic (dia 4 i 9 post-infeccid), aixi com un
increment del nombre de mastocits de la mucosa (dia 9 post-infeccid). Aquests
canvis, van ser probablement deguts a I'estimulacié del sistema nervids enteric i del
sistema immune per part de les toxines alliberades per 'TETEC i a un efecte epitelial.

En canvi, els mecanismes neuromusculars es van mantenir inalterats.

En el model de socialitzacié primerenca i d’enriquiment ambiental, vam observar

que els animals enriquits presentaven una disminucié del transport actiu
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electrogénic (a dia 3 post-deslletament), probablement degut a que el tractament
etiologic i 'enriquiment ambiental van proporcionar una millor adaptacio a la situacio
d’estrés originada pel deslletament. En canvi, els mecanismes neuromusculars es

van mantenir inalterats.

En aquest treball, per tant, hem explorat noves eines farmacolodgiques que ens han
permés caracteritzar, de manera adequada, els mecanismes neurals que porten a
la contracci6 i relaxacié muscular i a la secreci6 epitelial. No hem observat canvis
motors en cap dels dos models estudiats. En canvi, la infecci6 per ETEC va
incrementar de manera transitoria la permeabilitat de la barrera i va activar un
mecanisme neurosecretor que és en part responsable de la diarrea. En el model de
socialitzaci6 vam observar una disminucié del transport actiu electrogénic que

podria ser interpretada com una millor adaptacio dels animals al deslletament.
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Introduccié

1. Estructura del colon

L’intesti gruixut és el segment final del tracte digestiu i esta format per tres regions
diferenciades que, d’oral a aboral, son: el cec, el colon i el recte. El colon és el tram
més llarg de lintesti gruixut i en 'huma es subdivideix en quatre seccions:
ascendent, transvers, descendent i sigmoide. El colon ascendent comenca a nivell
de la valvula-ileocecal i s’estén pel costat dret de 'abdomen fins a la curvatura
hepatica. Seguidament, trobem el colon transvers que va de la curvatura hepatica
fins a la curvatura esplénica, punt a on s’uneix amb el colon descendent. Aquest
ultim, discorrer pel costat esquerre de 'abdomen i enllaga amb el colon sigmoide

que desemboca al recte (Christenen, 1991; Reinus & Douglas Simon, 2014).

El colon huma presenta una complexitat superior a la resta domnivors i es
caracteritza per tenir un cec relativament petit i tres bandes longitudinals de muscul
llis, anomenades taeniae coli. Les taeniae coli s’estenen des del colon proximal fins
al colon sigmoide, en aquest punt del colon, les tres bandes de mduscul llis
longitudinal es fusionen per formar una Unica capa de muascul que continua fins al
recte (Christenen, 1991). L'intesti gruixut del porc, en canvi, es caracteritza per la
disposicié en forma d’espiral del cec, del colon ascendent, transvers i de la porcio
proximal del colon descendent, veure revisid (Meurens et al., 2012). A nivell
translacional, el porc es considera un model d’eleccié per a l'estudi dels
mecanismes intrinsecs que regulen les funcions del tracte gastrointestinal (Gl), aixi
com per a l'estudi de la patogénesi de diferents malalties digestives, ja que
comparteix varies similituds amb I'huma: els dos s6n omnivors, tenen una mida
semblant, una anatomia del tracte Gl comparable, desenvolupen processos
inflamatoris similars i presenten un sistema nervidés enteric (ENS) amb una
organitzacié anatomica i unes caracteristigues neuroquimiques semblants (Hens et
al., 2000; Brown & Timmermans, 2004), veure revisions (Gonzalez et al., 2015; Yin
et al., 2017).

11



Introduccié

Histologicament, el colon esta format per diferents capes disposades de manera
concéntrica. Des de linterior del lumen cap a l'exterior trobem la mucosa, la

submucosa, la capa muscular llisa circular i longitudinal i la serosa (Figura 1):

La mucosa esta revestida per un epiteli columnar simple que conté invaginacions
en forma tubular anomenades criptes de Lieberkuhn. Les criptes coloniques conten
cel-lules caliciformes, responsables de la producci6 de moc, i ceél-lules
enteroendocrines, que produeixen i secreten diferents hormones i neuropeptids. De
manera adjacent a I'epiteli trobem la lamina propia, formada per una capa de teixit
connectiu amb una important xarxa vascular, terminacions nervioses i cél-lules del
sistema immune. Seguidament, separant la mucosa de la submucosa, es situa la
muscularis mucosae, o muscular de la mucosa que esta constituida per feixos

dispersos de fibres de muscul llis.

La submucosa, esta formada per teixit connectiu i conté el plexe submucés o de
Meissner (SMP). EI SMP innerva la mucosa i els vasos sanguinis, controlant aixi,
el transport hidroelectrolitic i el flux sanguini. En espécies com el porc, el cavall o el
gos es diferencien dos plexes submucosos independents interconnectats entre si;
un localitzat al voltant de la muscularis mucosae, el plexe submucos intern (ISP), i
I'altre situat més proper a la capa de muscul circular, conegut com a plexe
submucés extern (OSP). A més a més, a l'intesti huma s’ha descrit un tercer plexe
submucés intermig que es situa entre I'ISP i 'OSP, veure revisio (Timmermans et
al., 2001).

La muscular, esta formada per dues capes, una interna de musculatura llisa amb
fibres orientades de manera circular i una externa amb fibres disposades de manera
longitudinal. Entre les dues capes musculars es situa I'altre plexe nervids, el plexe
mientéric o d’Auerbach (MP), que té com a funcié principal el control de la

contractilitat del muascul llis.

12



Introduccié

Finalment, es disposa la serosa que esta constituida per un epiteli simple escamas,
que redueix les forces de fricci6 durant el moviment de les parets del tracte Gl
(Christenen, 1991; Hall, 2006; Reinus & Douglas Simon, 2014; Welcome, 2018).

Muscul circular

Mucosa

Muscularis Artéria
mucosae submucosa

Figura 1. Estructura de I'intesti de mamifers mitjans-grans i de I’huma. Estructura general de les capes
intestinals amb els plexes entéerics. MP plexe mientéric, OSP plexe submucés extern i ISP plexe submucés
intern. Imatge modificada de la revisié Furness, 2012.

2. Sistema nervioés enteric

El tracte digestiu posseeix innervacions extrinseques i intrinseques. Les
connexions extrinseques provenen de vies simpatiques i parasimpatiques. Per altra
banda, 'ENS, format per neurones i cél-lules de la glia organitzades en dos plexes
ganglionars, proporciona la innervacio intrinseca localitzada a la propia paret
intestinal. Les principals funcions de 'ENS sén les de regular els reflexes intestinals
locals implicats en els processos de motilitat, de secrecié / absorcio, el flux sanguini
i les respostes immunologiques del tracte Gl. Per aquest motiu, €s important que hi
hagi una correcta interaccio entre els dos plexes nerviosos i les cél-lules efectores,

per tal de coordinar de manera eficag les diferents funcions Gl.
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Les neurones de I'ENS es poden classificar segons les seves propietats
morfologiques, electrofisiologiques i funcionals. A nivell funcional, les neurones es
diferencien en neurones aferents intrinseques primaries (IPANSs), interneurones i
neurones motores (Figura 2). Les IPANs tenen els cossos cel-lulars en els ganglis
del MP i del SMP, estan connectades entre elles a través de les interneurones i
directament amb les motoneurones. A més a més, responen a estimuls mecanics i
quimics generant un reflex. Pel que fa a les interneurones, es poden classificar en
neurones ascendents o descendents i sén les encarregades d’integrar la informacio
generada per les IPANs i d’enviar-la a les neurones motores. Finalment, trobem les
motoneurones, tan inhibitories com excitatories, que innerven les capes musculars
del tub digestiu (motoneurones musculars) i neurones que regulen la secrecio
d’aigua i electrolits (secretomotores) i el flux sanguini (vasomotores) (Furness,
2006; Brierley & Costa, 2016), veure revisions (Hansen, 2003; Furness et al., 2014;
Fleming et al., 2020).

ML

MP

MC

ISP

SMP
osP
MM

| Mucosa

Figura 2. Tipus de neurones de I’ENS. Tipus de neurones de lintesti prim del porc segons les seves
caracteristiques funcionals: 2) IPAN mientérica, 3) IFAN, 4) motoneurona longitudinal excitatoria, 5)
motoneurona longitudinal inhibitoria, 6) motoneurona circular excitatoria i 7) motoneurona circular inhibitoria, 8-

10) interneurona descendent; 11) IPAN submucosa, 13-14) neurones secretomotores i /o vasodilatadores. ML
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muscul longitudinal, MP plexe mientéric, MC muscul circular, SMP plexe submucos (ISP intern i OSP extern),

MM muscular de la mucosa. Imatge modificada de Furness, 2006.

En el tracte digestiu també trobem neurones intestinofugals (IFAN), que tenen el
cos neuronal en els ganglis del MP i els seus axons migren de la paret del tub
digestiu per contactar amb ganglis simpatics vertebrals (Figura 2). Les IFAN tenen
mecanoreceptors que els hi permeten generar una resposta a estimuls d’estirament
de la capa muscular (Furness, 2006; Brierley & Costa, 2016), veure revisions
(Hansen, 2003; Furness et al., 2014; Fleming et al., 2020).

3. Funcions del colon

3.1 Funcié barrera intestinal

L’epiteli Gl té la capacitat de funcionar com una barrera fisica entre el contingut
luminal i el medi intern. Aquest mecanisme de barrera esta format per varis
components que interactuen entre ells sota un control neurohormonal. La primera
linia de defensa es troba en el lumen, on els microorganismes i els antigens
luminals s6n degradats pel pH, aixi com per secrecions gastriques, pancreatiques i
biliars. A més a més, les propies bactéries comensals també poden inhibir la
colonitzaci6 de patdogens mitjancant canvis de pH i produint substancies
antimicrobianes. Recobrint I'epiteli, també trobem una capa de moc especialitzat
gue és secretada, predominantment, per les cél-lules caliciformes i que té un paper
defensiu. En el colon, el moc esta organitzat en dues capes que difereixen en
composicié i funcié: una capa exterior que proporciona I'habitat per a la flora
comensal i una capa interior que protegeix els enterocits, ja que €s impermeable a
les bacteries (Farré & Vicario, 2016; Welcome, 2018), veure revisio (Camilleri et al.,
2012).

La seglent linia de defensa esta constituida per les propies cel-lules epitelials, que
es troben interconnectades entre elles formant una monocapa continua que regula,
de manera selectiva, el transport de molécules mitjangant dues vies principals: la

transcel-lular i la paracel-lular (Figura 3) (Welcome, 2018), veure revisio (Camilleri
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et al., 2012). Una altra caracteristica important de les cel-lules epitelials és que
estan polaritzades, de manera que el costat apical o luminal és estructuralment i
funcionalment diferent del costat basolateral o serosal. D’aquesta manera, es
genera un gradient a través de la cel-lula que permet articular mecanismes de

secrecio i d’absorci6 (veure apartat transport hidroelectrolitic més endavant).

La permeabilitat transcel-lular fa referencia al pas de molécules a través de les
cel-lules epitelials (via intracel-lular), que es pot dur a terme mitjangcant mecanismes
de transport passiu simple, a favor del gradient de concentracio, o a través de

mecanismes de transport actiu o endocitosi, veure revisié (Ménard et al., 2010).

La via paracel-lular esta regulada, principalment, per complexos d’unié situats a
'espai comprés entre dues cél-lules epitelials contigiies (espai intercel-lular).
Aquests complexos sén capacos de discriminar entre els soluts en base al seu
tamany i carrega i permeten la difusié selectiva d’ions i soluts de petit tamany i
sense carrega. Els principals complexos d’unié que participen en el manteniment
de la funcio barrera son: les unions estretes (TJ), les unions d’ancoratge (adherents
or anchoring junctions) i els desmosomes, veure revisions (Powell, 1981;
Schneeberger & Lynch, 2004) (Figura 2). Les TJ sén les estructures més apicals i
constitueixen el factor limitant tan pel moviment com per la velocitat de penetracio
paracel-lular d’aigua, soluts, ions i antigens luminals a través de I'epiteli. La
plasticitat de les TJ esta controlada, basicament, per proteines transmembrana com
son les claudines (CLDN), les molécules d’adhesio (JAM), la ocludina (OCLN) i la
tricelulina. A més a més, els dominis intracel-lulars d’aquestes proteines interactuen
amb proteines adaptadores de membrana periférica, zonula occludens (ZO)-1, ZO-
2 i ZO-3, per unir-les a components del citoesquelet d’actina, veure revisions
(Tlaskalova-Hogenova et al., 2004; Ménard et al., 2010).
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Superficie apical o luminal

| i z0
| I I | |
=1l Ocludina / -t actina-
) ¥ Claudines ! miosina
TJ z
Unions  =p I .
d’ancoratge h | JAM ‘ l
|

Desmosomes |

|
\ 4 A\ 4

a) Transport  b) Transport
paracel-lular  transcel-lular

Superficie serosal o basolateral

Figura 3. Vies de transport a través de I'epiteli intestinal i unions intercel-lulars de I'epiteli intestinal.
Esquema que representa a) Transport paracel-lular. Les unions estretes (TJ) regulen la difusié de molecules.
Les proteines transmembrana (ocludina, claudines, JAM) s’uneixen al citoesquelet d’actina i miosina a través
de les proteines zonula occludens (ZO). b) Difusié passiva transcel-lular de molécules. Imatge modificada de
la revisi6 Ménard et al., 2010.

La barrera intestinal no és un element estatic, sind que esta regulada per diversos
estimuls fisiologics, com son les interaccions entre la microbiota, les cél-lules
epitelials, el sistema immune i 'ENS, aixi com per estimuls farmacologics i
patologics. En condicions normals, la barrera epitelial té la capacitat de restablir-se
una vegada desapareix I'estimul desencadenant del defecte de barrera. No obstant,
en certes condicions I'epiteli perd la seva capacitat d’autoregulacié afavorint, aixi,
un estat inflamatori cronic com succeeix en la malaltia celiaca, el sindrome de
I'intesti irritable (IBS) o en malalties inflamatories intestinals (IBD), com so6n la
malaltia de Crohn (CD) o la colitis ulcerosa (UC). Per exemple, en I'epiteli Gl de
pacients amb CD s’ha descrit una reduccio de I'expressié de CLDN que no formen
porus aixi com un augment de les que si que en formen (Zeissig et al., 2007). Per
altra banda, en 'UC s’ha observat un increment de la interleuquina-13 (IL-13) que
augmenta I'expressié de CLDNs formadores de porus relacionades amb I'aparicio

de microerosions, veure revisio (Mankertz & Schulzke, 2007). Altres condicions com
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els bacteris patogens, per exemple I'Escherichia coli (E. coli), o factors ambientals,
com l'estrés, també poden influir en la permeabilitat paracel-lular intestinal (Farré &
Vicario, 2016), veure revisions (Ménard et al., 2010; Salvo-Romero et al., 2015;
Odenwald & Turner, 2017; Albert-Bayo et al., 2019).

3.2 Transport hidroelectrolitic

Una altra de les funcions principals del colon és el transport hidroelectrolitic, que es
caracteritza per I'absorcié i la secrecio de fluids luminals. L’absorcié de fluids es
deu, principalment, a I'absorcié de NaCl, acids grassos de cadena curta (SCFAS)
produits per la flora intestinal i d’aigua, mentre que el procés de secrecid es
caracteritza per la secrecio de KCI, HCOs i moc, veure revisié (Kunzelmann & Mall,
2002). A I'estbmac i a l'intesti prim, es produeixen mecanismes de secrecio amb
I'objectiu de facilitar la digestié dels aliments en un medi aquds. A nivell del colon,
el procés predominant és el d’absorcid, que permet I'expulsié de femtes amb un
baix contingut d’aigua i electrolits, tot i que també es duen a terme mecanismes de
secrecio, que faciliten el transport del moc des de les criptes a la superficie epitelial
(Reinus & Douglas Simon, 2014), veure revisions (Barrett & Keely, 2000;
Kunzelmann & Mall, 2002; Hirota & McKay, 2006).

El principal i6 involucrat en els processos d’absorcié és el Na*, que aprofita el
gradient electroquimic de Na* configurat per la bomba sodi i potassi, Na*-K*-
ATPasa, per entrar a la cel-lula. Encara que el Na* es pot absorbir de manera
passiva, la major part s’absorbeix a través de transportadors vinculats a altres ions
o0 soluts de la membrana apical, com el NHE2 i NHE3, que intercanvien de manera
electroneura Na+ per H+, veure revisions (Kunzelmann & Mall, 2002; Moeser &
Blikslager, 2007).

El procés de secrecié de CI ve definit pel cotransportador basolateral Na*-2ClI-K*,
NKCC1, que transporta, de manera electroneutra, 2 Cl, juntament amb 1 Na*i 1
K*. A més a meés, a la membrana basolateral trobem la Na*-K*-ATPasa, que

impulsa 'acumulacié de CI- pel gradient de concentracié de Na* i canals de K* que
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permeten el seu reciclatge. Aquests mecanismes fan que el CI- s‘acumuli a la
cel-lula per sobre del seu equilibri electroquimic produint I'obertura dels canals de
Cl-apicals (Figura 4) (Reinus & Douglas Simon, 2014), veure revisions (Barrett &
Keely, 2000; Kunzelmann & Mall, 2002; Hirota & McKay, 2006).

Cl Cl-
A
CFTR CaCC
\ / Membrana
X f

apical

\

\ 4

\ 4
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\
| cAMP, cGMP, [Ca?'i |
\

4 1
\
4

¥ $
2% Na 5 Membrana

basolateral

3 Na*

Na* Na*-K*-ATPase NKCC1 K*

Figura 4. Mecanisme de secrecio de Cl a les criptes i a la superficie de la cél-lula epitelial del cdlon.
L’augment dels missatgers secundaris intracel-lulars com el fosfat d’adenosina ciclic (cCAMP), el monofosfat de
guanosina ciclic (cGMP) i el calci (Ca?*) activa proteines de transport a les membranes apical i basolateral. La
secrecié luminal de CI- es duu a terme a través dels canals CFTR i CaCC. Imatge modificada de la revisié
Barrett & Keely, 2000.

El canal regulador de la conductancia transmembrana de la fibrosis quistica (CFTR)
és el canal de CI- predominant en el colon i és I'encarregat de la secreci6 de ClI-
després de I'activacié de missatgers secundaris, com el fosfat d’adenosina ciclic
(cCAMP), veure revisio (Greger, 2000). Tot i aixi, a la membrana apical de I'epiteli
intestinal també trobem altres canals de CI, com sén els canals de CI activats per
calci (CaCC) (Figura 4) (Reinus & Douglas Simon, 2014), veure revisions (Barrett
& Keely, 2000; Kunzelmann & Mall, 2002; Hirota & McKay, 2006).
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Diferents factors luminals, humorals, neurals i immunologics (Taula 1) tenen la
capacitat de regular la secrecio luminal de CI- modulant els nivells intracel-lulars de
missatgers secundaris (CAMP, monofosfat de guanosina ciclic (cGMP) i el Ca?*)
(Reinus & Douglas Simon, 2014), veure revisions (Barrett & Keely, 2000;
Kunzelmann & Mall, 2002; Hirota & McKay, 2006).

Taula 1. Agents endogens i exogens que regulen la secrecid intestinal de ClI- (Keely
et al.,, 2009; Reinus & Douglas Simon, 2014; Ahsan et al., 2017), veure revisio
(Barrett & Keely, 2000)

Substancia Missatger secundari

Estimuls secretors endogens (hormones, neurotransmissors, mediadors
inflamatoris / immunes)

Acetilcolina (ACh) T Ca?*
Peptid intestinal vasoactiu (VIP) 1t cAMP
Histamina 1 Ca?*, cAMP
Serotonina (5-HT) 1 Ca?*, cAMP
Prostaglandines 1T cAMP
Guanilina, uroguanilina T cGMP
Adenosina, 5’AMP T CAMP
Estimuls secretors exogens (productes bacterians, agents actius a nivell
luminal)

Toxina del colera (CT) T cCAMP
Toxina E. coli termolabil (LT) T cCAMP
Toxina E. coli termoestable (SThy) T Ca?*
Toxina E. coli termoestable (STa) T cGMP
Toxina A i B C. difficile T Ca?
Acids biliars 1 Ca?*
Agents farmacologics laxants (linaclotide) 1 cGMP
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3.2.1 Estudi funcional de la barrera epitelial i del transport hidroelectrolitic

El sistema de les cameres Ussing va ser dissenyat per Ussing i Zerahn a la década
de 1950 per mesurar el transport net d’'ions a través de la pell de la granota (Ussing
& Zerahn, 1951). Avui en dia, aquest sistema s’utilitza per mesurar la funcio barrera

intestinal i el transport epitelial d’ions, nutrients o farmacs.

Les cameres Ussing consten de dues semi-cameres separades per una monocapa
de cel-lules o per una mostra epitelial, de manera que la membrana apical contacta
amb una meitat de la camera i la membrana basolateral amb l'altra. Cada una de
les semi-cameres consta d’un reservori que s’omple amb una soluci6 fisiologica
(solucié de Krebs) termoregulada (37 °C) i amb un pH controlat (7.4) gracies a un
mecanisme de re-circulacio d’aigua i a un sistema de regulacié de gasos (95% Oz i
5% CO2), respectivament. El sistema consta també de quatre eléctrodes de clorur
de plata (Ag/AgCl), una parella d’eléctrodes per mesurar voltatge i una altra per
injectar corrent (Riegler & Matthews, 2001; Verhoeckx et al., 2015), veure revisio
(Hirota & McKay, 2006).

Electrofisiologicament, [I'epiteli intestinal es caracteritza per la diferencia de
potencial (PD, mV), la corrent de cortocircuit (Isc, pA/cm?), la resisténcia
transepitelial (TEER, Q-cm?) i la seva inversa, la conductancia (G, mS/cm?).
Aquests parametres es relacionen entre ells per la llei ’Ohm (TEER = PD/Isc). Els
quatre eléctrodes del sistema Ussing es connecten a un aparell que manté el
voltatge a 0, és a dir, I'equip injecta la corrent necessaria per anul-lar la PD entre la
membrana apical i la membrana basolateral. Aquesta situacié fa que es pugui
mesurar especificament, a partir de la lsc, el transport actiu electrogénic, tan en
condicions basals com després de I'addicci6 de farmacs o d’aplicar estimuls
eléctrics (Riegler & Matthews, 2001), veure revisions (Hirota & McKay, 2006;
Clarke, 2009).

La funcio barrera intestinal es pot avaluar mitjancant la TEER. La TEER proporciona

una mesura general de la integritat intestinal, déna informacio sobre el flux net
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d’'ions a través de l'epiteli i consequentment, sobre la funcié de les TJ, que
representen la ruta principal pel moviment passiu d’'ions. Per a mesurar la TEER,
s’aplica un voltatge conegut i es mesura el canvi produit en la Isc i, a través de la llei
d’Ohm, s’obté la TEER i la G. Una altra eina per a mesurar la integritat de la barrera
intestinal és la utilitzacié de marcadors moleculars. Aquests, segons la seva mida,
permeten avaluar la via paracel-lular o transcel-lular. Alguns exemples de
marcadors paracel-lulars sén el radiomarcador Cr-EDTA o un dextra isotiocianat de
4kD marcat amb fluoresceina (FD4). Per a I'estudi de la via transcel-lular s’utilitzen
antigens proteics, com és la horseradish peroxidase (HRP), aixi com particules i
bacteries marcades amb un fluorocrom. Una vegada administrat el marcador a un
costat de I'epiteli, s’lobtenen mostres seriades del compartiment oposat per avaluar
el flux de pas del marcador al llarg del temps (Porras et al., 2006; Fernandez-Blanco
et al., 2015; Fernandez-Blanco et al., 2011), veure revisio (Schoultz & Keita, 2020).

3.3 Motilitat intestinal

La motilitat de l'intesti gruixut permet 'emmagatzematge prolongat del contingut
luminal per tal de facilitar I'absorcié d’aigua i electrolits, un transport lent i gradual
del contingut fecal, aixi com I'evacuacio poc frequent d’'una proporcié substancial
del contingut luminal (Dinning et al., 2010). En aquest sentit, la motilitat del colon
inclou moviments segmentaris i propulsius (Bassotti & Battaglia, 2015) que estan
regulats per 'ENS juntament amb elements de control miogenic, com sén les
cel-lules intersticials de Cajal (ICC) i les céel-lules PDGFRa+, veure revisions
(Sanders et al., 2014; Spencer et al., 2016; Corsetti et al., 2019).

Les cel-lules musculars llises expressen una varietat de conductancies ioniques,
algunes d’elles dependents de voltatge, que estableixen el potencial de membrana.
En el tracte Gl, el potencial de membrana de les cél-lules musculars llises oscil-la
entre -80 i -40 mV. Diferents canals de K* i canals cationics no selectius participen
en I'establiment del potencial de membrana de la cél-lula muscular llisa, pero no és

fins que s’activen els canals de Ca?* dependents de voltatge que es produeix un
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potencial d’accid i, consequentment, la contractilitat del muscul, veure revisié (Koh
et al., 2012).

Les cel-lules intersticials del sistema Gl, les ICC i les cel-lules PDGFRa+, estan
acoblades eléctricament amb les cél-lules de muscul llis contribuint a la seva
excitabilitat. Aixo fa que el muscul Gl actui com un sincit eléctric multicel-lular
conegut com a sincit de cél-lula muscul llis/ICC/cel-lula PDGFRa+ (SIP) (Figura 5),

veure revisio (Sanders et al., 2014).

Cél-lules intersticials

PDGF\Ru‘-IM Kit* (ICC-IM) varicositat
\ el

unions comunicants

Figura 5. Sincit de cél-lula muscul llis/ICC/cél-lula PDGFRa+ (SIP). Les cel-lules de muscul llis, les ICC i les
cel-lules PDGFRa+ estan situades al voltant de projeccions de motoneurones excitatories i inhibitories. Imatge

modificada de la revisio, Sanders et al., 2014.

Les ICC son cel-lules d’origen mesenquimal descrites per primera vegada a
principis del segle XX per Santiago Ramon y Cajal (Ramon y Cajal, 1893), pero no
va ser fins més endavant que es va suggerir que les ICC podien actuar com a
cel-lules marcapassos degut a la seva capacitat de generar activitat eléctrica
espontania (Thuneberg, 1982). A les cel-lules intersticials de l'intesti també se’ls hi
ha atribuit un paper intermediari en la transmissio neuromuscular, les ICC modulen
la transmissié neuromuscular nitrérgica i les cél-lules PDGFRa+ la purinérgica

(Taula 2), veure revisio (Koh et al., 2012).
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En el colon, s’han establert diferents subtipus d’ICC en base a la seva distribucio
anatomica, (Drumm et al.,, 2020), veure revisions (Faussone-Pellegrini &
Thuneberg, 1999; Sanders et al., 2014):

- ICC properes al SMP (ICC-SMP): situades entre la capa muscular circular i
la capa submucosa del colon.

- ICC properes al MP (ICC-MP): situades entre les capes de muscul llis circular
i longitudinal del colon.

- ICC intramusculars (ICC-IM): situades al llarg de la capa de muscul llis
circular i longitudinal.

- ICC septals (ICC-SEP): situades entre feixos musculars.

- ICC serosals (ICC-SS): situades a la superficie serosal de la capa de mascul

longitudinal. S’han descrit en el gos, en primats i en I’huma.

Les ones lentes generades per les ICC sén despolaritzacions transitories que es
transmeten gracies a la preséncia d’'unions comunicants (gap juncions) que
comuniquen les ICC entre elles aixi com amb les cél-lules musculars llises. A nivell
de lintesti prim, existeix un Unic marcapas provinent de les ICC-MP, juntament amb
les ICCs properes al plexe muscular profund que podrien ser accessories (Jiménez
et al., 1999). En el colon, la situaci6 no és tan clara, i es creu que existeix més d’un
marcapas. En espécies com el gos, el gat i el porc s’ha descrit que les ones lentes
del colon s’originen a nivell de les ICC-SMP (Huizinga et al., 1983; Sanders & Smith,
1986). A més a més, també s’ha descrit una altra activitat marcapas anomenada
myenteric potential oscillations, teoricament provinent de les ICC-MP que
desencadenen despolaritzacions cicliques d’alta freqiéncia dependents de canals
de Ca? tipus L (T. K. Smith et al., 1987). Altres resultats també demostren la
presencia de despolaritzacions cicliques de baixa freqiencia que podrien ser
atribuibles a les ICC-MP (Pluja et al., 2001; Alberti et al., 2005).

Corsetti et al., 2019 han dut a terme un concens en la terminologia utilitzada pels
diversos patrons motors observats, tan en animals com en 'lhuma. En el colon de

diferents especies animals s’han descrit diversos patrons motors colonics ex vivo
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que inclouen contraccions d’origen miogénic, com soén: ripples, slow phasic
contractions, aixi com contraccions d’origen neurogénic, neural peristalsis, que
interactuen entre elles formant els complexes motors colonics. Aquests patrons
motors, coordinen els mecanismes de segmentacioé i peristalsis. En 'huma, també
s’ha descrit la preséncia de contraccions espontanies d’origen miogénic ex vivo que
es poden diferenciar segons si son de frequencia alta, mitja o baixa i es
correlacionen amb les ripples i slow phasic contractions observades en animals

(Dinning et al., 2010), veure revisio (Corsetti et al., 2019).

Gracies a la introduccié de la manometria d’alta resolucid, que disposa d’'un sensor
de pressi6 intraluminal cada 1-2.5 cm, s’ha augmentat la precisié dels patrons
motors detectats in vivo, veure revisié (Corsetti et al., 2019). Aquesta técnica ha
permés 'estudi de la organitzacié en espaitemps de les contraccions, que déna una
informacié més precisa per a I'estudi del transit intestinal i de I'expulsié del contingut
luminal comparat amb els indexs de freqiéncia i amplitud (Dinning et al., 2010). Els
principals patrons de propagacio reportats a I'espécie humana son: el patré motor
de propagacio ciclica (cyclic propagating motor pattern), les contraccions de baixa
amplitud (low amplitud propagated contractions, LAPC) i d’alta amplitud (high
amplitud propagated contractions, HAPC).

El patré6 motor de propagacio ciclica és el més frequient, amb una frequéncia de 2-
6 per minut. Aquest patr6 motor s’ha suggerit que pot estar originat per les ones
lentes i que els inputs neurals, excitatoris o inhibitoris, poden amplificar o inhibir el

fenomen marcapas, respectivament (Mafié et al., 2015).

Les LAPC es produeixen fins a 61 vegades al dia amb una amplitud < 50 mmHg, i
s’han associat amb el transport del contingut luminal, 'expulsioé de gas i la relaxacio
de l'esfinter anal. Gracies a la manometria d’alta resolucié s’han dividit en 3
subtipus: short single motor pattern, long single motor pattern i slow retrograde
motor pattern, en funcio del tram colonic a on s’inicien i per la distancia i el sentit de
la propagacio (Bassotti & Battaglia, 2015; Ratto, 2017).
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Les HAPC tenen una propagacio rapida i s’estenen a grans distancies (10 — 30 cm)
i en sentit caudal facilitant el moviment aboral del contingut intestinal i la defecacio.
Normalment, s’inicien en el colon proximal de manera espontania amb una
frequéncia d’entre 4-23 vegades al dia. Es creu que les HAPC estan originades per
un augment de la distensié luminal produida per 'acumulacié de contingut, ja que
la seva frequencia augmenta de manera postprandial. Per altra banda, també s’ha
descrit un augment de les HAPC en processos inflamatoris, que produeixen diarrea
al impulsar la matéria fecal rapidament, sense deixar temps per a 'absorcié d’aigua
i electrolits. En el sentit contrari, en pacients amb restrenyiment sever s’ha observat
una disminucio de les HAPC (Bassotti & Battaglia, 2015; Ratto, 2017).

3.3.1 Estudi funcional

La técnica de bany d’drgans permet estudiar I'activitat motora de segments
intestinals ex vivo. El teixit intestinal es col-loca submergit en una solucio fisiologica
(solucié de Krebs) amb temperatura (37°C) i pH (7.4) controlats i es lliga a un
transductor isomeétric que mesura forga. Aixo permet registrar tan I'activitat motora
com el to en condicions basals i després de I'addiccié de farmacs o estimuls
eléctrics. Per a I'estudi selectiu de la transmissiéo neuromuscular, cal aplicar unes
condicions farmacoldgiques i d’estimulaci6 concretes per poder aillar,
selectivament, una sola via neural (inhibitoria o excitatoria) com passa in vivo. Per
aillar la transmissié neuromuscular inhibitoria cal aplicar unes condicions no-
adrenergiques i no-colinérgiques (NANC), en canvi, per a I'estudi de la transmissio
neuromuscular excitatoria, €s indispensable aplicar condicions farmacologiques no-
nitrergiques i no-purinergiques (NNNP) utilitzant antagonistes com el L-NNA
(inhibidor competitiu de lI'enzim oOxid nitric sintetasa, NOS) i el MRS2500
(antagonista del receptor P2Y1) (Mafié et al., 2015).

3.3.2 Estudi electrofisiologic
La técnica electrofisiologica de microelectrodes permet mesurar el potencial de
membrana (resting membrane potential, RMP) de cél-lules musculars llises

col-locant un eléctrode intracel-lular i un eléctrode extracel-lular de referéncia.
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Aquesta tecnica permet estimular, de manera selectiva, les neurones inhibitories en
condicions NANC i observar la hiperpolaritzacio de les cél-lules musculars,
anomenada potencial post-unié inhibitori (IJP), que és la base electrofisiologica de
la relaxacio intestinal observada amb la técnica de bany d’dérgans. Aquesta técnica
també permet avaluar I'efecte de I'addicié exdgena de diferents antagonistes sobre
els 1JP.

3.3.3 Transmissié neuromuscular inhibitoria

Els principals neurotransmissors alliberats per les motoneurones enteriques
inhibitories son ’ATP, o una purina relacionada, (Burnstock et al., 1970) i I'dxid nitric
(NO) (Bult et al., 1990). Altres neurotransmissors com el VIP, el polipéptid activador
de l'adenilat ciclasa pituitaria (PCAP) i el monoxid de carboni (CO) també s’han
relacionat amb la transmissié neuromuscular inhibitoria, tot i que, les evidéncies
funcionals sén menys clares, veure revisions (McConalogue & Furness, 1994;
Furness & Sanger, 2002).

En la majoria d’espécies i d’arees del tracte Gl, el IJP esta format per dues fases,
una primera hiperpolaritzacié rapida i transitoria (IJP fast, 1JPf) depenent d’ATP,
seguida d’'una segona fase d’hiperpolaritzaci6 més lenta i sostinguida (IJP slow,
IJPs) produida pel NO, veure revisié (Jiménez et al., 2014), en excepcio de I'esdfag

huma, en el que I'lJP esta mediat unicament per NO (Lecea et al., 2011) (Taula 2).

El receptor P2Y1 s’ha identificat com el receptor de purines responsable de la
transmissié neuromuscular inhibitoria del tracte GIl. El desenvolupament de
diversos antagonistes ortosterics purinergics ha permés demostrar que 'ATP actua
a través del P2Y1 a nivell post-sinaptic, veure revisio (Jiménez et al., 2014). En els
ultims anys, s’ha desenvolupat un nou antagonista al-lostéric d’aquest receptor,
anomenat BPTU. Aquest antagonista P2Y1 té dues caracteristiques rellevants que
el diferencien dels antagonistes ortosterics i que li proporcionen un interes especial
pel desenvolupament de respostes especifiques, veure revisions (Conn et al., 2009;

Canals et al.,, 2019): 1) s’uneix a un lloc d’'unié diferent al lligand endogen (en
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contacte amb la bicapa lipidica) (D. Zhang et al., 2015) i 2) no és un nucleotid, sin
que és un derivat de la urea (Chao et al., 2013).

La via nitrergica, en canvi, esta mediada per I'activacié de guanilat ciclasa (GC) que
produeix cGMP. Es coneixen diferents inhibidors de la via nitrergica, com soén el L-
NNA (inhibidor de la sintesi de NOS) i 'ODQ (blocador de GC) (Taula 2).

Taula 2. Transmissié neuromuscular inhibitoria purinérgica i nitrergica.

Resposta purinérgica Resposta nitrergia

JP

Fregiencia
d’estimulacio

Receptor
Agonistes

Antagonistes /
inhibidors sintesi

Cel-lula

Via d’accio
Activacio via
d’accio

Bloqueig via
d’accio

IJPf

Baixa frequieéncia

P2Y1

ADP, ADPS, a,B-
meATP, ApsA

MRS2179, MRS2279,
MRS2500, BPTU

Cél-lula muscular

PDGFRa +

Obertura canals sKca)

CYPPA

Apamina

IJPs

Alta freqiencia

GC
NO, NaNP

L-NNA
ODQ

Cél-lula muscular

ICC

Supressié de canals de CI-
activats per Ca?* Anol

Pel que fa a la transmissié neuromuscular excitatoria, s’ha descrit TACh com a
principal neurotransmissor implicat en la contraccio intestinal. Tot i aixi, altres
neurotransmissors, com les taquinies (la substancia P i la NKA) es creu que també

poden estar involucrats en la resposta a partir de la seva interaccid6 amb els

28



Introduccié

receptors NK1 i NK2, veure revisions (Furness & Sanger, 2002; Sarna, 2006;
Sanders et al., 2012).

4. Sistema immune intestinal

La mucosa intestinal constitueix la superficie més gran que separa el medi intern
del medi extern i esta constantment exposada a antigens luminals. En condicions
fisiologiques, l'intesti limita el pas d’antigens, bacteris i altres substancies nocives
a través de l'epiteli. Aquesta funcié defensiva esta altament regulada per
mecanismes immunes que distingeixen els patogens invasius dels antigens
innocus. Tot i aixi, en certes condicions es pot dur a terme una resposta inadequada
en front als aliments innocus i als antigens comensals que afavoreix el
desenvolupament de trastorns inflamatoris com la malaltia celiaca o I'IBD (Porras
et al., 2006), veure revisions (Salvo-Romero et al., 2015; Albert-Bayo et al., 2019).

El lloc efector del sistema immune intestinal es troba a nivell de I'epiteli i de la lamina
propia adjacent. La lamina propia de l'intesti conté diferents cel-lules immunes com
son les cel-lules plasmatiques madures que produeixen IgA, limfocits T, i altres tipus
cel-lulars com macrofags, cél-lules dendritiques i mastocits (MCs) que actuen sota
la influencia de les bacteries comensals, veure revisio (Perdue & McKay, 1994;

Constantinescu et al., 2016).

4.1 Mastocits

Els MCs intestinals son cel-lules reguladores i efectores de la immunitat innata i
adaptativa de mucosa que tenen un paper fonamental en la funcié defensiva del
tracte Gl. Els MCs intervenen en diversos processos fisiologics, com és la integritat
de barrera, aixi com en el manteniment d’interaccions neuro-immunes necessaries
per a un correcte funcionament intestinal (Fernandez-Blanco et al., 2011,
Fernandez-Blanco et al., 2015), veure revisi0 (Perdue & McKay, 1994).
Aproximadament, un 70% dels MCs intestinals de mucosa estan en contacte directe

amb 'ENS, i un altre 20% estan a una distancia d’aproximadament 2 ym. Aquesta
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posicio estrategica dels MCs, els hi permet respondre a una gran varietat de
neurotransmissors i neuropépitds com son I’ACh, el 5-HT, la substancia P, el VIP i
el factor d’alliberament de la corticotropina (CRF). Aixi mateix, també poden
respondre a altres tipus d’estimuls, microbians, immunes, hormonals, metabolics o
quimics gracies a la varietat de receptors que posseeixen, veure revisions (L. Zhang
et al., 2016; Albert-Bayo et al., 2019).

La immunitat innata a lintesti es desencadena a través dels receptors de
reconeixement de patrons (PRRs), que actuen com a sensors de patrons
moleculars associats a patogens (PAMPS) i de patrons moleculars associats a
danys (DAMPS), veure revisi6 (Santaolalla et al., 2011). Els receptors de tipus Toll
(TLR) sén els PRRs més estudiats en relacié amb el reconeixement de PAMPs. Els
MCs s’ha descrit que expressen els TLR1-10, veure revisio (Agier et al., 2018) a
través dels quals desencadenen respostes especifiques en funcié dels PAMPs
reconeguts. Per exemple, en rosegadors, s’ha descrit que I'activacié del TLR4, per
part de lipopolisacarids, estimula la produccio de citoquines (TNF, IL-6, IL-13 i IL-
1B), sense produir la desgranulaci6 mastocitaria i que, en canvi, I'estimulacié del
TLR2, per peptidoglicans, indueix la produccié d’altres citoquines (TNF, IL-6, IL-13,
IL-4 i IL-5) i la desgranulaci6 dels MCs (Supajatura et al., 2002).

Una vegada es duu a terme I'activacié mastocitaria, es desencadena una resposta
vehiculada mitjancant I'alliberacié de mediadors continguts en els seus granuls
citoplasmatics i cossos lipidics (com son la histamina i els proteoglicans) o d’altres
gue soOn sintetitzats de novo (com sén les prostaglandines, els leucotriens i els
tromboxans). L’alliberacié dels mediadors mastocitaris afecta la integritat i viabilitat
epitelial, promou la secrecié d’aigua i ions, estimula respostes immunes i facilita les
interaccions neuroimmunes que, a la vegada, promouen mecanismes secretors i
motors. En els desordres intestinals, com I'IBD o I'IBS, s’ha descrit un augment del
nombre de MCs, anomenat hiperplasia mastocitaria, aixi com de la taxa de
desgranulacio o activacio dels MCs i de l'alliberament de mediadors mastocitaris

com sOn la triptasa i la histamina (Barbara et al., 2004; Serna et al., 2006; Guilarte
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et al., 2007; Buhner et al., 2009), veure revisions (Perdue & McKay, 1994; L. Zhang
et al., 2016; Wouters et al., 2016; Albert-Bayo et al., 2019).

La histamina és un mediador mastocitari que exerceix els seus efectes a traves de
quatre receptors d’histamina (H) Hi, Hz, Hs i Ha. A nivell intestinal, s’ha descrit
I'expressié dels receptors Hii Hz a I'epiteli, a la capa muscular i a les cel-lules
ganglionars del MP (Sander et al., 2006). Pel que fa als receptors Hs, s’ha reportat
que produeixen I'excitabilitat de les neurones del SMP de lintesti huma pero, en
canvi, els seus nivells d’expressié son minims a nivell intestinal (Sander et al., 2006;
Breunig et al., 2007).

5. Malalties inflamatories i funcionals del tracte Gl

Sota la denominacié d’IBD hi trobem diverses entitats patologiques que cursen amb
inflamacio cronica de l'intesti. Les dues malalties més prevalents sén la UC i la CD.
El procés inflamatori de la UC es localitza especialment a la part més superficial del
colon (capa mucosa) i s’estén des del recte cap a altres zones del colon, veure
revisio (Sands, 2004). En canvi, la CD pot afectar tant I'intesti prim com el gruixut,
presentant un procés inflamatori transmural. Tot i que no és coneix I'etiopatogénia
exacte de la UC i de la CD, estudis en aquest ambit suggereixen que pot ser deguda
a respostes immunologiqgues i inflamatories exacerbades en front a
microorganismes luminals en individus genéticament susceptibles (Constantinescu
et al., 2016).

Per altra banda, I'IBS és un dels desordres funcionals del tracte Gl (FGID) més
frequent, que pot cursar amb episodis de diarrea (IBS-D), de constipacio (IBS-C) o
d’alternanga entre ambdés (IBS-M). La simptomatologia de I'IBS és inespecifica i,
per aguest motiu, el diagnostic es sol basar en I'exclusié de malalties organiques,
veure revisio (Borghini et al., 2017). Tot i que no es coneix exactament la seva base
fisiopatologica, s’ha descrit que I'IBS es pot desencadenar per disfuncions en la

senyalitzacié bioquimica entre el sistema nerviés central i el tracte GI anomenada,
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brain-gut axis, aixi com per I'activacié immunitaria, I'alteracio de la funcio barrera i
'augment de la sensibilitat neuronal (Wouters et al., 2016). A més a més, els factors
psicosocials, com I'estrés i els factors ambientals, com son les infeccions intestinals,
també s’ha descrit que participen en la resposta (Drossman, 2016; Constantinescu

et al., 2016), veure revisié (Wouters et al., 2016).

5.1 Rol dels patogens enteérics

L’E. coli enterotoxigenic (ETEC) és la causa de diarrea més comuna en nens i té
un paper predominant en la diarrea del viatger, veure revisié (Mirhoseini et al.,
2018). A més a més, en el cicle productiu porci, també és responsable del sindrome

de diarrea post-deslletament, veure revisio (Luppi, 2017).

L’ETEC utilitza els factors de colonitzacid, com les fimbries (F4 o K88, F5 o K99,
F6 o 987P, F17 i F18), per adherir-se als enterocits. Seguidament, prolifera a
I'organisme i colonitza I'intesti prim. A més a més, la seva fase de proliferacié esta
associada amb la produccio i l'alliberacio de diverses enterotoxines (LT, STa, STh,
EAST1) que estimulen la secrecio intestinal a través de diferents mecanismes

d’accid, veure revisio (Moeser & Blikslager, 2007).

La enterotoxina termolabil (LT) posseeix una estructura i un mecanisme d’accio
similar a la CT produida pel Vibrio cholerae. A partir d’'una subunitat activa, que
s’interioritza a les ceél-lules epitelials, activa I'adenilat ciclasa (AC) dels enterocits |
consequentment incrementa els nivells intracel-lulars de cAMP (Peterson & Whipp,
1995). En canvi, les enterotoxines termoestables, STa i EAST1, s’'uneixen al domini
extracel-lular del GC, augmentant els nivells intracel-lulars de cGMP. Pel que fa a
la enterotoxina termoestable STy, el seu mecanisme d’accié no es coneix amb tanta
exactitud, pero hi ha estudis que demostren que augmenta els nivells intracel-lulars
de Ca?* (Dreyfus et al., 1993; Fuijii et al., 1997). Per altra banda, la CT i la STy, a
més a més de I'efecte directe sobre I'epiteli, també tenen un efecte indirecte sobre
la sintesi de PGEZ2 i l'alliberacio de 5-HT per part de les cel-lules enterocromafines
(ECL) (Peterson & Whipp, 1995).
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5.2 Rol de I'estres

L’estrés influeix en el desenvolupament de malalties funcionals com I'IBS, ja que
produeix alteracions en la motilitat, en els mecanismes secretors, en la funcio
barrera i en I'activaci6 de MCs, tan en animals com en 'huma, veure revisions
(Kunzelmann & Mall, 2002; Wouters et al., 2016). En malalties organiques com
I'IBD, també s’ha descrit que I'estrés psicosocial contribueix en I'agreujament de la
inflamacio i dels simptomes intestinals observats (Bitton et al., 2003; Bernstein et
al., 2010). Diversos models animals han descrit que 'augment de la permeabilitat
intestinal és I'enllag entre I'estrés i I'activacio de la resposta immune, ja que permet
el pas d’antigens luminals (Sdderholm et al., 2002; F. Smith et al., 2010; Vicario et
al.,, 2010). En paral-lel, en humans també s’ha descrit que els estressors
psicosocials incrementen la permeabilitat intestinal de lintesti prim, degut a
I'activacio d’'una resposta d’estrés en la qual hi intervenen els MCs (Vanuytsel et
al., 2014).

Un dels principals coordinadors de la resposta d’estrés és el CRF i peptids
relacionats, urocortina (Ucn) 1, 2 i 3. El CRF és un peéptid de 41 aminoacids que
s’allibera a nivell del nucli paraventricular de I'hipotalem, aquest activa l'eix
hipotalamic-hipofisiari-suprarenal (HPA) que estimula [lalliberaci6 d’ACTH
(hormona adrenocorticotropica) que posteriorment actua en els receptors de la
glandula suprarenal per estimular la sintesi i alliberament de glucocorticoides, veure
revisio (Bale & Vale, 2004). A més a més, el CRF també té accions perifériques. A
I'intesti, el CRF mostra diferents accions biologiques a través de la interacciéo amb
els receptors CRFR1 i CRFR2, que sén receptors acoblats a proteina G (GPCR). El
CRF i la Ucn 1 tenen una afinitat equivalent pel CRFR1, en canvi, la Ucn 1 és 40
vegades més potent que el CRF per unir-se al CRFRz2. Per altra banda, la Ucn 2 i
3, s’'uneixen selectivament al CRFRz. Els MCs intestinals subepitelials, posseeixen
receptors CRFR1 i CRFR2 que els hi permeten regular l'alliberacié de mucina, la
secrecio d’'ions i aigua, la permeabilitat intestinal, la hipersensibilitat visceral i la

motilitat, veure revisions (Wouters et al., 2016; Albert-Bayo et al., 2019).
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Existeixen diferents models animals que s’han utilitzat per estudiar I'impacte de
I'estrés en els desordres Gl. Tot i aixi, els models més validats son els que simulen
unes condicions d’estrés similars a les que es duen a terme en I'entorn natural, a
partir d’estressors socials o0 psicoldgics, com son la derrota social o la formacio de
la jerarquia social, veure revisié (Tamashiro et al., 2005). En I'espécie porcina,
I'estrés ocasionat durant I'etapa del deslletament té una alta importancia per les
consequencies cliniques observades en el periode del post-deslletament. A
diferencia del que passa a la natura, en el cicle productiu porci el deslletament es
duu a terme en edats més primerenques i de manera abrupta. Aixo fa que els
animals estiguin sotmesos a canvis psicosocials (transport a unes noves
instal-lacions, establiment de noves jerarquies, separaci6 de la mare) i
immunologics (exposicidé a nous antigens alimentaris i patogens) que acaben
produint alteracions en el tracte Gl. Diversos estudis en aguest ambit demostren
que el deslletament és un factor que desencadena alteracions en la permeabilitat
intestinal i un augment de la susceptibilitat a patdgens entéerics, que clinicament
s’ha relacionat amb cursos de diarrea cronica comparables amb els observats en

'IBS huma, veure revisions (Pohl et al., 2015; Moeser et al., 2017).
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Hipotesi i objectius

Per poder entendre les diferents alteracions intestinals observades en el cicle
productiu porci i coneixer els mecanismes implicats, cal establir el paper del sistema
immune i 'ENS en les funcions del tracte Gl. En aquest context, la hipotesi central
d’aquest treball és que I'estrés a les primeres etapes de la vida, aixi com la infeccio
intestinal per patogens entérics, com I'ETEC, alteren les respostes motores i

secretores del colon porci durant el post-deslletament.

Per tal de testar aquesta hipotesi, primerament s’ha estudiat i caracteritzat la
transmissié neuromuscular i els mecanismes neurosecretors del colon del porc.
Posteriorment, també s’han avaluat els mecanismes de barrera, de motilitat i el
transport actiu ionic en els dos models animals estudiats: un model d’infeccio
intestinal per ETEC en 'etapa posterior al deslletament i un model de socialitzacié

primerenca durant el deslletament.

Els objectius principals d’aquesta tesi doctoral, que s’ha centrat en el colon porci,

han sigut:

- Caracteritzar la transmissio neuromuscular, inhibitoria i excitatoria

- Caracteritzar la resposta neurosecretora

- Estudiar els canvis en la transmissié neuromuscular, en el transport actiu
ionic i en la funcié barrera en un model porci d’infeccié experimental per
ETEC en I'etapa del postdeslletament

- Estudiar els canvis en la transmissiéo neuromuscular, en el transport actiu
ionic i en la funcié barrera en un model etiologic de socialitzacié primerenca

i d’enriquiment ambiental en I'etapa del postdeslletament
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Different responses of the blockade of the P2Y: receptor with

BPTU in human and porcine intestinal tissues and in cell cultures.

Neurogastroenterology and Motility 22;e14101 (2021)

Abstract

Background: Gl smooth muscle relaxation is accomplished by activation of P2Y1
receptors, therefore this receptor plays an important role in regulation of gut motility.
Recently, BPTU was developed as a negative allosteric modulator of the P2Y:
receptor. Accordingly, the aim of this study was to assess the effect of BPTU on

purinergic neurotransmission in pig and human Gl tissues.

Methods: Ca?* imaging in tSA201 cells that express the human P2Y1 receptor, organ
bath and microelectrodes in tissues were used to evaluate the effects of BPTU on

purinergic responses.

Key results: BPTU concentration-dependently (0.1 and 1 uM) inhibited the rise in
intracellular Ca?* evoked by ADP in tSA201 cells. In the pig small intestine, 30 uM
BPTU reduced the 1JPf by 80%. Smooth muscle relaxations induced by electrical
field stimulation (EFS) were reduced both in pig ileum (ECso = 6 uM) and colon (ECso
= 35 yM), but high concentrations of BPTU (up to 100 uM) had no effect on human
colonic muscle. MRS2500 (1 uM) abolished all responses. Finally, 10 uM ADPBS
inhibited spontaneous motility and this was partially reversed by 30 uM BPTU in pig,
but not human colonic tissue and abolished by MRS2500 (1 uM).

Conclusions and inferences: BPTU blocks purinergic responses elicited via P2Y1
receptors in cell cultures and in pig Gl tissue. However, the concentrations needed
are higher in pig tissue compared to cell cultures and BPTU was ineffective in human

colonic tissue.

Key words: P2Y1 receptors, purinergic response, BPTU, colon, tSA201 cells.
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Introduction

GPCRs are involved in many Gl mechanisms related to perception, motility and
secretion, so GPCR agonists and antagonists are important modulators of Gl
function. The orthosteric site of the receptor is often highly conserved and
consequently, drugs that bind to this site can lack selectivity between different
receptor subtypes. One approach to increasing selectivity is to develop
pharmacological tools that bind to allosteric sites, which, therefore, can potentiate
or inhibit endogenous agonists. Allosteric sites are usually less conserved than the
orthosteric site and so offer opportunities for receptor subtype-selective Gl

modulation 1.

Two main neurotransmitters, NO and ATP, or a related purine, mediate inhibitory
neuromuscular transmission in the Gl tract. The electrophysiological mechanism
responsible for the relaxation is an 1JP, which consists of a 1JPf, followed by a IJPs
component that are mediated by purines and NO, respectively 2 3. It is well
established that P2Y1 receptors (a Class A GCPR) are responsible for nerve-
mediated purinergic relaxation in the GI tract. The 1IJPf and the corresponding
purinergic relaxation is absent in Knockout mice that lack P2Y1 receptors 4 5 6,
Furthermore, the P2Y:1 receptor orthosteric inhibitors, MRS2179, MRS2279,
MRS2500, all inhibit the 1JPf and purine-mediated relaxation of both the small and

large human intestine in a concentration-dependent manner 7 &,

Recently, an allosteric inhibitor, 1-(2-(2-(tert-butyl)phenoxy)pyridin-3-yl)-3-(4-
(trifluoromethoxy)- phenyl)urea (BPTU) was developed, which binds to a pocket at
the external interface of the P2Y1 receptor with the lipid bilayer, making it the first
structurally characterized, selective GPCR ligand that acts entirely outside of the
helical bundle °. The molecular mechanism of P2Y1 receptor activation and blockade
has been characterized in detail 1° 1. A pharmacological study performed in vitro
has shown that the inhibitory effects of BPTU and MRS2500 can be surmountable
or unsurmountable depending on the signalling pathway measured, and the agonist
used to activate the receptor *2.
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All these studies have been performed in cell cultures and therefore, it is mandatory
to study these compounds in tissues. In 2016, we reported that BPTU blocked the
IJPf and the mechanical purinergic relaxation in colonic muscle strips of rodents 3.
Recently, we demonstrated that both MRS2500 and BPTU blocked the
hyperpolarization and relaxation induced by diadenosine tetraphosphate (Ap4A) in
the rat colon 4. Accordingly, the aim of this work was to determine the effects of
BPTU first in a large animal model and then in human tissue. Finally, due to possible
discrepancies between these results we wanted to compare these actions with
mouse colonic tissue and cultured cells in which the human P2Y:1 receptor is
endogenously expressed.

Materials and Methods

Cell culture

tSA201 cells (ECACC Cat# 96121229, RRID:CVCL_2737), a modified HEK293 cell
line, were grown and prepared for recording of intracellular Ca?* levels as described
previously 15 18, Briefly, cells were maintained in 5% CO2, 95% O2 in a humidified
incubator at 37°C, in Dulbecco’s Modified Eagle’s Medium (Life Technologies,
Paisley, UK), supplemented with 10% foetal calf serum, 1% non-essential amino
acids, 1% penicillin (10,000 units mLt) and streptomycin (10 mg mL™). Prior to
recording, the cells were plated onto 13 mm glass coverslips coated with poly-L-
lysine (0.1 mg mLt) and experiments performed once a confluent monolayer of cells

had developed.

Tissue preparation

Mouse Tissue. Eight CD1 mice (male, 8-18 wk old) were housed under controlled
conditions: constant temperature (22 = 2 °C) and humidity (55 + 10 %), 12 h
light/dark cycle and ad libitum access to water and food. Mice were euthanized by
cervical dislocation. The colon was quickly removed and placed in carboxygenated
(5 % C0O2:95 % O2) Krebs solution. The mesenteric fat was removed, the colon was
opened along the mesenteric border and pinned to a Sylgard base with the mucosa

facing up. The mucosal and submucosal layers were removed, and 1 cm long by
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0.4 cm wide strips were cut in a circular direction. The experimental protocol was
review and authorised by the Ethical Committee of the Universitat Autbnoma de

Barcelona.

Pig Tissue. Sixteen Danbred piglets (male, 4-5 wk old, 6-9 kg) were group-housed
under conventional conditions in a light (13 h:11 h light/dark cycle) and temperature-
controlled (28 + 2 °C) room. To maintain an optimal temperature, partial floor heating
and a heat lamp were provided in the pen. Commercial feed and drinking water were
provided ad libitum. Euthanasia was performed under intramuscular sedation with
Xylazine (2.2 mg kg BW; Rompun, Bayer) and Zolazepam - Tiletamine (8 mg kg
BW; Zoletil 100, Virbac) and carried out by means of intravenous sodium
pentobarbital (200 mg kg-1 BW; Dolethal, Vetoquinol S.A.) in the Animal Facility of
the Veterinary Faculty (UAB). Pieces of colon (n=16) and ileum (n=16) were used
to perform the experiments. Tissues were collected and transported to the
laboratory in ice-cold carbogenated Krebs solution. Once in the laboratory,
specimens were placed on a dissection dish, and the mucosal and submucosal
layers were gently removed. Muscle strips (1 cm long by 0.4 cm wide) were cut in
circular orientation. The experimental protocol was review and authorised by the

Ethical Committee of the Universitat Autonoma de Barcelona.

Human Tissue. Samples of colon from macroscopically normal regions were
obtained from patients (n = 10; 5 woman and 5 men, aged 57-89 years,
supplementary figure 1) during colon resections for neoplasm and transported to the
laboratory in cold saline buffer. The tissue was placed in Krebs solution on a
dissection dish and the mucosal layer was removed. Circular muscle strips (1 cm
long by 0.4 cm wide) were cut. The patients of this study provided written, informed
consent, and the experimental procedure was approved by the Ethics Committee of

the Hospital de la Vall d’Hebron (Barcelona).
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Ca?" imaging

Cells were bathed in a buffer comprising (in mM): NaCl 122; KCI 5; HEPES 10;
KH2PO4 0.5; NaH2PO4 0.5; MgCl2 1; glucose 11; CaClz 1.8, titrated to pH 7.3 with
NaOH. Intracellular Ca?* was monitored using the Ca?*-sensitive fluorescent
indicator, Cal-520. Cells on a coverslip were incubated for 1 h at 37°C in the dark in
buffer containing Cal-520-AM ester (5 yM) and Pluronic™ F-127 (0.05% w/v in
DMSO) (Life Technologies, Paisley, UK). The coverslip was then placed vertically
in the recording chamber of a Perkin ElImer LS50B luminescence spectrophotometer
and the cells superfused continuously with buffer, applied under gravity at 4 mL min
L and room temperature. Cal-520 fluorescence, measured as arbitrary units (AU) in
a population of cells, was sampled at 10 Hz following stimulation at 490 = 15 nm
and the emission recorded at 525 + 15 nm using FL Winlab software (V4.00.02).
Resting Ca?* levels were stable over the course of the experiment. Agonists were
added in the superfusate until the response reached a peak (60-90 s) at 10 min
intervals. For each drug addition, the peak response amplitude was determined. The
following drugs were used in the experimental protocol: Adenosine 5’-diphosphate
sodium salt (ADP) (Sigma-Aldrich Co, Gillingham, Dorset, UK) which was dissolved
in deionised water and BPTU (Tocris, Bristol, UK) that was dissolved in DMSO.
0.1% DMSO has no effect on Ca?* levels or nucleotide evoked responses in tSA201
cells (Kennedy, unpublished observations).

All coverslips of tSA201 cells were first exposed to ADP (10 uM) twice to confirm
cell viability. To determine the potency of ADP, concentration-response curves were
then generated by superfusing cells with increasing concentrations of ADP. The
data were normalised by calculating each response in AU as a percentage of the
response to ADP 10 upM within the concentration-response curves. When
characterising the actions of BPTU, only one concentration of ADP and BPTU were
applied to each coverslip of cells. Cells were first exposed to ADP 10 uM twice, then
the test concentration of ADP was applied three times. This protocol evoked
reproducible responses. BPTU 100 nM or 1 uM was then applied to the cells for 5
min, before co-administration with ADP. The responses to ADP in AU were
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normalised by expressing them as a percentage of the amplitude of the second
response to ADP 10 pM.

Mechanical experiments

lleum and colon circularly oriented muscle strips were mounted in a 10 mL organ
bath filled with Krebs solution maintained at 37 + 1 °C. A tension of 0.5, 1 and 4 g
were applied to mouse, pig and human strips, respectively and they were allowed
to equilibrate for 1 h. After this period, strips displayed spontaneous phasic
contractions (SPC). In order to increase the spontaneous mechanical activity, pig
and human tissues were incubated with carbachol (Cch) (1 uM). An isometric force
transducer (Harvard VF-1) connected to an amplifier was used to record the
mechanical activity. Data were digitalized (25 Hz) using DATAWIN1 software
(Panlab, Barcelona, Spain) coupled to an ISC-16 analog-to-digital card installed in
a PC. EFS was applied through two platinum electrodes placed on the support
holding the tissue. Colonic preparations were stimulated at 5 Hz, 0.4 ms pulse
duration and 10 to 30 V for 1 to 2 min. The area under the curve (AUC) (g min-t) of
contractions from the baseline was measured to estimate mechanical activity before
and after drug addition or before and during EFS. In order to normalize mechanical
data, responses to drugs and EFS were expressed as a percentage of the basal
AUC using the following formula: 1 — (AUC during EFS or after drug incubation /
AUC previous to EFS or drug addition) thus 0% represents complete cessation of

spontaneous motility and 100% no change compared to basal activity.

Electrophysiological experiments

Electrophysiological experiments were performed with pig ileum strips dissected
parallel to the circular muscle and pinned in a Sylgard- coated recording chamber.
The tissue was continuously superfused with carboxygenated Krebs solution
maintained at 37 + 1 °C and allowed to equilibrate for approximately 1 h before
experiments were undertaken. Phentolamine, atropine and propranolol (all at 1 pM)
were added to create NANC conditions. To obtain stable impalements, tissues were

superfused with nifedipine (1 uM) to abolish mechanical activity. L-NNA (1 mM) was
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also added to the Krebs solution to block nitrergic neurotransmission. Circular
muscle cells were impaled with single, sharp glass microelectrodes filled with KCI
(3 M) and with a tip resistance of 40 — 60 MQ in order to record membrane potential
responses to EFS and drugs. Membrane potential was measured using a standard
electrometer, Duo773 (WPI, Sarasota, FL, USA). Recordings were displayed on an
oscilloscope, 4026 (Racal-Dana Ltd., Windsor, UK) and simultaneously digitalized
(100 Hz) with Power- Lab 4/30 system and Chart 5 software for Windows (both from
ADInstruments, Castle Hill, NSW, Australia). Intramuscular neurons were stimulated
by EFS using a pair of silver chloride electrodes, one on each side of the
preparation. IJPs were elicited by EFS (0.3 ms pulse width, supramaximal voltage).
The amplitude (mV) of the IJPf was calculated by measuring the difference between

the maximal hyperpolarization and the resting membrane potential (rmp).

Solutions and drugs

The composition of the Krebs solution used in the mechanical and
electrophysiological experiments was as follows (in mM): 10.10 glucose, 115.48
NaCl, 21.90 NaHCOs, 4.61 KCI, 1.14 NaH2PO4, 2.50 CaCl2 and 1.16 MgSOs4,
bubbled with a mixture of 5% C02:95% O2 (pH 7.4). The following drugs were used:
nifedipine, Nw-nitro- L-arginine (L-NNA), phentolamine, atropine sulphate,
propranolol, adenosine 5’-[B-thio] diphosphate trilitium salt (ADPBS) (Sigma
Chemicals, St. Louis, MO, USA), byciclo [3.1.0] hexane-1-methanol dihydrogen
phosphate ester tetraammonium salt (MRS2500), 2’-deoxy-N6-methyl adenosine
3’,5’-diphosphate tetraammonium salt (MRS2179), (2-
Hydroxyethyl)trimethylammonium chloride carbamate (Cch) (Tocris, Bristol, UK),
BPTU (Merck Millipore, Darmstadt, Germany). Stock solutions were made by
dissolving drugs in distilled water, except for nifedipine, which was dissolved in
ethanol (96%) (<0.001% v/v), BPTU, which was dissolved in DMSO and L-NNA

which required sonication to be dissolved in Krebs solution.
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Data analysis and statistics

ADP concentration-response curves in Ca*? imaging was fitted to the data by logistic
(Hill equation), nonlinear regression analysis and ECso and maximum values
calculated. ECso values for BPTU, MRS2500 and MRS2179 on EFS-induced
inhibition of spontaneous motility in pig ileum and colon were derived in the same
way. Responses to drugs and EFS in mechanical experiments were expressed as
a percentage of the basal AUC of contractions. As only one concentration of ADP
and BPTU were applied to each coverslip of cells, Student’s paired t test was used
to evaluate the differences in the rise in intracellular Ca?* induced by ADP in the
absence and presence of BPTU. The effect of drugs on IJP and EFS or drug
induced inhibition of spontaneous motility was evaluated by One way ANOVA
followed by a Bonferroni’s post hoc test. Data are expressed as mean + SEM and
considered significantly different when P<0.05. n values indicate the number of
samples from different cell cultures or pig or human tissues. Statistical analysis and
curve fit were performed with GraphPad Prism version 6.01 for Windows (GraphPad
Software, San Diego, CA, USA).

Results

Effect of BPTU on ADP-induced Ca?* release

tSA201 cells, a modified Human Embryonic Kidney 293 cell line that expresses
native P2Y1 receptors, were used to determine the actions of BPTU at human P2Y1
receptors. ADP evoked a concentration-dependent rise in intracellular Ca?*, with an
ECso of 2.1 pM (1.5-2.9 pM 95% confidence limits) (n=4). Initial experiments with
BPTU indicated that it is a non-competitive and irreversible antagonist, therefore, its
actions were determined against three concentrations of ADP that were towards the
bottom (1 uM), middle (3 uM) and the top (10 uM) of the quasi-linear portion of the
ADP concentration-response curves. Preincubation with BPTU 100 nM had no
effect per se on intracellular Ca?* levels, but significantly decreased the responses
to 1 uM ADP by 91.3 + 5.3%, to 3 uM ADP by 76.6 + 3.2% and 10 uM ADP by 53.1
+ 1.9% (Figure 1A) (P<0.001 each). A ten-fold higher concentration of BPTU, 1 uM,
also had no effect of its own on intracellular Ca?* levels, but abolished the response
to ADP 1 uM and further reduced the responses to 3 and 10 uM by 90.0 + 6.5%
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(P<0.001) and 74.3 £ 4.5% (P<0.0001), respectively (Figure 1B). There was no
reversal of the inhibition by both concentrations of BPTU, even after up to 30 min

washing with drug-free buffer (Figure 1C).
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Figure 1. BPTU inhibits human P2Y1 signalling tSA201 cells. (A-B) Peak amplitude of responses evoked by
ADP (1, 3, 10 uM) in the absence and presence of BPTU 100 nM and 1 pM, respectively (n=5). (C)
Superimposed traces showing changes in Cal-520 fluorescence evoked by superfusion of cells with ADP 10
uM, as indicated by the horizontal bar, before (black), during (blue) and after (red) incubation with BPTU 10 pM.
All are from the same population of cells. The data are expressed as a percentage of the response to ADP 10
UM obtained at the start of the experiment. Paired Student’s t test, **P<0.001 and ***P<0.0001 for responses in
the presence of BPTU compared to in its absence on the same coverslip of cells. Histograms represent mean
+ SEM.

Effect of BPTU on EFS-induced relaxation

In order to record constant spontaneous contractions, tissues were incubated with
Cch (1 uM). In pig ileum and colonic strips, EFS caused a cessation of spontaneous
contractions (Figure 2A,E,F) that was partially reversed by L-NNA (1 mM) (by 38.7
+ 149 %-ileum and 32.8 + 8.5 %-colon) (Figure 2B,E,F). When increasing
concentrations of BPTU (1, 10 and 30 pM) were then added in the continued
presence of L-NNA, it caused a further, concentration-dependent reduction in the
inhibitory responses elicited by EFS (Figure 2C,E,F). However, subsequent addition
of MRS2500 (1 uM) was required to achieve complete reversal of the EFS-induced
relaxation (Figure 2D,E,F). The ECso for BPTU was higher in the pig colon compared
with the ileum (P<0.05), being 35 uM and 6 uM, respectively (Table 1). Since the
concentration of BPTU needed to block the inhibition of spontaneous contractions

in pig tissues was higher compared to the results previously obtained in rodents 13,
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the effect of BPTU was also determined in the mouse colon. Using the same

protocol as described above, BPTU reversed the EFS response at lower

concentrations than those used in pig tissues (Figure 2G, Table 1).

Table 1. Pharmacological data of the blockade of purinergic response. EC50 of

MRS2179, MRS2500 and BPTU in preparations from mouse, rat, pig and human.

Species/Tissue

MRS2179 (ECso)

MRS2500 (ECso)

BPTU (ECso)

Mouse colon | —eeeeeeeo 0.025 pm 13 0.3 uM 3 (present
work)

Rat colon 3.5uM 19 0.016 uM ° 0.5 uM 13

Pig Colon 0.15 uM 0.054 uM 35 uM

Pig Small Intestine 0.7 uM 3 0.06 uM 6 UM

Human Colon 0.87 uM ? 0.088uM e | e
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Figure 2. BPTU effect on the inhibition of spontaneous motility induced by EFS in pig and mouse tissue. (left;

A-D) Recordings of colonic pig preparations. (right; E-G) Histograms of pig ileum, pig colon and mouse colon

tissues showing the effect of P2Y1 blockers in 2 min EFS (5 Hz, 50 V and a pulse duration of 0.4 ms) response
in control conditions and in the presence of L-NNA, BPTU 1, 10 and 30 pM and MRS2500 1 pM. Data were
compared to basal AUC. One way ANOVA test followed by Bonferroni’s post hoc test, *P<0.05 and **P<0.01

for responses in the presence of different concentrations of BPTU compared to in its absence. Histogram

represent mean = SEM. n value are shown at the top of the graph.

Next, the potencies of MRS2500 and MRS2179, another orthosteric P2Y:

antagonist, were determined in pig tissues following the same protocol. Both

blocked EFS-induced responses in a concentration-dependent manner, though
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higher concentrations of MRS2179 were needed compared with MRS2500 (pig
ileum P<0.0001, pig colon P<0.05) (Figure 3, Table 1).
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Figure 3. Comparison of the potency of MRS2179 and MRS2500 in the pig ileum and colon. (A-D) Recordings
of ileum pig preparations (A, B) and pig colonic strips (C, D) showing the effect of MRS2179 and MRS2500. (E-
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F) Histograms showing a higher potency of MRS2500 compared to MRS2179. Data were compared to basal
AUC. One way ANOVA test followed by Bonferroni’s post hoc test, *P<0.05 and **P<0.01 for responses in the
presence of different concentrations of MRS2179 and MRS2500 compared to in its absence. Histogram
represent mean = SEM. n value are shown at the top of the graph.

In human colon, L-NNA (1 mM) also produced a partial reduction of the EFS-induced
relaxation (34.7 = 10.4 %). In contrast with the results obtained in pig tissues, BPTU
(0.01-100 pM) did not significantly reverse EFS-induced inhibitory responses
(P>0.05), but subsequent addition of MRS2500 (1 uM) produced complete reversal
(P<0.0001) (Figure 4), consistent with our previously published results  (Table 1).
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Figure 4. BPTU effect on purinergic relaxation in human colon. (top; A-D) Mechanical recordings and (E)
histogram showing 2 min EFS (5Hz, 50V and a pulse duration of 0.4 ms) in the presence of L-NNA 1 mM (B),
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BPTU 30 uM (C) and MRS2500 1 uM (D). Only MRS2500 1 uM blocked the EFS-induced inhibitory response.
Data were compared to basal AUC. One way ANOVA test followed by Bonferroni’s post hoc test, P>0.05 for
responses in the presence of different concentrations of BPTU and ****P<0.0001 for MRS2500 1uM compared
to in its absence. Histogram represent mean + SEM. n for each group value are shown at the bottom of the

graph.

Effect of BPTU on IJPf

In previous experiments we showed that the IJPf was reduced by BPTU in a
concentration-dependent manner in colonic tissues 3. Accordingly, we determined
the effect of BPTU on the IJPf in pig small intestine. Slow waves (SW) had an
amplitude of 8.0 £ 1.5 mV and a frequency of 9.8 £ 0.3 contractions per min and the
RMP was -62.1+ 1.3 mV. However, SW and RMP were not affected by BPTU. In
the presence of L-NNA (1 mM), EFS with a single pulse at supramaximal voltages
elicited a prominent 1JPf that reached a mean peak amplitude of 12.8 + 2.0 mV
(Figure 5A,D). At the lowest concentrations tested, (1 and 10 uM), BPTU did not
significantly modify the amplitude of the [JPf (P>0.05), but increasing the
concentration of BPTU to 30 pM, significantly reduced the IJPf amplitude to 2.7+£1.1
mV (P<0.0001) (Figure 5B,D). Subsequent coadministration of MRS2500 (1 puM)
produced complete blockade of the response (P<0.0001) (Figure 5C). These results
showed that a higher concentration of BPTU was needed to block purinergic

responses compared to MRS2500.
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Figure 5. Effect of BPTU on I1JPf in the pig ileum. (A-C) Pig ileum recordings showing EFS in control conditions
(A), in the presence of BPTU 30uM (B) and after MRS2500 1 uM addition (C). (D) Histogram showing the effect
of 1, 10 and 30 uM BPTU on IJPf. Notice a reduction of the amplitude of the 1JPf after adding BPTU 30 pM. One
way ANOVA test followed by Bonferroni’s post hoc test, P>0.05 for responses in the presence of BPTU 1 and
10 uM and ***P<0.001 for BPTU 30 uM compared to in its absence. Histogram represent mean + SEM. n value

is shown at the top of the graph.

Effect of BPTU on agonists targeting the P2Y1 receptor

Finally, the effects of BPTU on relaxations induced by P2Y1 receptor agonists were
determined. In the presence of L-NNA (1 mM), ADPRS (10 uM) significantly reduced
spontaneous contractions of pig ileum (Figure 6A,D) and colon (Figure 6B,E) to 17.4
+ 8.5% (P<0.0001) and 25.5 + 9.8% (P<0.001) of control, respectively. A similar
reduction was also observed in human colon (24.6 + 9.1% of control) (Figure 6C,F).
BPTU (30 uM), partially reversed the ADPR3S response in pig ileum (P<0.01; 68.3 +
11.1% of control) and colon (P<0.05; 70.1 £ 12.4% of control), but had no effect in
human colon, (P>0.05; 29.7 + 10.9% of control) (Figure 6).
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Figure 6. Effect of ADPBS in pig and human preparations. (top; A-C) Mechanical recordings and (bottom; D-F)
histograms showing the effect of ADPBS 10 uM in control conditions and in the presence of BPTU 30 puM and
MRS2500 1 uM. Notice the inhibitory effect of ADPBS 10 uM compared to basal contractility. BPTU 30 uM only
reduced the inhibitory effect of ADPBS in pig tissues and the response was completely blocked by MRS2500 1
MM in all the preparations. Data were compared to basal AUC. One way ANOVA test followed by Bonferroni’s
post hoc test, *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 for responses in the presence of BPTU 30 uM
and MRS2500 1uM compared to in its absence. Histogram represent mean + SEM. n value is shown at the top
of the graph.
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Discussion

It is well established that NO and ATP or a related purine, act as cotransmitters and
in a complementary manner, via GC and P2Y1 receptors respectively, to produce
nerve-mediated muscle IJPs and relaxation in the Gl tract. The rapid IJPf evoked by
P2Y1 receptor stimulation is transient during continuous stimulation, whereas NO-
mediated slow IJPs summate. These lead to a time-dependent, transient purinergic
relaxation followed by a sustained nitrergic relaxation. In this study, we showed that
BPTU inhibits the purinergic responses in the mouse and pig intestine and also that
it is much more potent in the former. Interestingly, although BPTU strongly reduces
purine-mediated responses in human cells that express the P2Y1 receptor, BPTU
had no effect on responses mediated by P2Y1 receptors in human colonic muscle.

Thus, the actions of BPTU in the Gl tract appear to vary with the species studied.

In the present study we showed that 30 uM BPTU reduced the 1JPf in the pig small
intestine by about 60-70%, whereas MRS2500 totally blocked the [JPf at 1 pM.
However, a lower concentration of BPTU was needed to reduce the 1JPf, both in
mice (ECso = 0.06 uM) and as we previously reported, rats (ECso = 0.3 uM) 3. We
also found that under the same experimental conditions BPTU blocked the
purinergic relaxation, but the concentration needed to reduce the response by 50%
was higher in pig tissue compared to the values previously reported in rodents (see
table 1) 2. Due to these differences, we repeated the experiments with mouse tissue
and we obtained similar results to those previously reported 3. All together these
experiments demonstrate that sub-micomolar concentrations of BPTU block both
electrophysiological and mechanical responses in rodents, but concentrations in the

micromolar range are needed to block responses in pig intestinal tissue.

Next, we determined the effect of BPTU on human colonic tissue. Consistent with
the electrophysiological profile, L-NNA only partially reduced the neurogenic
inhibition of spontaneous motility. Due to rundown of the IJPf during continuous
stimulation, the purinergic component of relaxation was larger at the beginning

compared to the end of the stimulus (see figure 4B). Unexpectedly, even at high
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concentrations, BPTU did not block this response, whereas subsequent addition of
MRS2500 1 uM abolished it (see Figure 4D). Higher concentrations of BPTU could
not be used since the vehicle, DMSO, strongly reduced spontaneous motility.
Moreover, the time of incubation usually achieved in this experiment is about 20 min
for each concentration. In some experiments, we increased it to about 45 min, but
the result was the same (not shown). In order to confirm that BPTU does act as an
antagonist at human P2Y1receptors 12, we investigated the ability of BPTU to block
P2Y1 receptor-mediated release of Ca?* in human tSA201 cells. As expected BPTU
(100nM and 1 pM) reduced the Ca?* release induced by ADP (1 to 10uM).

In this study ADPRS strongly inhibited spontaneous contractions in all tissues tested
and the response was blocked in all cases by MRS2500, as reported previously *’.
However, BPTU 30uM only partially reduced the response in pig tissues and had no
effect in human tissue. These data suggest that BPTU is able to reduce P2Y1
responses in pig, but not human tissues. MRS2500 and ADPRRS were, however,
effective in all tissues. One possible explanation is that whilst MRS2500 and ADPRRS
are water-soluble nucleotides, BPTU is a hydrophobic non-nucleotide and it may be
more difficult for it to penetrate thicker (pig or human) than thinner (rodents) tissues,
which would be consistent with its relative potency between the tissues studied.
BPTU binds to the receptor in a shallow binding pocket on the external interface of
TM1-TM3, within the lipid bilayer, which accommodates the ligand mainly through
hydrophobic interactions 18. Efforts to design less hydrophobic analogues of BPTU
resulted in a decrease in the binding affinity 8. It will be important to bear the
lipophilicity and reduced activity of BPTU as potential limitations for future studies
on human tissues. In conclusion, in this study we show that BPTU is a P2Y1
antagonist that reduces purinergic responses in Gl tissues from mice and pigs and
in a human cell line. However, in colonic human tissue BPTU was ineffective.
Accordingly, BPTU is an excellent pharmacological tool to better characterize
pharmacological blockade of receptors expressed in cell cultures or in isolated
tissues where diffusion of the drug is not an issue, but there are limitations to its
capacity to block purinergic responses in thicker tissues or possibly even in

individuals.
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Supplementary table 1. Age, sex and tissue localization of the patients.

Age Sex Tissue localization
76 years Woman Descending (left) colon
89 years Woman Ascending (right) colon
57 years Men Ascending (right) colon
62 years Men Transverse colon
73 years Woman Sigmoid colon
82 years Men Sigmoid colon
59 years Men Ascending (right) colon
78 years Men Ascending (right) colon
74 years Woman Sigmoid colon
57 years Woman Ascending (right) colon
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Characterization of neurosecretory and neuromuscular
mechanisms in the pig colon and its impairment after an acute E.

coli infection.

Abstract

Background: The ENS responds to various pathological factors, including bacterial
infections. Therefore, the present study aims to assess the integrity of the colonic
barrier and the possible activation of neural pathways associated with secretion and

motility in the pig colon induced by an ETEC challenge.

Methods: 50 Danbred male piglets were used for this study. 16 were challenged
with a single oral dose of the ETEC strain F4+ 1.5 x 10° colony-forming unit (CFU).
4- and 9-days post-challenge colonic samples were studied using both a muscle

bath and Ussing chamber. Colonic MCs were stained with methylene blue.

Key results: At day 4 post-challenge, a permeability increase was observed, and
electrogenic ion transport increased until day 9 post-challenge. Isc decreased by
TTX (1uM) and atropine (10-*M) in infected animals. In control animals, EFS induced
neurosecretory responses that were abolished by TTX and reduced by the
combination of atropine (10-*M) and a-chymotrypsin (a-cmt) (10U/mL). Exogenous
addition of Cch, VIP, forskolin, 5-HT, nicotine, and histamine produced epithelial CI-
secretion. EFS produced frequency-dependent contractile responses that were
abolished with TTX (1uM) and atropine (1uM). EFS and Cch responses were not
modified in ETEC animals. An increase in MCs stained with methylene blue was
observed in the mucosa and submucosa but not in the muscle layer at day 9 post-

challenge.

Conclusions: ETEC induced secretory diarrhoea and an impairment of the colonic
barrier that was restored on day 9 post-challenge but did not modify neuromuscular

function. Immune mediators are possibly involved in intrinsic secretory reflexes.

Key words: ETEC, neurosecretion, ENS, colon, pig.
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Introduction

The ENS is organized in two major ganglionated plexuses, the MP and the SMP,
which interconnect and regulate motor and sensory neural input, respectively ' 2,
Furthermore, enteric neurons located within the intestinal wall respond to various
pathological factors, including inflammatory processes, bacterial infections and
toxins 3. The anatomical organization of the ENS appears to be more complex in
larger animals than in small laboratory animals. For this reason, and because of the
physiological similarity between the porcine and the human Gl system, the pig has
been considered as a suitable model for studying neural mechanisms related to Gl

functions 4 5 8,

Ex vivo techniques are used to assess intestinal mechanisms that can be affected
by bacterial toxins, such as an increase in the mucosal ion transport, a leaky
intestinal barrier or an impaired contractility. Furthermore, EFS stimulates enteric
neurons, thus evaluating the contribution of the ENS on gut responses. In innervated
muscular preparations, both selective pharmacological conditions and stimulation
parameters must be applied to isolate a concrete neuronal response 7. EFS of
intestinal preparations containing submucosal neurons are used to study nerve-
mediated changes in mucosal ion transport & However, submucosal neural-
mediated responses have been mainly evaluated in laboratory animals while less is
known in large mammals °. In this context, this study characterizes, for the first time,

EFS evoked neurosecretory responses in the pig colon.

Nowadays, ETEC infection is still a major cause of morbidity and mortality
worldwide, especially in low-income countries. Moreover, in pig production it also
results in economic losses in the preweaning and the postweaning period '°. Toxins
produced by ETEC can directly act on enterocytes but also interfere with the ENS,

thus resulting in moderate-to-severe watery diarrhoea, both in humans and animals
1112 13
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Therefore, the aims of the present study were to assess the neural mechanisms
associated with Gl secretory and motor functions in the pig colon and to evaluate

functional disruptions induced by an ETEC challenge in the post-weaning period.

Materials and Methods

Animals

A total of 50 Danbred male piglets of non-vaccinated against E. coli mothers
(weaned at 21 d of age; BW 5.0 + 0.35 Kg) were acquired; 18 animals were used to
characterize colonic neuromuscular and neurosecretory mechanisms and 32
animals were used to study the impairment of the colonic functionality after an ETEC
challenge. After weaning, animals were allowed an adaptation period of at least 7
days in the farm facility of the UAB. Piglets were group-housed under conventional
conditions in a light (13-h:11-h light/dark cycle) and temperature-controlled
(28 £2 °C) room. To maintain an optimal temperature, partial floor heating with the
addition of a heat lamp was provided in the pen. Commercial feed and drinking water
were provided ad libitum. Euthanasia was performed under intramuscular sedation
with Xylazine (2.2 mg kg™' BW; Rompun, Bayer) and Zolazepam - Tiletamine (8 mg
kg™ BW; Zoletil 100, Virbac) and carried out by means of intravenous sodium
pentobarbital (200 mg kg' BW; Dolethal, Vetoquinol S.A.). For functional studies,
tissue was collected and transported to the laboratory in ice-cold carbogenated
Krebs solution. For histological studies, colonic samples were collected and fixed in
Methacarn (MeOH 60 mL, CHCI330 mL, HAc 10 mL). The experimental protocol
was reviewed and authorised by the Ethical Committee of the Universitat Autbnoma
de Barcelona. ETEC experimental procedures were approved under the following
code, no. CEEAH: 4026.

E. coli infection

After 7 days adaptation period, 16 piglets were challenged with a single oral dose
of 6 mL of the ETEC strain F4+ (1.5 x 10° CFU) following the protocol described by
Lopez-Colom et al., 2019 4. Briefly, the oral inocula of the ETEC strain F4+ (positive
for virulence factors F4ab, F4ac, LT, STb, and negative for EAST1 and F6, F18,
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F41, STa, VT1, VT2, and EAE) provided by the Diseases Laboratory of UAB (ref.
30/14-3) was prepared by overnight incubation at 37 °C with shaking at 250 rpm in
brain heart infusion medium (BHI, Laboratorios Conda S.A.). To confirm inoculum
concentrations, serial dilutions were cultured in Luria agar and incubated overnight
at 37 °C. The final inoculum obtained was 2.5 x 108 CFU mL-'. Functional studies
were performed on days 4 and 9 post-challenge (N =4 and N = 12, respectively).
Age- and time-matched piglets were used as controls (N =4 on day 4 and N = 12
on day 9 post-infection). During this time, animals were regularly monitored for
clinical signs and body weight changes. The normal course of the infection was
confirmed by a minor decrease of body weight and a mild diarrhoea after ETEC

infection compared with controls.

Solutions and drugs

The composition of the Krebs solution was as follows (in mM): 10.10 glucose,
115.48 NaCl, 21.90 NaHCOs3, 4.61 KClI, 1.14 NaH2PO4, 2.50 CaClz and 1.16 MgSO4
bubbled with a mixture of 5% C02:95% O2 (pH 7.4). A chloride free Krebs solution
was also used in secretion experiments (in mM) with the following composition:
10.10 glucose, C6H11NaO7 115.48 NaCl, 21.90 NaHCOs3, 4.61 CeH11KO7, 1.14
NaH2PO4, 2.50 C12H22Ca014 x H20 and 1.16 MgSO4 bubbled with a mixture of 5%
C02:95% O2 (pH 7.4).

The following drugs were used: Nw-nitro- L-arginine (L-NNA), atropine sulphate, 2-
(4-Imidazolyl)ethylamine dihydrochloride (Histamine dihydrochloride), N-[2-[[[5-
[(Dimethylamino)methyl]-2-furanyllmethyl]thio]ethyl]-N'-methyl-2-nitro-1,1-

ethanediamine hydrochloride (Ranitidine hydrochloride), Nicotine, a-chymotrypsin,
3-(2-Aminoethyl)-5-hydroxyindole, 5-HT, 5-hydroxytryptamine (serotonin) (Sigma
Chemicals, St. Louis, MO, USA), (1R,2S5,4S,5S)-4-[2-lodo-6-(methylamino)-9H-
purin-9-yl]-2 (phosphonooxy) byciclo [3.1.0] hexane-1-methanol dihydrogen
phosphate ester tetraammonium salt (MRS2500), (2-
Hydroxyethyl)trimethylammonium chloride carbamate (Cch), VIP, Tetodrotoxin
(TTX), Forskolin and 1,2,3,9-Tetrahydro-9-methyl-3-[(2-methyl-1H-imidazol-1-
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yl)methyl]-4H-carbazol-4-one hydrochloride (Ondansetron hydrochloride) (Tocris,
Bristol, UK). Stock solutions were made by dissolving drugs in distilled water except
for Forskolin, which was dissolved in ethanol (96%) and L-NNA, which required

sonication to be dissolved in Krebs solution.

Measurement of electrophysiological parameters

Colon mucosa was stripped from the muscle layers and myenteric plexus, opened
along the mesenteric border and divided into 1.5 cm? flat segments, excluding
Peyer’'s patches. The pieces were mounted in Ussing chambers (World Precision
Instruments, Aston, UK) and were allowed to stabilize for 30 - 40 min before baseline
values of PD, Iscand G were recorded. Strips were bilaterally bathed with 5 mL of
carbogenated (95% 02 and 5% CO02) and warmed (37 £ 1 °C) Krebs buffer. The
chambers, with an exposed window surface area of 0.67 cm?, contained two voltage
sensitive electrodes (EKV; World Precision Instruments) to monitor the PD across
the tissue and two Ag-AgCl current passing electrodes (EKC; World Precision
Instruments) to inject the required Isc to maintain a PD of zero. A voltage step of 1
mV was applied every 30 min and the change in Isc was used to calculate tissue G
and its reciprocal, TEER, by Ohm’s law. In order to study neurosecretory
mechanisms, EFS was applied through two electrodes placed in both sides of the
tissue and attached to the output of a stimulator (Grass S48, Grass Instruments,
Quincy, MA). EFS had a total duration of 30 s (pulse duration of 0.5 ms, 5 mA and
frequencies of 0.5, 1, 5, 10 and 20 Hz). Data was registered via an automated
voltage/current clamp (DVC-1000; World Precision Instruments) and digitized with
an analog-to-digital converter (MP150; Biopac Systems, Goleta, USA).
Measurements were recorded and analysed with Acgknowledge computer software
(version 3.8.1; Biopac Systems). Isc and G data were normalized for the mucosal

surface area.

Assessment of epithelial permeability
Paracellular permeability was assessed on day 4 (N = 4) and day 9 (N = 4) post-

challenge. Mucosal to basolateral flux of fluorescein isothiocyanate (FITC)-labelled
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dextran (FD) with a molecular weight of 4kDa (FD4; TdB Consultancy AB, Uppsala,
Sweeden) was measured over 60 min experimental time. After tissue stabilization,
FD4 was added to the mucosal reservoir to a final concentration of 2.5 x 104 mol L
1. Basolateral samples (250 pL, replaced by 250 uL of Krebs buffer) were taken at
30 min intervals. Concentration of fluorescein in the samples was determined by
fluorometry (Infinite F200; Tecan, Crailsheim, Germany) with an excitation
wavelength of 485 nm (20 nm band width) and an emission wavelength of 535 (25
nm band width), against a standard curve. Readings are expressed as a percentage
(%) of the total amount of FD4 added to the mucosal reservoir and the slope of the

FD4 permeability curve was calculated for each experimental group.

Mechanical experiments

Colonic circularly oriented muscle strips were used to characterize neuromuscular
mechanisms, whereas circularly and longitudinally oriented strips were used to
study the effect of the ETEC challenge. In both cases, strips were mounted in a 10
mL organ bath filled with Krebs solution at 37 £ 1 °C. A tension of 1 g was applied,
and tissue was allowed to equilibrate for 1 h until SPC were recorded. An isometric
force transducer (Harvard VF-1) connected to an amplifier was used to record the
mechanical activity. Data were digitalized (25 Hz) using DATAWIN1 software
(Panlab, Barcelona, Spain) coupled to an ISC-16 analog-to-digital card installed in
a PC. EFS was applied through two platinum electrodes placed on the support
holding the tissue and connected to the output of an electronic stimulator (Grass

S88, Grass Instruments, Quincy, MA).

The AUC (g min™") of contractions from the baseline was measured to estimate
mechanical activity before and after drug addition. In order to normalize mechanical
data, responses to drugs were expressed as a percentage of the basal AUC using
the following formula: 1 — (AUC after drug incubation / AUC previous to drug
addition), being 0% a complete cessation of spontaneous motility and 100% a

mechanical recording with the same AUC as in the basal activity.
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To study the effect of the ETEC challenge on excitatory neuromuscular
transmission, NNNP conditions were used in circularly and longitudinally oriented
colonic strips and EFS was applied at 30 V (train 300 ms, pulse duration 0.4 ms)
and increasing frequencies (10, 20, 30, 40 and 50Hz). The response was analysed
by measuring the amplitude of the EFS. In another subset of experiments, Cch
dose-response was studied and compared between experimental groups. In this
case, the response was analysed by measuring the AUC of contractions and

expressed as g min-'.

MCs staining and counting

Colonic slides were stained with methylene blue staining. Mucosal, submucosal and
muscular and serosal MCs were counted in 10 random fields per subject following
a blinded fashion evaluation. Counts were performed on day-9 post-ETEC

challenge, N=7 and control animals, N=8.

Data analysis and statistics

4 to 8 colonic strips per animal were used to characterize colonic neurosecretory
and neuromuscular mechanisms. A different experimental protocol was used for
each of the strips of the same animal and data are expressed as n values that
represent the total number of strips analysed from different animals (n). For the
ETEC challenge study, a range from 2 to 4 strips per animal was used and data are
expressed as the total number of animals used in each experimental group (N). In
all cases, results were considered statistically significant when P<0.05. One-way
ANOVA followed by Bonferroni’'s post-hoc test was used to analyse basal
electrophysiological parameters, FD4 permeability slope, the effect of neural
blockade on Isc and the secretory and muscular effect of Cch, VIP, forskolin, nicotine
and 5-HT. Comparison of fits after Nonlinear regression curve was used to analyse
histamine effect. FD4 permeability over time, neurosecretory EFS-induced
response, motor responses to excitatory EFS and Cch were compared using a two-
way ANOVA followed by Bonferroni’s multiple comparisons test. Intestinal MCs

assessment and the effect of neural blockade on Isc were compared through a t-test.
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Results

Effect of Cch on colonic secretion and motility

Cholinergic pathway was assessed in both Ussing chambers and muscle bath
preparations. Serosal addition of Cch (108 - 105 M) caused an immediate and
concentration-dependent increase in lsc with an ECso of 19.86 yM and reaching
40.37 = 3.95 pA/cm? Alsc at the highest concentration tested. Pre-treatment with TTX
10°M did not modify the Cch response, whereas atropine 10 M and the CI- free

Krebs solution totally blocked the Cch 10-°M induced response (Figure 1A).

Organ bath experiments showed that the increase of colonic contractions induced
by Cch was also concentration dependent (108 - 10-° M), with an ECso of 1.24 uM.
Prior incubation with TTX 106 M did not modify the Cch 10-° M induced response
but it was abolished with atropine 106 M (Figure 1B).
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Figure 1. Effect of carbachol (Cch) on colonic secretion and motility. (A) Mucosal recordings in control conditions
and with the incubation of atropine 10 M (top) and histogram (bottom) showing the effect of Cch on colonic

secretion. (B) Muscular recordings in control conditions and with atropine 10-6 M incubation (top) and histogram

(bottom) showing the effect of Cch on colonic motility. Post Hoc test after ANOVA. ***, P<0.001; ****, P<0.0001.

Data are expressed as mean + SEM. n values are shown at the bottom of each graph.

Effect of VIP and forskolin on colonic secretion and motility

VIP concentration-dependen increased the Isc (10° — 107 M) and a significant

response was detected at the highest concentration (17.15 + 3.15 pA/cm? Alsc).
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Thereafter, VIP 10" M was tested with the prior incubation of a-cmt 10U/mL and
with a CI- free Krebs solution which both produced a reduction of the response
(Figure 2A). Forskolin response was concentration-dependent (108 — 10° M),
reaching the highest concentration 52.96 + 11.61 pA/cm? Alsc. The response was
TTX insensitive, but it was strongly reduced when the preparation was incubated

with a CI- free Krebs solution (Figure 2C).

In the colonic muscle layer, both VIP (10 — 107 M) and forskolin (108 — 105 M)
produced a concentration-dependent decrease of the contractions with an ECso of
0.022 uyM and 0.12 pM, respectively. Both responses were TTX insensitive.
Nevertheless, VIP response could be blocked with the pre-treatment of a-cmt
10U/mL (Figure 2B,D).
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Figure 2. Effect of vasoactive intestinal peptide (VIP) and forskolin on colonic secretion and motility. (A) Mucosal
recordings (top) and histogram (bottom) showing the effect of VIP on colonic secretion. (B) Muscular recordings
(top) and histogram (bottom) showing the effect of VIP on colonic motility. (C) Mucosal recordings in control
conditions (Krebs solution) and in a CI- free buffer (Cl-free Krebs solution) (top) and histogram (bottom) showing
the effect of Forskolin (FSK) on colonic secretion. (D) Muscular recordings (top) and histogram (bottom) showing
the effect of FSK on colonic motility. Post Hoc test after ANOVA. *, P<0.05; **, P<0.01. Data are expressed as
mean = SEM. n values are shown at the bottom of each graph.

Effect of nicotine on colonic secretion and motility

Nicotine 10* M produced 42.67 + 8.66 pyA/cm? Alsc in control conditions while a
strong reduction of the response was observed when tissue was incubated with TTX
106 M, atropine 10 M and a CI- free Krebs solution (Figure 3A).

Mechanical experiments were used to assess the presence of nicotinic receptors in
enteric excitatory and inhibitory motor neurons using colonic strips incubated with
L-NNA 1mM or atropine 10-° M, respectively. In the presence of L-NNA 1mM, an

increase in colonic contractions was observed after nicotine 10 M addition. In
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contrast, prior incubation with atropine 10-° M produced a substantial reduction of

the colonic contractions (Figure 3B).
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Figure 3. Effect of nicotine on colonic secretion and motility. (A) Mucosal recordings in control conditions (Krebs
solution) and after TTX 106 M incubation (top) and histogram (bottom) showing the effect of nicotine 10 M on
colonic secretion. (B) Muscular recordings with L-NNA 1mM and atropine 10-° M incubation (top) and histogram
(bottom) showing the effect of nicotine 104 M on colonic motility. Post Hoc test after ANOVA. *, P<0.05; ***,
P<0.001; ****, P< 0.0001. Data are expressed as mean + SEM. n values are shown at the bottom of each graph.

92



Capitol 2

Effect of serotonin on colonic secretion and motility

To study the role of 5-HT in the gut function, 5-HT 10* M was added to mucosal
colonic preparations and 13.19 + 1.30 pA/cm? Alsc was reached under control
conditions. Subsequently, 5-HT 104 M was added in the presence of the 5-HT3
antagonist, ondansetron 10* M, TTX 10° M or a CI- free medium. In all cases, a

reduction of the ionic secretion was observed (Figure 4A).

In the muscular layer 5-HT 10*M produced a biphasic response consisting of a first
phase of relaxation, with a mean time duration of 3.85 + 0.33 min followed by a
second phase of contraction. However, when ondansetron 10-* M was incubated in
advance, the first inhibition phase was less pronounced and significantly shorter,
with a mean time duration of 2.26 + 0.36 min (t-test, P<0.01). Moreover, the AUC of
the second phase increased reaching a mean AUC of 447.1 + 141.6 % of basal
AUC. Thereafter, 5-HT was also studied in NNNP and TTX 10 M conditions. In

both cases, the response consisted of only a phase of contraction (Figure 4B).
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Figure 4. Effect of serotonin (5-HT) on colonic secretion and motility. (A) Mucosal recordings in control
conditions (Krebs solution) and with ondansetron 10-* M incubation (top) and histogram (bottom) showing the
effect of 5-HT 10 M on colonic secretion. (B) Muscular recordings in control conditions (Krebs solution) and
with ondansetron 10 M incubation (top) and histograms (bottom) showing the effect of 5-HT 10 M on colonic
motility. Post Hoc test after ANOVA and Two-way ANOVA. **, P< 0.01; ***, P<0.001. Data are expressed as

mean + SEM. n values are shown at the bottom of each graph.
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Effect of histamine on colonic secretion and motility

Histamine was incubated in mucosal specimens in a concentration range of 106 -
3x10-° M. The same concentration curve was conducted with prior incubation of the
H2 antagonist, ranitidine 10 M. Histamine had an ECso of 3.72 uM and when the Hz
antagonist was incubated in advance, the ECso was 4.93 pM (comparison of
nonlinear fits, P=0.039). Histamine 10-°*M was also incubated with a CI- free medium
(n=4) and, in this case, the secretory-induced response was almost abolished, with
6.12 £ 1.95 pAlcm? Alsc (t-test, P=0.01) (Figure 5A).

In organ bath experiments, histamine increased the colonic contractions following a
concentration-dependent pattern (108 - 3x10-° M) with an ECso of 0.32 uM. After
ranitidine 10* M and TTX 10 M incubation, the ECso was 3.37 uM and 4.74 pM,
respectively although statistical differences were not observed in the Emax value
(Figure 5B).
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Figure 5. Effect of histamine on colonic secretion and motility. (A) Mucosal recordings in control conditions
(Krebs solutions) and with ranitidine 10* M incubation (top) and histogram (bottom) showing the effect of
histamine in a concentration range of 10 - 3*10-5M in control conditions and after the Hz antagonist incubation,
ranitidine 10 M. (B) Muscular recording in control conditions (Krebs solution) and with ranitidine 10* M
incubation (top) and histogram (bottom) showing the effect of histamine in a concentration range of 107 - 3*10-
5M in control conditions and with the incubation of TTX 10 M and ranitidine 10 M. Nonlinear regression curve.

Data are expressed as mean + SEM. n values are shown at the bottom of each graph.
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Neural evoked mucosal chloride secretion

Neurosecretory transmission was evaluated by EFS. Transmural EFS (0.5 - 20 Hz)
evoked a frequency-dependent increase of the Isc area from 3139.90 + 976.73
pA-s/cm? at 0.5 Hz to 12738.06 + 3804.25 pA-s/cm? at 20 Hz (Figure 6A,C). Isc-EFS
was significantly reduced when the same electrical stimulation protocol was carried
out with the pre-treatment of TTX 10-° M (Figure 6B,C), indicating that the response

was TTX-sensitive.

Subsequently, 10 Hz EFS was used for further experiments to characterize the
neural evoked response. Three consecutive 10 Hz EFS were reproducible, thus
evoking similar Isc responses (Figure 6F). lon replacement experiments incubating
colonic strips (n=4) with a CI- free Krebs solution significantly reduced 10 Hz EFS
response (Ctrl: 1.00 £ 0.24 normalized area, ClI- free Krebs solution: 0.31 + 0.05
normalized area). Thereafter, tissue was incubated with atropine 10 M and a-
chymotrypsin (a-cmt) 10 U/mL (Neurosecretion protocol 1) or vice-versa
(Neurosecretion protocol 2), and a cumulative reduction of the EFS-induced
response was observed (Figure 6D,E,G,H). At the end of the experiment, TTX 10-®
M was incubated in both Neurosecretion protocols and almost a complete blockade
of the EFS response was achieved (0.08 + 0.01 normalized area and 0.13 + 0.03

normalized area, respectively).
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Figure 6. Neural evoked mucosal chloride secretion. (A-B) Mucosal recordings and (C) histogram showing the
effect of EFS (0.5 to 10 Hz) on Isc in control conditions and after TTX 10 M incubation. (D-E) Recording from
mucosal colonic strips showing the effect of atropine 10* M and a-cmt 10U/mL on 10Hz EFS and (F-H)
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histograms showing 10Hz EFS in control conditions (F), after the incubation of atropine 10-*M and a-cmt 10U/mL
(G) and vice-versa (H). Post Hoc test after ANOVA and Two-way ANOVA. *, P<0.05; **, P<0.01; ***, P<0.001;

**** P<0.0001. Data are expressed as mean + SEM. n values are shown at the bottom of each graph.

Effect of ETEC infection on electrophysiological parameters and epithelial
permeability

ETEC infection evoked an increase in the colonic active ion transport and
consequently, higher basal Isc were observed in 4 and 9 days challenged animals
compared to their respective controls (Figure 7A). PD values were also higher in
both 4 and 9 days challenged animals, but significant differences were only
observed at 9 days post-infection (Figure 7B). TEER was measured as a colonic
integrity indicator. In this case, a TEER reduction was observed at 4 but not at 9
days after the ETEC challenge (Figure 7C). In concordance, mucosal to basolateral
passage of FD4 across colonic segments significantly increased in 4 but not in 9
days challenged animals. At day 4 post-challenge, ETEC produced an increase in
the time course of the FD4 permeability compared with non-challenged animals, the
kinetic of FD4 permeability reached statistically significance after 45 min of the
incubation with FD4 (Figure 7D). Finally, the slope of the FD4 permeability also
revealed a remarkable increase in the FD4 flux 4 days after the ETEC challenge
(Figure 7E).
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Figure 7. Effect of ETEC infection on electrophysiological parameters and epithelial barrier function. (A-C)
Histograms showing basal Isc, PD and TEER values 4- and 9-days of the ETEC challenge, (D) Mucosal to
basolateral passage of FITC-dextran (FD4) over 60 min concerning the amount added to the mucosal reservoir
and (E) FD4 flux to the basolateral compartment expressed as % of passage /min. Post Hoc test after ANOVA
and Two-way ANOVA. *, P<0.05; **, P<0.01; ****, P<0.0001. Data are expressed as mean + SEM. N values are

shown at each graph.

Effect of neural blockade on Isc

ETEC produced an increase in the mucosal colonic electrolyte transport. Thus,
colonic strips were incubated with the neural blocker, TTX 10 M, and the
muscarinic antagonist, atropine 10* M to assess the role of neural activity in the
basal ion transport. TTX 10 M and atropine 10* M produced a significant drop in
the Isc of ETEC challenged strips (Figure 8B,D,E). In contrast, no significant
reduction was observed in the Isc of control animals after drug incubation (Figure
8A,C,E). The incubation with both atropine 10*M and TTX 10-°M produced a similar
reduction of the Isc . Therefore, the Isc value after the neural blockade with TTX 106
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M and atropine 10* M were grouped and compared between ETEC and control
animals. ETEC animals showed a higher |sc after neural blockade compared to
control animals (Figure 8E, right). These results show that the increased
electrogenic ion transport reported in ETEC animals was not only due to a

neurosecretory effect but also due to a direct epithelial effect of the ETEC.
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Figure 8. Effect of TTX 10° M and atropine 10 M on Isc. (A-D) Mucosal recordings showing the effect of TTX
106 M (top) and atropine 10 M (bottom) in control conditions (left) and 9-days post ETEC challenge (right) and
(E) histogram showing the effect of both drugs on the reduction of Isc (left) and histogram showing the Isc value
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in control and ETEC animals after neural blockade with both drugs (right). Post Hoc test after ANOVA. *, P<
0.05; **, P< 0.01. Data are expressed as mean + SEM. n values are shown at the bottom of the graph.

Effect of ETEC infection on muscular excitatory pathway

In order to eliminate neural inhibitory inputs, colonic tissue was incubated in Krebs
solution using NNNP conditions. As expected, NNNP conditions increased
spontaneous motility due to the presence of an inhibitory neural tone that was higher
in both groups in the circular compared to the longitudinal muscle '5. However, a
similar increase of spontaneous motility between experimental groups was

observed in both strip orientations (P>0.05).

NNNP conditions were used to stimulate excitatory motor neurons that might be
associated to contractile responses. Therefore, EFS was applied at increasing
frequencies (10 — 50 Hz), which produced a frequency-dependent increase of the
amplitude of neural colonic contractions. The response in both groups was TTX 1
MM and atropine 1 uM sensitive suggesting selective activation of excitatory motor
neurons. No differences were observed between experimental groups in each
colonic strip orientation (circular strips P=0.8095, longitudinal strips P=0.1132). In
control animals, the highest frequency (50Hz) produced a mean amplitude of 4.3
0.8 gand 4.5 £ 0.7 g in circular and longitudinal strips, respectively whereas ETEC
challenged animals reached a mean amplitude of 4.3 £ 0.6 g in circular strips and
of 3.5 £ 0.5 g in longitudinal strips (Figure 9A,B,C). Moreover, atropine-sensitive
concentration-response curves were obtained with the muscarinic agonist Cch (10
8 - 105 M), although no differences were observed between groups in either of the
two colonic strips orientations (circularly oriented strips Two-way ANOVA,
P=0.0532; longitudinally oriented strips Two-way ANOVA, P=0.1073) (Figure
9D,E,F).
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Effect of ETEC infection on colonic MCs

MCs regulate epithelial function and integrity. Accordingly, the presence of MCs was
evaluated at three different colonic regions: the mucosa, the submucosa and the
muscular and serosa coats. MCs were present in all the colonic coats, being
predominantly in the submucosa and the mucosa in both experimental groups.
However, differences were observed in the number of MCs per field between
experimental groups at day 9 post-challenge. ETEC infected animals presented a
higher number of mucosal and submucosal MCs compared with their respective
controls (Figure 10A,B,D,E,G,H) but non-significant differences were observed

between groups in the muscular and serosa layers (Figure 10C,F,I).

A) Mucosa B) Submucosa C) Muscularis - Serosa
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n° cells / field
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Figure 10. Effect of ETEC infection on the number of colonic MCs. (A-C) Histograms showing the number of
MCs per field in (A) the mucosa, (B) the submucosa and (C) the muscularis and serosa layers in control animals
and in 9-days post ETEC challenged animals. (D-E-F) Photos from the mucosa, submucosa and muscularis
and serosa layers, respectively from control animals and (G-H-I) from 9-days post ETEC challenged animals.
Counts and photos were obtained at 40x. Scale bar 20 yM. T-test. *, P<0.05. Data are expressed as mean *
SEM. N values are shown at the bottom of each graph.
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Discussion

Intestinal absorption of water and electrolytes and formation and propulsion of
faeces toward the rectum involve epithelial and motor functions that are regulated
by the ENS 6 7. In this study, we examined in parallel the neural mechanisms
associated with secretion and motility with the aim of assessing their possible

involvement in ETEC infected animals.

As expected, both Cch and VIP elicited TTX-resistant Cl- secretion which was
blocked respectively by the muscarinic antagonist atropine and a-cmt '8, thus
suggesting a direct effect on the enterocytes. However, these two neurotransmitters
had opposite functions in the contractile experiments, since Cch elicited contractions
and VIP relaxations ® 20, These results showed that ACh and VIP could be
neurotransmitters released by secretory neurons, while ACh could be released by
excitatory motor neurons and VIP by inhibitory motor neurons. These
neurotransmitters could act directly at the effector level. Like the response elicited
by VIP, forskolin evoked epithelial secretion and smooth muscle relaxation. Both
effects are direct in the enterocytes and the smooth muscle layers, insensitive to
TTX, and therefore, possibly due to an increase in cAMP in both effector cells thus

mimicking the mechanism of action of enterotoxins 21 22 23,

To assess the role of these neurotransmitters in neurosecretory and neuromuscular
mechanisms, EFS was used to release neurotransmitters from intrinsic neurons in
the intestinal wall. Mucosal EFS caused a transient increase of the Isc that was
strongly reduced by TTX and the combination of atropine and a-cmt showing that
ACh and VIP participate in neurosecretion. Therefore, this study elucidates for the
first time, as previously reported in laboratory animals, that cholinergic and VIP-
producing neurons are responsible for the EFS-evoked secretory responses in the
pig colon 24 25. The NOS inhibitor L-NNA was without effect (not shown) suggesting
that in this model, neurosecretion is probably not due to NO, unlike the human colon
26 Regarding neuromuscular mechanisms, non-selective stimulation of intrinsic

motor neurons causes virtually simultaneous activation of excitatory and inhibitory
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neurons. This produces responses that are difficult to interpret since there is a
succession of so-called “on and off” responses 7. To properly evaluate
neuromuscular transmission, selective stimulation of excitatory and inhibitory
neurons should be accomplished. Hundreds of papers have evaluated the identities
of the inhibitory neurotransmitters using classical NANC conditions. We have been
able to identify two major pathways, NO and purines acting on P2Y1 receptors as
major inhibitory mediators in the porcine colon ?’. It is important to notice that despite
the clear inhibitory effect of VIP, its role as an inhibitory neurotransmitter is difficult
to demonstrate since |JP and corresponding relaxations are blocked with
combinations of NOS inhibitors and P2Y1 blockers 27. A functional role of VIP has
been reported in the internal anal sphincter of the mouse 28. In our study, we propose
to use NNNP pharmacological conditions to isolate the excitatory component of
neurotransmission. Under these experimental conditions, the contractile response
was blocked with TTX and atropine. These results should be interpreted as a rather
selective activation of excitatory motor neurons that might be responsible for colonic

propagated contractions.

Another way to stimulate intrinsic neurons is through the activation of nicotinic
receptors. In this sense, nicotine binds to the receptor located on intramural neurons
and produces an inward current that depolarizes them. This generates an action
potential that releases the neurotransmitter at the synaptic level. In this study, we
demonstrated the presence of nicotinic receptors in enteric neurons responsible for
neurosecretion since the nicotinic response was reduced by TTX and atropine.
Excitatory and inhibitory motor neurons responsible for contraction and relaxation
also responded to nicotine since it produced contraction when the tissue was
incubated with L-NNA and relaxation when it was incubated with atropine. Similar
responses have been found in the human colon were nicotine produces activation
of inhibitory neurons 2°. Together these results suggest the presence of nicotinic

receptors in neurons responsible for motility and secretion.
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Mechanical and chemical stimulation of the mucosa and wall distension triggers
intrinsic reflexes due to the release of 5-HT that stimulates IPANs that contact with
interneurons, secretory neurons and motor neurons 0. In this study, we
demonstrated that the secretory response due to 5-HT was blocked by TTX and
ondansetron suggesting the presence of 5-HTs receptors in enteric neurons
responsible for the neurosecretory circuit. 5-HT3 receptors are also involved in the
control of motility since the inhibitory response was strongly reduced by

ondansetron.

The present study shows that under physiological conditions there is a baseline
active ion transport in colonic strips of post weaned pigs, similar to results previously
reported 3'. However, electrophysiological parameters are dynamic and processes
such as the postnatal development, environmental stressors or enterotoxins cause
ongoing intestinal electrophysiological changes 3! 32 23, It is known that ETEC, once
bounded, elaborates STa, STb and LT enterotoxins that stimulate different epithelial
secretory signalling pathways that result in anion secretion and fluid loss . In
addition, the activation of the innate immune system in response to bacterial
infection produces the release of MC-derived mediators, such as histamine,
prostaglandins, 5-HT and proteases to fight the infection 3* '. In this context, our
study shows that animals’ exposure to ETEC diminished the integrity of the colonic
barrier within the first days after the infectious challenge although epithelial ClI-
secretion as well as the recruitment of MCs within the colon remained heightened
for a longer period. These electrophysiological features were clinically manifested

with diarrhoea to flush the intestine of invading micro-organisms.

The movement of electrolytes over the epithelium is mainly mediated by luminal CI-
secretion via a number of apical CI~- channels, mostly by the CFTR channel '. As we
show in this study, this process is regulated by neurotransmitters and other non-
neural mediators that act on receptors expressed on epithelial cells thus activating
the second-messenger system 3%, Therefore, the enterotoxins released by ETEC

activated secretomotor reflexes that were blocked by TTX and atropine, indicating
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that cholinergic secretomotor neurons are the main neural component that regulates

basal colonic secretion in ETEC challenged piglets 6.

It has been also postulated that STb can increase intestinal peristalsis acting on the
ENS to contract the smooth muscle "' '. The increase in peristaltic activity may be
due to two causes, an increase in motor activity due to neuromuscular contraction
or due to a disinhibition mechanism, i.e. reduction of tonic inhibitory activity leading
to contraction. Our experimental results showed no differences between groups in
either of the two mechanisms since the excitatory neuromuscular activity in each of
the two muscle layers did not differ and the presence of an inhibitory tone was similar

between groups.

Luminal antigenic stimulation also produces MCs degranulation of inflammatory
mediators, such as histamine 3. However, segmental differences in the histamine
receptor subtypes sensibility have been described in the intestinal epithelium and
smooth muscle 3 3. In our experiments, histamine induced fluid secretion partly by
their direct action on H2 receptors, as previously reported in the pig proximal colon
38, In the smooth muscle histamine induced contraction, which was decreased by
the H2 antagonist, ranitidine, and TTX. Therefore, these data suggest that H2
receptors are involved in the contractile response induced by histamine in the pig
distal colon and that there is a histamine-sensitive neural component that
contributes to the contractile response. However, other receptor subtypes might be

involved in the response.

In conclusion, in this study we have characterised in parallel the nerve pathways
responsible for neurosecretion and contractility in the pig colon. We have shown that
neurosecretion in the pig is due to ACh and VIP. 5-HT3 and nicotine receptors are
probably involved in the neural pathways associated with motility and secretion.
ETEC infected animals showed transient alterations of the barrier and activation of
neural mechanisms associated with increased secretion. Immunological

mechanisms may also be involved in their activation, as mastocytosis was observed
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at the mucosal and submucosal level. In contrast to neurosecretory mechanisms,
neuromuscular mechanisms associated with contraction and relaxation were not
altered. This suggests that colonic motility should not be impaired in this type of
infection and that diarrhoea is primarily a secretory defence mechanism in which the
ENS is actively involved. However, it cannot be ruled out that the increase in
distension induced by the diarrhoea may end up producing a greater stimulus on

motor phenomena which, as we can see in the present work, are totally conserved.
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Effect of early socialization and environmental enrichment of

lactating piglets on colonic functionality.

Part of these results are included in Scientific Reports 11:6113 (2021)

Abstract

Background: Weaning involves immunological, social and environmental stressors
that can threaten the digestive and immune system leading to intestinal barrier
disturbances that can result in a higher susceptibility to enteric pathogens in the

post-weaning period.

The aim of this study was to assess an etiologic management in the pre-weaning
period as a strategy to decrease the negative intestinal impacts associated with the

weaning process in the post-weaning period.

Methods: 34 Danbred male piglets were used for this study. 14 were studied in the
pre-weaning period and the other 20 in the early post-weaning period. Colonic
samples were studied using both a muscle bath and Ussing chamber. Colonic MCs

were stained with methylene blue and goblet cells with AB-PAS staining.

Key results: electrogenic ion transport (Isc and PD values) increased in the control
group. No disturbances in the paracellular pathway, the neuromuscular excitatory
response or in the number of intestinal MCs and goblets cells were observed

between groups 3-days after weaning.

Conclusions and inferences: Weaning is a critical period for porcine production.
Therefore, applying effective measures to reduce Gl alterations could be a strategy
to diminish post-weaning diarrhoeal processes. The etiological management
applied in the present study improves the adaptability of the animals to the weaning

process.

Key words: weaning, stress, post-weaning diarrhoea, colon, pig.
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Introduction

Weaning is a critical period which involves multifactorial stressors . In the pig
intensive farming, animals are usually removed from their mothers and mixed with
new pen mates at around 3 weeks of age. The regrouping routines lead inevitably
to the establishment of new hierarchies that generally evolve with aggressions or

abnormal behaviours 2.

Environmental and nutritional challenges also arise from weaning due to the abrupt
change to a solid diet and the exposition to a new microbiological environment 3. In
this context, weaning can threaten the digestive and immune system development
and adaptation 4. Intestinal barrier disturbances can result in luminal bacterial, toxins
and antigens translocations and consequently, to a higher susceptibility to enteric
pathogens in the post-weaning period ° 8. Over the last decades, diarrhoea related
to weaning processes have been frequently managed with preventive antibiotics
and metals administration, such as zinc or cooper 4. Therefore, new approaches are
needed due to bacterial resistances and environmental considerations. Until now,
most of the research has focused on the post-weaning period and consequently,
new management approaches intended for the pre-weaning period (gestation and
lactation) should be assessed for an optimal development of the gut and the immune

system during the weaning and the post-weaning periods ’.

The CRF mammalian family members include the CRF and related peptides such
as Ucn 1, 2, and 3 which mediate their effects via two GPCR receptor subtypes,
CRFR1and CRFRa. Itis established that Ucn 1 binds with higher affinity to both CRF
receptors subtypes, whereas CRF exhibits higher affinity to CRF1 than CRF2
receptors. Ucn 2 and 3 are thought to express specific affinity to CRF2 receptors 8.
CRF is released in the hypothalamus and recognized as a major regulator of
pituitary adrenocorticotropin that stimulates the release of ACTH. In addition to
central roles, different studies have demonstrated profound peripheral functions for
CRF family members. Both CRFR1 and CRFR2 are found in the Gl tract and CRF
have been implicated as one of the most important mediators coordinating stress-
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related alterations of Gl functions that are part of the underlying mechanisms in the
pathophysiology of IBS related to stressful life events ° '°. It is also thought that CRF
activates MCs, which in turn release chemical mediators that may have a direct
impact on intestinal permeability, especially when weaning occurs in early stages.
However, the exact mechanism of interaction between MCs and the CRF pathway

is not fully understood 5 " 12,

In this context, the present study aimed to assess an etiologic management in the
pre-weaning period as a strategy to decrease the negative intestinal impacts
associated with the weaning process that are mainly observed in the early post-
weaning period. Accordingly, secretory and mechanical colonic responses, as well

as the integrity of the colonic barrier were assessed ex vivo.

Materials and Methods

Experimental groups

Twenty-two sows from a commercial farm were randomly allotted into two groups
with similar parity (11 sows per group, 4 primiparous and 7 multiparous) and their
litters, a total of 34 medium-weighted male piglets per pen (17 piglets per group),
were selected randomly and used for the study. A differential management was
carried out between groups, including a control treatment (CTR), with the usual
management applied in commercial production, and an enriched treatment (ENR)
in which two adjacent farrowing pens were opened to piglet socialization 14 days
after delivery by removing the separation fences. Moreover, three different types of
enrichment objects (a hearty chew dog toy, a squid-shaped toy and a natural rope)
were placed around the farrowing pens in the ENR groups since parturition. Piglets
were weaned on average at 25 days of age and randomly mixed into different post-
weaning pens, keeping the experimental groups. The same management conditions
were applied to all piglets after weaning. The housing, management, husbandry and
slaughtering conditions of this experiment conformed to the European Union
Guidelines (Directive 2010/63/EU).
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All experimental procedures used in this study were approved beforehand by the
Animal and Human Experimental Ethical Committee of Universitat Autbnoma de
Barcelona (UAB; permit code CEEAH 1406).

Intestinal sampling

Two intestinal samplings were performed in the farm throughout the study, two days
before weaning (-2 day), and three days after weaning (+3 day), in order to obtain
samples for histological studies (N=7 CTR, N=7 ENR each sampling day). For that,
one medium-weighted male piglet per pen was selected randomly from seven
different pens of each group and each sampling day. The piglets were sedated with
Xylazine (2.2 mg kg™' BW; Rompun, Bayer) and Zolazepam - Tiletamine (8 mg kg’
BW; Zoletil 100, Virbac) given intramuscularly, and humanely euthanized with an
overdose of pentobarbital (Euthasol, Esteve, Barcelona). Thereafter, samples from
the jejunum and the colon were collected and fixed in Methacarn (MeOHG60 mL,
CHCI330 mL, HAc10 mL) to perform histological studies.

Colonic tissue for functional studies

For functional studies, 10 animals per group (N=10 CTR, N=10 ENR) were selected
following the same criteria as described above and transported to UAB farm facilities
2 days after weaning (+2 day). Transport was carried out under sedation by means
of Xylazine (2.2 mg kg' BW; Rompun, Bayer) and Zolazepam - Tiletamine (8 mg
kg™ BW; Zoletil 100, Virbac) given intramuscularly. Once in the UAB, piglets were
group-housed until next day (+3 day), when functional studies of the intestine were
performed. At day 3 post weaning (+3 day), euthanasia was performed as previously
described and colonic samples were collected and placed in carbogenated Krebs
buffer until functional experiments were performed. Jejunal and colonic samples
(N=10 CTR, N=10 ENR) were also obtained and fixed in Methacarn for histological

studies.

122



Capitol 3

Drugs and solutions

The composition of the Krebs solution was as follows (in mM): 10.10 glucose,
115.48 NaCl, 21.90 NaHCOg3, 4.61 KCI, 1.14 NaH2PO4, 2.50 CaCl2 and 1.16
MgSO4 bubbled with a mixture of 5% C0O2:95% O2 (pH 7.4).

The following drugs were used: Nw-nitro- L-arginine (L-NNA), atropine sulphate
(Sigma Chemicals, St. Louis, MO, USA), (1R,2S,4S,5S)-4-[2-lodo-6-(methylamino)-
9H-purin-9-yl]-2 (phosphonooxy) byciclo [3.1.0] hexane-1-methanol dihydrogen
phosphate ester tetraammonium salt (MRS2500), (2-
Hydroxyethyl)trimethylammonium chloride carbamate (Cch) and Tetrodotoxin
(Tocris, Bristol, UK).

Measurement of electrophysiological parameters

Colon mucosa was stripped from the muscle layers and myenteric plexus, opened
along the mesenteric border and divided into 1.5 cm? flat segments, excluding
Peyer’'s patches. The pieces were mounted in Ussing chambers (World Precision
Instruments, Aston, UK) with an exposed window surface area of 0.67 cm?. Strips
were bilaterally bathed with 5 mL of carbogenated (95% 02 and 5% C02) and
warmed (371 °C) Krebs buffer. The chambers contained two voltage sensitive
electrodes (EKV; World Precision Instruments) to monitor the PD across the tissue
and two Ag-AgCl current passing electrodes (EKC; World Precision Instruments) to
inject the required Isc to maintain a potential difference of zero. A voltage step of 1
mV was applied every 30 min and the change in Isc was used to calculate tissue G
and its reciprocal, TEER, by Ohm’s law. Tissues were allowed to stabilize for 30 -
40 min before baseline values of PD, Isc and G were recorded. The secretory effect
of drugs was measured as the change in Isc. Data was registered via an automated
voltage/current clamp (DVC-1000; World Precision Instruments) and digitized with
an analog-to-digital converter (MP150; Biopac Systems, Goleta, USA).
Measurements were recorded and analyzed with Acgknowledge computer software
(version 3.8.1; Biopac Systems). Isc and G data were normalized for the mucosal

surface area.
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Assessment of epithelial permeability

Paracellular permeability was assessed by measuring mucosal to basolateral flux
of FD4 (TdB Consultancy AB, Uppsala, Sweeden). After stabilization, FD4 was
added to the mucosal reservoir to a final concentration of 2.5 x 10 mol L.
Basolateral samples (250 pL, replaced by 250 pL of Krebs buffer) were taken at 30
min intervals during the following 120 min experimental time. Concentration of
fluorescein in the samples was determined by fluorometry (Infinite F200; Tecan,
Crailsheim, Germany) with an excitation wavelength of 485 nm (20 nm band width)
and an emission wavelength of 535 (25 nm band width), against a standard curve.
Readings are expressed as a percentage (%) of the total amount of FD4 added to

the mucosal reservoir.

Mechanical experiments

Colonic circularly oriented muscle strips were mounted in a 10 mL organ bath filled
with Krebs solution at 37 + 1 °C. A tension of 1 g was applied, and tissue was allowed
to equilibrate for 1 h until SPC were recorded. An isometric force transducer
(Harvard VF-1) connected to an amplifier was used to record the mechanical
activity. Data were digitalized (25 Hz) using DATAWIN1 software (Panlab,
Barcelona, Spain) coupled to an ISC-16 analog-to-digital card installed in a PC. EFS
was applied through two platinum electrodes placed on the support holding the
tissue and connected to the output of an electronic stimulator (Grass S88, Grass

Instruments, Quincy, MA).

In order to assess the release of excitatory neurotransmitters, NNNP conditions
were used in colonic samples of CTR and ENR animals. Subsequently, EFS was
applied to assess excitatory responses at 30 V (train 300 ms, pulse duration 0.4 ms)
and increasing frequencies (10, 20, 30, 40 and 50Hz) of stimulation every 15
minutes. EFS responses were analysed measuring the amplitude of the
contractions. In order to normalize mechanical data, responses to drugs were
expressed as a percentage of the basal AUC using the following formula: 1 — (AUC

after drug incubation / AUC previous to drug addition), being 0% a complete
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cessation of spontaneous motility and 100% a mechanical recording with the same
AUC than in the basal activity.

Histological studies

Slides from the jejunum and the colon of pre-weaned (-2 day) and post-weaned (+3
day) animals were stained with methylene blue in order to evaluate intestinal MCs,
N=7 CTR and N=7 ENR animals. Additionally, jejunal and colonic slides from
animals selected to perform functional studies were processed with methylene blue
staining in order to evaluate intestinal MCs, N=10 CTR and N=10 ENR animals.
Alcian Blue-PAS (AB-PAS) staining was used in colonic slides in order to assess
the number of goblet cells within the colon, N=4 CTR and N=4 ENR animals. In both
cases, evaluation was performed in 10 random fields per subject and in a blinded

fashion.

Data analysis

For functional secretory and mechanical experiments, 2 to 4 colonic strips per
animal were studied and the mean of each animal was calculated (N).
Electrophysiological parameters, FD4 slope, the basal inhibitory neural tone and
MCs counts from animals used for functional studies were analysed through a t-test
(Mann-Whitney test). The effect of Ucn on the SPC and the Isc was assessed using
a one-way ANOVA followed by Bonferroni’s post hoc test. Finally, FD4 kinetics,
excitatory EFS, the effect of Cch on the Isc and MCs and goblet cells counts were
compared using a two-way ANOVA followed by Bonferroni’s post hoc test. Data are
expressed as mean + SEM. Data were considered significant when P<0.05. N
values represent different experimental animals and n values represent the total
number of strips assessed. Statistical analysis was performed with GraphPad Prism
version 6.01 (GraphPad Software, San Diego, CA, USA).
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Results

Effect of early socialization and environmental enrichment on Transepithelial
lon Transport and Paracellular Permeability to Fluorescent Tracers

Different assays with Ussing chambers were performed to evaluate the possible
impact of the experimental treatments in intestinal physiology. Accordingly, Figure
1 shows the assessment of the electrolyte transport across the intestinal epithelium

as well as of the barrier integrity in both experimental groups.

At day 3 post weaning (+3 day), an increase in the basal colonic Isc and PD was
observed in the CTR group compared to the ENR one (Figure 1A and 1B),
suggesting a higher level of ion transport across the colonic tissue of CTR animals.

Basal colonic TEER was not significantly different between groups (Figure 1C).

Regarding changes in the paracellular permeability to fluorescent tracers, mucosal
to basolateral passage of FD4 across the colon was measured every 30 min.
Fluorescent tracer passage was time dependent in both groups (Figure 1D).
However, non-significant differences were observed in the kinetic of FD4
permeability during the 120 experimental min (Figure 1D). In the same line, both
groups had a similar slope of the FD4 linear regression (Figure 1E). In order to have
another measurement of the colonic barrier integrity, TEER was also measured
every 30 min, with almost negligible changes between experimental time and
groups. At the last time point assessed, 120 min, TEER was around 43 Q-cm? in

both groups (Figure 1F).

Subsequently, Ucn 1uM was incubated, which produced a transitory lsc increase
(CTR: 8.12 + 2.140 A lsc yA/cm?; ENR: 4.27 + 1.932 A Isc pA/cm?) (P>0.05), with a
time duration of 2 to 4 min but without significant differences between experimental
groups. Nevertheless, not all the colonic strips responded to Ucn 1uM (CTR tissues
60%; ENR tissues 25%). At the end of the protocol, Cch 10uM was applied in all

colonic strips to assess tissue viability, which produced a consistent Isc increase but
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without significant differences between either treatments (vehicle / Ucn 1uM) or
experimental groups (CTR / ENR) (CTR, vehicle: 119.59 + 17.183 A lsc yA/cm?;
CTR, Ucn 1uM: 121.65 + 17.813ENR A Isc pA/cm?; ENR, vehicle: 92.18 + 8.456 A
lsc JA/cm?; ENR, Ucn 1uM: 100.17 £ 9.130 A lsc pA/cm?).
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Figure 1. Effect of early socialization and environmental enrichment on Transepithelial lon Transport and
Paracellular Permeability. (A-B-C) Histograms showing basal Iss, PD and TEER values, respectively. (D)
Mucosal to basolateral passage of FITC-dextran (FD4) over 120 min concerning the amount added to the
mucosal reservoir, (E) FD4 flux to the basolateral compartment expressed as %/min and (F) TEER values at
the end of 120 min experimental time. *, P<0.05 t-test (Mann-Whitney test). Data are expressed as mean +

SEM. N values are shown at the bottom of each graph.

Effect of early socialization and environmental enrichment on mechanical
activity

Excitatory responses were studied under NNNP pharmacological conditions.
Incubation of L-NNA 1mM and MRS2500 1uM produced a sustained frequency and
amplitude increase that was assessed by means of AUC (CTR 70.20 £ 23.450 % of
basal AUC; ENR 148.70 + 46.150 % of basal AUC). No significant differences were

observed between groups despite the response being greater in ENR animals.
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Thereafter, excitatory responses were assessed with EFS at 30 V (train 300 ms,
pulse duration 0.4 ms) and increasing frequencies (10, 20, 30, 40 and 50Hz) of
stimulation at intervals of 15 minutes. EFS produced transient contractions in a
frequency dependent pattern (Figure 2A,C) that were totally blocked with the
incubation of atropine 1uM (Figure 2B,C). In the CTR group, the highest frequency
produced a mean amplitude of 2.1 £ 0.78 g, whereas in the ENR group, the mean
amplitude achieved at 50Hz was of 1.6 + 0.39 g (Figure 2D,E,F).

Lastly, incubation of Ucn 1uM in muscle colonic strips produced a transitory
relaxation of the SPC, being -67.64 + 7.525 % of basal AUC in the CTR group and
-64.95 * 9.827 % of basal AUC in the ENR group (P>0.05). The relaxation range
time was of 2.4 to 2.7 min after drug incubation. Subsequently, Ucn 1uM was also
assessed in EFS (10-50 Hz) responses in both experimental groups, without finding

significant differences compared with a prior EFS control train (10-50 Hz) (P>0.05).
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Figure 2. Effect of early socialization and environmental enrichment on mechanical activity. (A-B) Mechanical
recordings from circularly oriented strips showing the effect of 50 Hz EFS in control conditions and with the prior
incubation of atropine 1uM, respectively and (C) histogram showing the effect of 10-50 Hz EFS with and without
atropine 1uM incubation. (D-E) Mechanical recordings from circularly oriented strips and (F) histogram showing
the effect of early socialization and environmental enrichment on cholinergic neurotransmission. Two-way

ANOVA. Data are expressed as mean £ SEM. N or n values are shown at the bottom of each graph.

Effect of early socialization and environmental enrichment on intestinal MCs
The number of MCs was significantly higher in the colon compared with the jejunum
in both experimental groups, except for the muscular and serosa coats of the CTR
group, in which the number of MCs was similar between intestinal segments (Figure
3A,B). Furthermore, in both intestinal segments, MCs were mainly located in the
mucosa and submucosa coats and a low rate was observed in the muscle and the

serosa coats (Figure 3C,D,E,F). After weaning, a slight but not significant increase
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in the number of jejunal and colonic MCs was observed in both experimental groups,

except for the jejunal mucosa of the CTR group.

Finally, MCs were also assessed in jejunal and colonic samples from the animals
used for functional studies (+ 3 day) (N=10 CTR and N=10 ENR). In this case, MCs
followed the same distribution as described above and no significant differences

were observed between groups in each of the colonic coats.

A Number of MCs in the jejunum
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(Two-way ANOVA; p>0.05) {Two-way ANOVA; p=0.05)

(Two-way ANOVA; p>0.05)
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CTR ENR CTR ENR CTR ENR CTR ENR CTR ENR CTR ENR
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-2 day +3 day -2 day +3 day -2 day +3 day
B Number of MCs in the colon
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(Two-way ANOVA; p>0.05) (Two-way ANOVA; p>0.05) (Two-way ANOVA; p>0.05)

n® cells /field
n® cells ffield

n® cells /field

CTR  ENR CTR  ENR CTR  ENR CTR  ENR CTR  ENR
(N=7)  (N=7) (N=7)  (N=7) N=7)  (N=7) (N=7)  (N=7) (N=7)  (N=7) (N=7)_ (N=7)
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Figure 3. Effect of early socialization and environmental enrichment on intestinal MCs. (A) Histogram and (C-
D) pictures showing the number of MCs in the jejunum of CTR and ENR animals. (B) Histogram and (E-F)
pictures showing the number of MCs in the colon of CTR and ENR animals. Two-way ANOVA. Data are

expressed as mean + SEM. N values are shown at the bottom of each graph. Scale bar 100 pm.
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Effect of early socialization and environmental enrichment on colonic goblet

cells

Goblet cells, with a blue-purple colour after AB-PAS staining, were distributed in the

mucosa and through the epithelium including the crypts (Figure 4B,C). In the pre-

weaning period, -2 day, goblet cells count ranged between 90-340 goblet cells / field

and 110-260 goblet cells / field in the CTR and ENR group, respectively. In the post-

weaning period, +3 day, goblet cells count ranged between 199-290 goblet cells /

field in the CTR group whereas in the ENR group 146-250 goblet cells / field were

counted (Figure 4A).

A Number of Goblet cells in the colon

400+
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0

3004
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(Two way ANOVA,; p>0.05)
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o CTR(N=4)
= ENR (N=4)

Figure 4. Effect of early socialization and environmental enrichment on colonic goblet cells. (A) Histogram and

(B-C) pictures showing the number of goblet cells in the colon of CTR and ENR animals. Two-way ANOVA.

Data are expressed as mean + SEM. N values are shown at the bottom of each graph.
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Discussion

This work was part of a larger project in which behavioural observations,
aggression-associated skin lesions, ear-biting lesions, and salivary stress
biomarkers responses '3, as well as, changes in the microbiota colonization process
and the animal’s metabolic response '* were also assessed. In this context, the
present study aimed to determine the possible impact of early socialization and
environmental enrichment during lactation in intestinal functionality to improve the

adaptation of piglets to weaning.

Previous studies based on the same etiological management applied in this project
have shown behavioural differences during lactation. Ko et al., reported that ENR
piglets spent more time exploring in the pre-weaning period compared to CTR
animals. Additionally, in the post-weaning period, ENR treatment diminished
negative social behaviours, skin lesions and long-term reciprocal fights 3.
Regarding physical adaptation, ENR piglets had a better performance during the
first 5 days after weaning as well as a lower energy demand compared to CTR
animals '3 4, Furthermore, these positive consequences were still seen later in time

since ENR piglets had a lower slaughter age than the CTR piglets 3.

Stress from the weaning process has been postulated to regulate the response of
the HPA axis and consequently, the social and physical adaptation of animals to
weaning. In this context, it has been reported that serum concentration of cortisol
and CRF increased 24 hours post-weaning in both, early and late swine weaning
approaches '°. In agreement with this finding, Ko et al., showed that salivary stress
markers increased in both experimental groups after weaning. However, in CTR
animals, cortisol concentration still increased 48 hours post-weaning, while ENR
piglets had already recovered from weaning stress '3. Therefore, these results
suggest that although the weaning processes induce an inevitable stress response,

ENR animals are able to develop a better adaptation to the new situation.
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In the present study, the impact of the socialization of litters during lactation on
intestinal functionality was assessed 3 days post-weaning. Previous studies have
reported that weaning stress induces intestinal functionality consequences that are
more noticeable at day 1-2 post-weaning '®. Our study shows that neonatal
enrichment (ENR group) had a positive effect on the net electrogenic ion transport,
which is a marker of secretory diarrhoea. Salardigas-Garcia et al’s., results also
indicated a downregulation of TLR2 expression in ENR animals after weaning. It
has been reported that TLR2 expression is activated to protect weaning piglets
against various harmful microorganisms, toxins, or antigens that reside within the
lumen of the intestine 7 '8 Thus, our results would suggest that the enhanced
electrogenic ion transport observed in the CTR group could be stimulated by enteric
pathogens and in turn, could act as a natural strategy to flush the harmful contents
from the lumen. Other studies have reported that the enhanced colonic Isc observed
in the post-weaning is TTX-sensitive and therefore, is partly due to the activation of
a neural secretory tone 6. However, in our study the participation of the ENS in the

active electrogenic ion transport has not been assessed.

In the gut, CRF-like peptides have been reported to cause MCs degranulation and
functional consequences, such as a disruption of the intestinal barrier and
stimulation of ion secretion ’. In this study, the neonatal enrichment (ENR group) did
not induce alterations in the integrity of the colon barrier 3 days post-weaning
compared with the CTR group, since colonic FD4 permeability and
electrophysiological parameters (TEER) were not altered. Moreover, Salardigas-
Garcia et al’s., results also reported that this etiological management (ENR group)
did not induce differences in the small intestine barrier, since jejunal OCLN, ZO-1,
CLDN -1,-4,-15 gene expression were either altered compared to the CTR group
4. These results are in agreement with previous works in which no disturbances
were observed in the colonic permeability of animals that undergo a late weaning
approach (28 days of age) ® 920, coinciding also with a decrease in serum CRF
and CRFR1 protein expression in the intestine 6. Similarly, in our model, no
differences in the number of intestinal MCs were observed between groups,
although a slight but not significant increase was noted due to the weaning process
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itself in both managements. By contrast, other studies with an early weaning
approach model (< 21 days age), have demonstrated that CRF mediates its effects
via MCs activation since the CRFR1 receptor expression and the tryptase levels in
the gut are much more prominent compared with animals weaned at 28 days of age
5 and also that the number of intestinal MCs is increased © 6. In rodent stress
models, similar findings have been demonstrated, in that psychological (water
avoidance stress) and physical (cold restraint stress) stressors stimulated increases
in intestinal permeability and Isc via cholinergic and adrenergic nerves and MCs 21,

which were abolished with an intraperitoneal injection of «-helical CRF 22,

In this study, Ucn was also assessed in isolated mucosa to evaluate the contribution
of the peripheral CRF in colonic functionality. Previous studies have reported that
CRF added to isolated mucosa on Ussing chambers mimics early weaning-induced
mucosal barrier dysfunction and hypersecretion via MC-dependent pathways, ° that
are prevented by the nerve blocker TTX, thus demonstrating that the ENS is a critical
element in the CRF-mediated intestinal barrier dysfunction ''. In contrast, our results
showed that the addition of Ucn 1uM in the colonic epithelium produced a transient
increase in the lsc, in both experimental groups (CTR/ENR), respectively, but did not
induce disturbances in the paracellular permeability. Moreover, the increase in the
Isc was not consistent in all the strips assessed, therefore, it was not possible to
assess the involvement of MCs and the ENS in the pathway. In isolated muscle
strips, Ucn induced a transitory inhibition of the SPC of 2.4 - 2.7 min. This result has
been previously reported in the rat ileum, where Ucn inhibited phasic contractions
by activating CRFR2 receptors 23. However, in our study we were not able to block
the Ucn response with the antagonist Astressin 1-3 uM. Moreover, preliminary data
from our laboratory also showed that the ENS was not involved in the response,
since TTX did not block the SPC inhibition.

Regarding the neuromuscular excitatory response, two major neurotransmitters,
ACh and tachykinins, released by enteric excitatory neurons might be responsible

for colonic propagated contractions 24. Therefore, inhibitory neural inputs were
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eliminated applying NNNP conditions to isolate excitatory responses 2°. In our study,
as expected, NNNP conditions produced an increase in spontaneous motility due to
the presence of an inhibitory neural tone that was similar between experimental
groups. Thereafter, EFS was applied and elicited colonic contractions due to the
activation of cholinergic motor neurons since the response was TTX and atropine
sensitive. However, no differences were observed between groups suggesting that
the weaning process did not imply a colonic neuromuscular impairment in any of the

etiological managements.

In conclusion, the enriched environment, and the early socialization program in the
pre-weaning period allows a better adaptation of animals to weaning as shown in
the diminished social and physical stress responses in the ENR group. In the
intestine, the decreased active electrogenic ion movement observed in the ENR
group compared to the CTR group could be due to a better stress adaptation
response of the animals. Therefore, effective stress management could produce a
reduction in the active electrogenic ion movement in ENR piglets and lower
secretory diarrhoeal indexes after weaning. In this context, further investigation is
required regarding the direct role of the central HPA axis response in weaning-

induced intestinal dysfunction.
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Discussi6 general

La discussio general d’aquest treball esta organitzada per tal de donar una visio
integradora dels diferents mecanismes caracteritzats i discutir els canvis observats
en els dos models experimentals estudiats, un model d’infeccié experimental per
ETEC en el post-deslletament i un model de socialitzacié primerenca i d’enriquiment

ambiental durant I'etapa de lactacio.

Estudi selectiu de la transmissio neuromuscular

La transmissi®é neuromuscular es pot avaluar mitjancant EFS o protocols
farmacologics. Habitualment, 'EFS es fa servir per activar les motoneurones i
obtenir respostes neuromusculars o neurosecretores. Aquest procediment permet
caracteritzar els neurotransmissors i receptors que relacionen les motoneurones
amb les cél-lules efectores. El problema, des d’un punt de vista experimental, és
que una estimulacid que podriem anomenar “pan-neuronal” estimula alhora
motoneurones excitatories i inhibitories i, per tant, és important buscar maneres
d’estimular, selectivament, un grup neuronal i no l'altre (Mafé et al., 2015). En el
nostre estudi, la transmissié neuromuscular s’ha avaluat a partir de dos protocols
especifics (Taula 1). L’aplicacioé d’aquests protocols ens ha permés avaluar I'efecte
d’agonistes/antagonistes involucrats en la resposta, aixi com determinar la possible
alteracio de la transmissido neuromuscular en els models experimentals estudiats.
Altres estudis no fan servir aquestes condicions experimentals i aleshores les
respostes son complexes, ja que consisteixen de relaxacions durant I'estimul (on-
relaxations) seguides de contraccions durant o després de [I'estimul (off-
contractions) (Kannan et al., 1985; Gallego et al., 2010; Krueger et al., 2013), que

sovint son dificils d’interpretar.

143



Discussi6 general

Taula 1. Protocols utilitzats per a I'estudi de la transmissié neuromuscular inhibitoria

i excitatoria.

EFS Farmacologia Objectiu

30V,0.4ms,5Hzi2minuts NANC Caracteritzar la
transmissio
neuromuscular inhibitoria

30V (tren 300 ms, duracié NNNP Caracteritzar la

pols 0.4 ms) i freqliéncies transmissié

creixents, de 10 a 50Hz neuromuscular excitatoria

NANC= atropina 1uM, propranolol 1uM, fentolamina 1uM

NNNP= L-NNA 1mM, MRS2500 1uM

Una segona manera d’activar les neurones és mitjangant la incubacié del teixit amb
nicotina. La nicotina s’uneix a receptors nicotinics, que es troben en les neurones,
i causa la seva despolaritzacid. Aquesta despolaritzacié provoca un potencial
d’accié que allibera neurotransmissors al terminal que estimulen o inhibeixen els
efectors. Estudis previs mostren que la nicotina indueix la relaxacié del muscul
circular en rosegadors (Mané et al., 2016) i en el colon huma (Auli et al., 2008),
suggerint la preseéncia de receptors nicotinics principalment en neurones inhibitories
(Taula 2). En el nostre treball hem vist que I'aplicacié de nicotina provoca un efecte
inhibidor i contractil sobre la musculatura circular degut a la preséncia de receptors
nicotinics en motoneurones inhibitories i excitatories, respectivament. Aixi doncs,
demostrem que en el colon del porc, els receptors nicotinics no estan presents
unicament en neurones inhibitories, sind que també en neurones excitatories i que,
per tant, la nicotina pot ser un protocol farmacologic util per avaluar la relaxacié i la
contraccié neuro-mediada en I'espécie porcina. Cal destacar que la nicotina també
serveix per estimular motoneurones secretores, tal i com es comentara més
endavant (veure estudi del transport actiu electrogénic). Una limitacié6 d’aquest
protocol d’estimulacid neuronal és la presencia de receptors de nicotina en
elements efectors. Aixi, per exemple, en algunes espécies s’ha postulat la
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preséncia de receptors nicotinics a nivell epitelial i, en aquest cas, I'activacié del
receptor nicotinic seria directament sobre la cél-lula efectora i no sobre la neurona
(Lottig et al., 2019).

Estudi de la transmissio neuromuscular inhibitoria

Antagonista al-lostéric, BPTU, del receptor P2Y+

La modulacio6 al-lostérica del receptor P2Y1 té un potencial destacat pel disseny de
farmacs P2Y+ selectius. Per aquest motiu, en aquest treball hem avaluat, per
primera vegada, I'efecte de I'antagonista al-lostéric, BPTU, en el tracte Gl del porc

i en el colon huma.

Estudis previs en rosegadors han demostrat que el BPTU és capa¢ d’inhibir la
transmissié neuromuscular inhibitoria (IJP i la relaxacid) induida per EFS (Taula 3),
per nicotina (Taula 2) i per diversos agonistes del receptor P2Y+ (MRS2365,
ADPS, a,B-meATP i ApsA) (Taula 2) (Mafié et al., 2016; Paquola et al., 2019). Tot
i aixi, la selectivitat o poténcia dels antagonistes pot variar entre especies i, per
aquest motiu, hem considerat important incloure en la nostra investigacié estudis
translacionals amb mostres humanes per poder validar els resultats obtinguts en

models animals.

Taula 2. Poténcia expressada en pM de I'antagonista purinérgic, BPTU, en la

relaxacié mecanica induida per diferents agonistes P2Y i per nicotina.

Agonistes Farmac Espécie, segment Reversié BPTU

P2 intestinal

MM % reversio

P2Y1 ApsA 100 uM Ratoli, colon 3 100 '
no selectiu a,B-meATP 10 uM  Ratoli / Rata, colon 3 100 2
P2Y1selectiu MRS2365 5 uM Ratoli, colon 3 932
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Agonistes Farmac Espécie, segment Reversiéo BPTU
P2 intestinal —
uM % reversio
P2Y
ADPBS 10 uM Ratoli, colon 3 832
preferencial
ADPBS 10 uM Rata, colon 3 932
ADPBS 10 uM Porg, ili 30 68 3
ADPBS 10 uM Porc, colon 30 703
ADPBS 10 uM Huma, colon 100 no reversioé 3
Resposta L Reversié BPTU
. Espécie, segment
neuro- Farmac ] )
mediada intestinal UM % reversio
Nicotina 100 yM Ratoli, colon 3 73% 2
Nicotina 100 yM Rata, colon 3 104% 2

" (Paquola et al., 2019), 2 (Mari¢ et al., 2016), ° Les dades obtingudes en aquest treball estan en negreta.

Taula 3. Poténcia (ECso) expressada en uM dels antagonistes purinérgics, BPTU,
MRS2500 i MRS2179, en I'lJP i en la relaxacié mecanica induida per EFS en el

tracte Gl de dferents espécies.

Espécie, IJPf, ECs0

segment intestinal BPTU MRS2500 MRS2179
Ratoli, colon 0.06" 0.031 10 uM: ~80% 2 *
Rata, colon 0.31 0.016 " 13.13
Porc, intesti prim 30 uM:90% 4* 1 uM:100% 4* 075
Huma, colon ND 0.07 ¢ 1.237
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Espécie, Relaxacié, ECso

segment intestinal BPTU MRS2500 MRS2179
Ratoli, colon 0.34 0.025 1 ND
Rata, colon 05" 0.163 353
Porc, intesti prim 64 0.06 ¢ 0.80 ¢
Porc, colon 354 0.05 4 0.154
Huma, colon No efecte 4 0.09 6 0.877

T (Maiié et al., 2016), 2 (Y. Zhang et al., 2010), 3 (Grasa et al., 2009), 4 Les dades obtingudes en aquest treball
estan en negreta, ° (Gallego et al., 2008), ® (Gallego et al., 2011), 7 (Gallego et al., 2006). * % inhibicié a una

concentracié unica. ND: no dades.

De manera general, en el cas dels rosegadors, el BPTU actua sobre I'estimulacio
eléctrica en concentracions sub-pyM. En canvi, en el porc les concentracions
necessaries per inhibir la resposta son més grans i en el colon huma no varem
aconseguir inhibir de manera eficag la resposta inhibitoria (Taula 3). El mateix
s’observa quan fem servir agonistes de receptors de purines. Estudis previs
demostren que el BPTU (3 uyM) és capag d’inhibir, de manera efectiva, la relaxacio
induida per diversos agonistes com soén I'Ap4A, a,-meATP, ADPS, o fins i tot, de
'agonista selectiu P2Y+1, MRS2365. En tots aquests casos, el BPTU 3 uM bloca
entre un 80 i un 100% de la relaxacioé induida pels agonistes. A més a més, el BPTU
(3 uM) també és capag de revertir la resposta inhibitoria de la nicotina que, tal i com
s’ha comentat previament, és deguda a l'activacio de neurones inhibitories. En
canvi, en els experiments realitzats en aquest treball hem hagut de fer servir
concentracions 10 vegades més grans (30 uM) per obtenir una inhibicié del 70% de

la resposta induida per I'agonista ADPBS en el porc (Taula 2).

En I'espécie humana, el BPTU no va ser efectiu ni amb EFS ni amb ADP@S. Per

intentar validar 'antagonista BPTU en I'huma, vam col-laborar amb el Dr. Kennedy

de la Universitat de Strathclyde. Arrel de la seva col-laboracié, vam veure que en

cultius cel-lulars de cél-lules tSA201, que expressen el receptor P2Y+ huma, el

BPTU té la capacitat de bloquejar les respostes purinérgiques induides per ADP.
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Davant d’aquestes dades, podem concloure que la falta d’activitat del BPTU en el
colon huma no és deguda a una menor expressio del receptor P2Y1, ja que
I'agonista ADPBS i I'antagonista MRS2500 si que son efectius. A més a més, altres
estudis també han demostrat I'eficacia dels antagonistes MRS2179 i MRS2279, aixi
com de l'agonista selectiu P2Y1, MRS2365, en el tracte Gl huma (Gallego et al.,
2011; Gallego et al., 2014). Una possible explicacio de la falta d’activitat del BPTU
que mostra aquest treball en el cdlon huma es basa en la naturalesa del farmac.
El lloc d’'uni6 al-lostéric del BPTU es troba en una zona de la proteina que esta en
contacte amb la bicapa lipidica. Per tant, el BPTU ha de ser extremadament
hidrofob, el que probablement dificulta la seva unié al receptor quan les cél-lules
estan en el teixit perd no quan es troben aillades. Aquesta propietat explicaria
també que en teixits el rang de poténcia del BPTU varii en funcié del gruix de les
preparacions. Per confirmar aquesta hipotesi, una aproximacié experimental
interessant a utilitzar en un futur seria a partir de mostres de cdlon huma de
reseccions realitzades en cirurgies pediatriques (teixits més prims) que permetrien

comprovar els resultats obtinguts en el nostre treball.

Altres neurotransmissors inhibitoris NNNP

A nivell intestinal s’han descrit altres neurotransmissors inhibitoris NNNP. Un d’ells
és el VIP (Keef et al., 1994) que senyalitza per la via del cAMP, de la mateixa
manera que altres mediadors no neurals que es comentaran més endavant (veure
mecanismes no neurals d’'inhibicid). Els resultats del nostre treball demostren que
el VIP produeix la relaxacié de la motilitat intestinal en el colon del porc. Tot i aixi,
no hem pogut demostrar el seu paper funcional com a neurotransmissor inhibitori,
jaque els IJP i les corresponents relaxacions es bloquegen amb la combinacio d'un
inhibidor de la nNOS i d’'un antagonista del receptor P2Y1. En el colon huma, s’han
descrit resultats similars (Gallego et al., 2006). En canvi, en altres teixits, com és
I'esfinter anal intern, si que s’ha demostrat I'alliberacié de VIP a altes frequéncies
d’estimulacio (Keef et al., 2013). Caldria veure si el que s’ha demostrat a nivell de
I'esfinter anal intern del ratoli també passa en altres espécies com el porc, o fins i

tot, en la espécie humana. De fet, en I'espécie porcina, s’ha demostrat que el
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mecanisme de relaxacio es degut a NO i purines a través de receptors P2Y 1 (Opazo
et al., 2009).

To neural inhibitori

El to neural inhibitori redueix l'activitat contractil del colon degut a l'alliberacio
‘espontania” de neurotransmissors inhibitoris. De fet, el que probablement passa
és que les neurones inhibitories s’activen de manera independent a qualsevol
estimul. Es per aixd que, quan el teixit s'incuba amb un blocador de canals de sodi,
com per exemple la TTX, s’observa un increment de I'activitat contractil (Gil et al.,
2010). Tal i com es mostra en la Taula 4, el mecanisme s’ha descrit en el colon de
diferents espécies: ratoli (Spencer et al., 1998; Traserra et al., 2020), rata
(Middleton et al., 1993; Mulé et al., 1999; Gil et al., 2010) i 'huma (Dinning et al.,
2006; Auli et al., 2008), entre altres. En el nostre estudi, hem reportat la preséncia
d’un to inhibitori basal en el colon distal porci. A més a més, els resultats de la Taula
4 mostren que aquest mecanisme es duu a terme d’'una manera més prominent en

la capa circular, comparat amb la longitudinal.

En el nostre treball, el to neural inhibitori ’hem valorat després d’'incubar, de manera
conjunta, un antagonista de la nNOS i un antagonista del receptor P2Y1 per tal de
proporcionar una condicié farmacoldogica NNNP. Tot i aixi, 'augment de la
frequéncia i de I'amplitud de les contraccions observat creiem que és degut
unicament al bloqueig del NO perqué probablement, tal i com s’ha descrit
préviament en rosegadors, el MRS2500 no incrementa la motilitat espontania i, per
tant, els receptors P2Y1 no participen en el to inhibitori (Gil et al., 2010; Drumm et
al., 2019).
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Taula 4. Preséncia de to basal inhibitori en el colon de diferents espécies.

Espécie Colon circular Colon longitudinal

Ratoli Proximal:  +++, 201% Proximal: -, 96%
Mig: +++, 227% Mig: - 118%
Distal: - 98% Distal: -, 59%

Rata 2 Mig: +++, 199% ND

Porc 3 Distal: ++, 178% Distal: +, 122%

Huma 4 Sigmoide:  +, ~125% ND

" (Traserra et al., 2020), 2 (Gil et al., 2010), 3 Les dades obtingudes en aquest treball estan en negreta, *
(Auli et al., 2008). To inhibitori de menys a més marcat: + < ++ < +++, abséncia de to inhibitori: — i no dades:
ND. % canvi AUC després de I'addicioé de L-NNA respecte AUC basal (100%). En el ratoli, en la rata i en 'huma
el to basal inhibitori es valora després de I'addicié de L-NNA 1 mM. En el porc, el protocol utilitzat inclou I'addicié
conjunta de L-NNA 1 mM i MRS2500 1 pM.

En els dos models experimentals estudiats, ’AUC de la motilitat basal va ser similar
a la observada en el grup control corresponent. A més a més, la incubacié del teixit
amb L-NNA, que inhibeix tant 'enzim de la nNOS constitutiva com de la iNOS
induible, va produir un augment de la motilitat colonica per igual en els dos grups
experimentals. A partir dels resultats d’aquest treball podem concloure que els dos
models estudiats no presenten alteracions en el to inhibitori basal atribuibles a la
produccioé de NO per part de la nNOS ni de la iINOS. Aquest fet té correlacié amb
els resultats histologics obtinguts, ja que en cap dels dos models estudiats s’ha
observat la infiltracio de cél-lules inflamatodries a les capes musculars (Taula 7). En
canvi, en models de colitis i en pacients amb UC, si que s’ha reportat un estat
d’hipomotilitat induit per la INOS, que s’expressa per la induccié de certes citocines,

bactéries i productes bacterians (Porras et al., 2006; Porras et al., 2008).
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Altres mecanismes no neurals d’inhibicio

A més a més dels mecanismes neurals mencionats anteriorment, els nostres
resultats confirmen I'existéncia d’altres mecanismes no neurals que incrementen
els nivells intracel-lulars de cAMP. En el nostre estudi, demostrem que el forskolin
és un protocol farmacologic util per estudiar I'efecte del cAMP en la motilitat
intestinal del porc, ja que produeix la relaxacié del colon amb una concentracio
menor que la préviament descrita en l'intesti prim del conill i en el colon del cobai
(Muller & Baer, 1983). A més a meés, 'efecte del forskolin es continua observant si
incubem el teixit amb TTX i, per tant, es pot deduir que el seu efecte és sobre la

cél-lula muscular o bé sobre la cel-lula epitelial, tal i com veurem més endavant.

Per altra banda, les prostaglandines també indueixen la relaxacié del colon. En el
nostre estudi, hem observat que la PGE2 produeix la relaxacié del colon porci de
manera concentracié depenent (ECso de 0.026 uM) i que la combinacio d’'un
antagonista del receptor EP2 (PF-04418948 0.1 uM) i d’un antagonista del receptor
EPs (L-161,982 10 pM) disminueix el seu efecte (ECso de 4.7 uyM) (dades no
mostrades), obtenint resultats similars als préviament reportats en rosegadors
(Martinez-Cutillas et al., 2014). En aquest context, els resultats obtinguts permeten
hipotetitzar que els moduladors dels receptors de la PGE2 podrien ser una eina
terapéutica d’interés per tractar alteracions de la motilitat intestinal, especialment si

cursen amb processos inflamatoris intestinals.

Estudi de la transmissio neuromuscular excitatoria

L’estudi selectiu de la transmissid neuromuscular excitatoria ens ha permeés
caracteritzar la resposta i, posteriorment, avaluar 'estat d’'aquest mecanisme en els
dos models experimentals estudiats (Taula 1). En aquest estudi hem descrit, per
primera vegada, que la resposta neuromuscular excitatoria en el colon distal del
porc s’inhibeix totalment per I'atropina (antagonista muscarinic) i que, per tant, és
majoritariament colinérgica (Figura 1). L’atropina és un antagonista muscarinic no

selectiu i, per tant, no sabem el subtipus de receptor muscarinic implicat en la
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resposta. De totes maneres, almenys en la especie humana, els receptors M2 i M3
son els candidats ha participar en el fenomen contractil (L. Zhang et al., 2016). En
altres espécies, s’ha reportat la participacid de les taquinines en la resposta
excitatoria a EFS (Onori et al., 2005). Concretament, en el colon longitudinal del
ratoli, s’ha descrit que la resposta excitatoria esta formada per dues fases, una
primera fase majoritaria que és colinérgica, i una segona fase residual possiblement

relacionada amb l'activacio de receptors NK2 (Traserra et al., 2020) (Figura 1).

Per altra banda, les dades obtingudes en el nostre treball confirmen que els dos
models estudiats no indueixen canvis en la transmissido neuromuscular excitatoria
del colon. Aquests resultats, juntament amb els observats en referéncia amb la
transmissié neuromuscular inhibitdria (veure apartat to neural inhibitori), ens
permeten concloure que la infeccié experimental per ETEC i el model etologic
estudiat modulen, com veurem més endavant, el transport actiu electrogénici/ o la
permeabilitat paracel-lular, perd no modifiquen els mecanismes neuromusculars del

colon (Taula 7).

a) Colon ratoli

40Hz 50Hz

10Hz 20Hz 30Hz

WAL i b e e

10s

500mg

b) Colon porc

Ry

Bs

Figura 1. Estimulacié de les neurones excitatories del colon de ratoli i del porc. a) Registre del colon
longitudinal de ratoli. La resposta excitatoria en el colon de ratoli consta de dues fases, una primera fase que
és sensible a un antagonista muscarinic (atropina) i una segona fase sensible a un antagonista del receptor
NK2 (GR159897). b) Registre del colon circular de porc. La resposta excitatoria en el colon del porc consta

d’'una fase sensible a atropina.
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Altres mecanismes contractils

En aquest treball hem valorat I'efecte de la histamina i del 5-HT que sén mediadors,
en principi, no neurals que modulen I'activitat motora. Hem pogut observar que la
histamina produeix una resposta contractil que es veu reduida per TTX i per
I'antagonista Hz, ranitidina. Aquests resultats demostren que part de I'acci6 de la
histamina pot ser directa sobre el muscul i part pot ser deguda a I'activacié de
motoneurones excitatories. La histamina s’ha descrit que és un mediador
mastocitari rellevant en els processos post-infeccié (Scheffer et al., 1985;
Aschenbach et al., 2003; Kramer et al., 2008). En aquest context, s’ha hipotetitzat
que una hipermastocitosi post-infeccié podria modular la resposta motora que,
segons les nostres dades experimentals, seria d’accié directa sobre el muscul i a
través de 'activacio de motoneurones excitatories. De totes maneres, cal esmentar
que la desgranulaci6 mastocitaria provoca possiblement [l'alliberacié d’altres
mediadors, com sén les proteases i, per tant, la seva desgranulaciéo també s’ha
associat a fendmens inhibitoris com els que s’observen en [’ili paralitic (Rychter et
al., 2015). Tot i aixi, en cap dels nostres models s’ha observat un increment de MCs

a nivell de les capes musculars.

El 5-HT és una molécula de senyalitzacié molt important a nivell del tracte Gl. Una
de les possibles fonts de 5-HT son les ECL que, quan alliberen 5-HT,
desencadenen una série de mecanismes reflex a nivell intestinal (Osaka et al.,
1975; Nilsson et al., 1983; Bearcroft et al., 1996). El mecanisme reflex pot ser motor
o secretor (veure estudi del transport actiu electrogénic). En el nostre treball hem
observat que el 5-HT, a nivell motor, provoca un efecte bifasic. Primer s’observa
una inhibicié que es redueix per L-NNA i després un efecte contractil. Cal esmentar
que la primera resposta inhibitoria també es redueix per l'antagonista 5-HTs3,
ondansetron. Per tant, la nostra hipotesi és que el 5-HT activaria receptors 5-HT3
localitzats en neurones inhibitories provocant relaxacioé i, alhora, activaria també
neurones excitatories produint una resposta contractil. Tot i aixi, no podem
descartar també un efecte directe sobre el muscul (Bennett & Whitney, 1966; Ng et
al., 1991). Una altra possibilitat seria que els receptors 5-HT3 localitzats en IPANs

contactessin amb interneurones i motoneurones, inhibitories i excitatories, i que
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consequentment aquestes alliberessin neurotransmissors inhibitoris i excitatoris en
el terminal. Tot i aixi, en el nostre treball no hem pogut valorar aquest reflex motor
ja que les preparacions utilitzades no contenien I'epiteli i, per tant, la integritat entre

I'epiteli i les IPANs podria estar malmesa.

K* cr
A
skCa Eﬁ @ Anol
A GMP o POk
NCa?* /[ L, cAMP A 7 |
2 ' < P L-161,982
) "T‘Ca” L 60 A AMP Ac PF-04418948
‘ Forskolin
Histamina Atropina l | @ \
MRs2500 ' ™., vip oo

Cc BPTU

Transmissié neuromuscular excitatoria Transmissio neuromuscular inhibitoria
(condicions NNNP) (condicions NANC)
. Receptor muscarinic @ Receptors EP, , @ Receptor VIP ’ Receptor H,, ?
@ Receptor P2Y, . Receptor nicotinic . Receptor 5-HT,

Figura 2. Mecanismes neurals i no neurals involucrats en el resposta motora del colon distal del porc.
La nostra hipotesi és que utilitzant protocols d’EFS especifics es poden estimular les neurones inhibitories o
excitatories, selectivament. Segons les dades que hem obtingut amb EFS, les neurones inhibitories alliberarien
NO, que actuaria sobre el GC, i ATP, o una purina relacionada, que actuaria en el receptor P2Y produint la

relaxacido neuro-mediada del colon. A més a més, les neurones inhibitories es podrien activar de manera
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independent a qualsevol estimul produint I'alliberacié de NO i generant un estat inhibitori basal. En canvi,
I'estimulacié de les neurones excitatories produiria l'alliberacié d’ACh, principalment, que actuaria en els
receptors muscarinics, produint una resposta contractil neuro-mediada, sensible a atropina. La transmissio
neuromuscular es pot estudiar també amb I'addicié de nicotina, que actuaria sobre receptors nicotinics presents
en les neurones inhibitories i excitatories. Per ultim, I'addicié exdgena de Cch, VIP i forskolin modificarien la
motilitat espontania actuant directament sobre el muscul, en canvi, el 5-HT i la histamina actuarien sobre les

motoneurones i sobre el muscul.

Caracteritzacié de la resposta neurosecretora

La resposta neurosecretora es pot avaluar mitjangant EFS, que permet activar les
motoneurones, aquestes alliberen neurotransmissors en el terminal i estimulen la
cél-lula epitelial per generar una resposta secretora. Els resultats de la Taula 5
mostren que, en animals de laboratori (cobai, ratoli i rata), 'EFS indueix I'alliberacio
d’ACh, principalment, tot i que altres neurotransmissors, com el VIP, podrien
participar en la resposta (McCulloch et al., 1987; Kuwahara & Radowicz-cooke,
1988; Buresi et al., 2005). En el nostre estudi, hem pogut observar que en el porc,
'EFS indueix una resposta neurosecretora similar a la descrita en animals de
laboratori, ja que els principals neurotransmissors involucrats en I'alliberacio luminal
de ClI'sén 'ACh i el VIP. En canvi, en I'espécie humana, s’han reportat diferéncies
regionals pel que fa als neurotransmissors involucrats en la resposta. Mentre que a
nivell de l'intesti prim s’ha descrit que I’ACh és el principal neurotransmissor implicat
en la resposta secretora, a nivell de l'intesti gruixut es creu que la resposta esta
mediada per NO i VIP (Krueger et al.,, 2016). De totes maneres, cal tenir en
consideracio que en aquest treball s’ha utilitzat el L-NAME com a blocador de la
sintesi de la nNOS, que també podria tenir propietats anti-muscariniques
(Kuwahara et al., 1998). Per tant, en un futur seria interessant confirmar aquests
resultats utilitzant un altre blocador del NO, com el L-NNA, per comprovar si I'efecte
és degut al NO o a un efecte colinérgic indirecte. Aquesta aproximacido ens
permetria corroborar si els neurotransmissors implicats en la resposta
neurosecretora del colon del porc i de 'huma sén els mateixos, VIP i ACh, o si pel

contrari, en la resposta neurosecretora del colon huma hi participa el NO.
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Pel que fa al perfil de la resposta neurosecretora, hem observat que la durada de
la resposta varia en funcié de I'espécie, sent menor en animals de laboratori (cobai,
ratoli i rata), comparat amb el porc i 'huma, que és el que presenta la resposta
secretora més duradora (Taula 5). A més a més, la secrecio luminal en I'espécie
humana s’ha descrit que es deu a l'alliberacio luminal de HCO3-i CI-, en canvi, en

animals de laboratori i en el porc el principal i6 alliberat és el CI-.

Per altra banda, '’huma presenta un to neural secretor que podria ser degut a una
activacié basal de les neurones secretores, ja que I'adicio de TTX redueix la lsc
basal (Krueger et al., 2016). En canvi, en el nostre treball no hem pogut demostrar
la preséncia d’aquest to basal neurosecretor en el colon del porc. Tot i aixi, com
veurem més endavant (veure estudi del transport actiu electrogénic), aquest
mecanisme si que I'hem observat en la infeccié experimental per ETEC, ja que
I'addicié de TTX i atropina disminueix el transport actiu electrogénic dels animals

infectats.

La nicotina, a més a més d’activar motoneurones inhibitories i excitatories i generar
una resposta inhibitdria o contractil en el muscul, respectivament, també s’uneix als
receptors nicotinics presents a les motoneurones secretores i les estimula per
generar una resposta secretora a nivell epitelial. En el nostre estudi, hem observat
que la incubacié amb nicotina indueix una resposta secretora sensible a TTX i
atropina. En aquest sentit, la nostra hipotesi és que la nicotina estimula l'alliberacié

d’ACh al terminal i inicia una resposta neurosecretora a nivell epitelial.
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Taula 5. Caracteristiques de la resposta neurosecretora en diverses espeécies.

Espécie Protocol EFS NT Perfil lons
resposta secretats
Cobai 5mA, 2i10Hz, 0.5 ACh 7 4.1 min ' CI7

ms pols, 60 s estimul 7

Ratoli 50V, 10 Hz, 500 ps ACh 23 2.5min ' Cl-23

pols, 5 s estimul 2

Rata 5mA, 10 Hz, 0.5 ms ACh, VIP 4 5.8 min* Cl-#

pols, 30 s estimul 4

Huma 20V, 10 Hz, 1 ms i.p.: ACh 9.1 min * Crl
i 6
pols, 10 s estimul g VIP, HCO3-1
NO '
Porc 5 mA, 10 Hz, 0.5 ms ACh, VIP 5 7.5 min® CI-5

pols, 30 s estimul 5

" (Krueger et al., 2016), 2 (Buresi et al., 2005), 3 (Kuwahara & Radowicz-cooke, 1988), * Dades del nostre
laboratori no publicades, ® Les dades obtingudes en aquest treball estan en negreta, ® (Krueger et al., 2013)

7 (McCulloch et al., 1987). NT: neurotransmissors, i.p.: intesti prim, i.g.: intesti gruixut.

Estudi del transport actiu electrogenic

El deslletament i 'edat dels animals son factors que influencien en el transport actiu
electrogenic (Boudry et al., 2004). Si comparem les dades dels animals controls
dels dos models experimentals, hem pogut comprovar que el transport actiu
electrogénic és més elevat els primers dies posteriors al deslletament i com més
joves son els animals (Taula 6). En canvi, la TEER colonica és manté estable amb
'edat (Taula 6). Aquests resultats demostren que, a nivell del colon, la integritat de
la barrera és independent de I'edat perd que existeix un increment del transport
actiu electrogenic en animals post-deslletats. Encara que no sabem la causa

d’aquests canvis, una possible hipotesi €s que el moment del deslletament és un
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moment critic, degut al canvi d’alimentacid i a I'anoréxia post-deslletament. En
aquest sentit, encara que la barrera es manté intacte, podria existir un cert grau
subclinic d’insult que faria que els animals acabats de deslletar desencadenessin
mecanismes defensius i, en aquesta situacid, I'epiteli incrementaria I'activitat
secretora amb I'objectiu de diluir l'insult fins adaptar-se a la nova dieta. Per
comprovar aquesta hipotesi, caldria dissenyar experiments apropiats que
valoressin els canvis en la resposta secretora abans i després dels deslletament a

diferents edats.

Taula 6. Comparacio de valors eléctrics basals (Isc, PD, TEER) dels animals control
del model d’infeccié experimental per ETEC i dels animals control del model de

socialitzacio primerenca d’enriquiment ambiental.

Animals control model

d’infeccié experimental

Animals control model de

socialitzacié primerenca i

per ETEC d’enriquiment ambiental
dies edat dies p.d. dies edat dies p.d.
32/37 11/16 28 3
Isc (WA/cm?) 56.6 £ 9.03/37.5+4.63 137.4 +7.65
PD (mV) 3.2 £+0.39/24 +£0.28 8.8 +0.82
TEER (Q:cm?) 457 +3.52/52.2+1.29 47.42 +3.02

En el model d’infeccié experimental per ETEC, hem utilitzat una soca positiva pels
factors de viruléncia STy i LT. La resposta secretora induida per les enterotoxines
STy i LT s’ha relacionat amb un efecte directe sobre I'epiteli, aixi com per un efecte
indirecte sobre la sintesi de la PGE: i 'alliberacié de 5-HT (Dreyfus et al., 1993;
Peterson & Whipp, 1995; Fuijii et al., 1995; Fujii et al., 1997). En relacié amb els
resultats obtinguts en el nostre treball, la nostra hipotesi és que les enterotoxines
de 'ETEC podrien induir I'alliberacié de 5-HT per part de les cél-lules ECL, que a la
vegada estimularien a les IPANs i iniciarien un reflex secretor (Figura 3). D’acord

amb aquesta hipotesis, els nostres resultats mostren que I'lsc basal es redueix amb
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TTX i amb atropina en els animals infectats, demostrant I'activacié del fenomen
neurosecretor després de la infeccié experimental perd no en condicions control.
Tot i aixi, no podem descartar també un efecte epitelial directe de les enterotoxines.
Per altra banda, el model estudiat també va cursar amb un augment el nombre de
MCs a nivell de la mucosa i de la submucosa dels animals infectats, que podria
haver contribuit en la resposta secretora mitjangcant I'alliberacié de mediadors
mastocitaris, com és la histamina. D’acord amb aquest hipotesi, hem observat que

la histamina activa el mecanisme secretor (Figura 3).
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Figura 3. Reflex secretor en el colon distal del porc. La nostra hipotesi és que la cél-lula ECL allibera 5-HT
que actua en receptors 5-HTs localitzats en IPANs (neurona groga). Aquestes IPANs contactarien amb

interneurones (neurona verda) i motoneurones (neurona blanca) que segons les dades obtingudes amb 'EFS
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alliberarien ACh i VIP, produint la secrecié epitelial de CI. A més a més, 'aplicacié exdgena de Cch, VIP,
nicotina, 5-HT, forskolin i histamina produeix un augment de la secreci6é de Cl- mesurat a partir de I'increment
de la Isc (A Isc). En la cél-lula epitelial de la dreta es mostra I'efecte directe de les enterotoxines de 'ETEC, LT i

ST, sobre I'epiteli.

A més a més de 'ETEC, hi ha altres patdgens enterics que indueixen una resposta
neurosecretora com a part del seu mecanisme d’accié. Un exemple és la
Salmonella Typhimurium, que a més a més de generar una resposta inflamatoria,
activa un mecanisme neurosecretor sensible a l'alliberacié de prostaglandines
(Giannella, 1979; Brunsson, 1987). Per altra banda, el rotavirus es caracteritza per
I'atrofia de les vellositat de l'intesti perd també per l'activacid d’'un mecanisme
neurosecretor (Lundgren et al., 2000) que depén de 5-HT i VIP (Kordasti et al.,
2004).

Diversos estudis han relacionat I'estrés del deslletament amb un augment de la
susceptibilitat a patdogens entérics (Shimizu et al., 1978; Moon et al., 1979; Jones
et al., 2001). A més a més, també s’ha observat que ’hormona adrenocorticotropa
i la norepinefrina faciliten 'adhesié de patdogens entérics a I'epiteli (Schreiber &
Brown, 2005; Chen et al., 2006). Aquesta observacio és important ja que en el
nostre estudi hem descrit que I'aplicacié de mesures etologiques durant I'etapa de
lactacié modula el transport hidroelectrolitic i els nivells de cortisol en saliva despreés
del deslletament, comparat amb animals que seguien les condicions propies del
cicle productiu porci. La nostra hipotesi és que les mesures etoldgiques i
d’enriquiment permeten modular la resposta d’estrés induida pel deslletament i que,
a nivell intestinal, aquesta modulacié de la resposta d’estrés podria disminuir la

susceptibilitat dels animals a infeccions entériques en el post-deslletament.

Estudi de la funcio barrera

La translocacié de 'ETEC i I'alliberacié luminal d’enterotoxines, com la ST i la LT,
a més a més de modular el transport actiu electrogénic, també pot alterar

I'estructura i la integritat de la barrera epitelial (Kreisberg et al., 2011; Ngendahayo
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Mukiza & Dubreuil, 2013; Yang et al., 2014). Concretament, TETEC K88 s’ha descrit
que disminueix I'expressié de les proteines CLDN-1, OCLN i ZO-1 en ceél-lules
IPEC-J2 i que activa els MCs intestinal que també contribueixen en el defecte de
barrera (Xu et al., 2020). Els resultats obtinguts en el nostre treball ens permeten
hipotetitzar que la colonitzacié epitelial del patogen i la produccié d’enterotoxines
podrien haver generat el defecte de barrera, tot i aixi, al ser un defecte transitori no
s’haurien produit consequéncies meés greus com serien I'atrofia de I'epiteli intestinal

i la proliferacio extraintestinal de 'ETEC.

En el model de socialitzacié primerenca i d’enriquiment ambiental, en canvi, no hem
observat canvis en la funcio barrera ni un augment significatiu dels MCs intestinals
3 dies posteriors al deslletament, obtenint resultats similars als reportats per Boudry
et al., 2004. Cal tenir en consideracio, que en el nostre estudi el deslletament s’ha
realitzat als 25 dies d’edat. En canvi, altres estudis en els que el deslletament es
duu a terme de manera més primerenca (15-21 dies d’edat), si que s’han descrit
alteracions a nivell de la funcié barrera (Pohl et al., 2017), aixi com I'activacié dels
MCs intestinals 24 hores després del deslletament (Moeser et al., 2007), i una
hiperplasia dels MCs que es manté fins a dos mesos posteriors al deslletament
(Smith et al., 2010). En rosegadors, també s’ha demostrat que les experiéncies
adverses en neonats, com per exemple la separaci6 materna, poden induir
alteracions en la mucosa intestinal quan els animals arriben a I'edat adulta, podent
desenvolupar trastorns similars a I'lBS huma (Séderholm et al., 2002; Barreau et
al., 2004; Barreau et al., 2008). Aquest model, s’ha associat amb la translocacioé de
bactéries en els limfonodes mesentérics, el fetge i la melsa que, a la vegada,
desencadena una resposta immunitaria exacerbada (Barreau et al., 2004), aixi com
amb canvis neuroendocrins que alteren la permeabilitat paracel-lular, a través del
CRFR1 i dels MCs (Barreau et al., 2007). Tan mateix, també s’ha observat que
aquests animals, en 'edat adulta, presenten una major vulnerabilitat a processos
d’estrés aguts (Soderholm et al., 2002) i a la colitis experimental induida per TNBS
(Barreau et al., 2004).
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Si comparem els dos models experimentals estudiats en aquest treball (Taula7)
podem concloure que no hem observat canvis motors (excitatoris o inhibitoris)
aparents en cap dels dos models experimentals. Cal esmentar que tampoc
s’observen canvis en la poblaciéo de MCs a nivell de les capes musculars. A nivell
epitelial, en canvi, en el model d’infeccié experimental per ETEC hem observat un
increment de la permeabilitat paracel-lular mesurat a partir de la TEER i de la
permeabilitat a FD4 que no I'hem observat en el model de socialitzacié primerenca
i d’enriquiment ambiental. Pel que fa al transport hidroelectrolitic, s’ha vist
incrementat en el model d’infeccié experimental per ETEC, probablement per un
efecte directe sobre I'epiteli i per un efecte neurosecretor. En aquest model també
existeix un increment de MCs a nivell epitelial, de manera que els mediadors
mastocitaris podrien participar també en el fenomen neurosecretor. No podem
descartar, perd, que en aquest model l'increment de I'activitat secretora hagi
incrementat la distensio i hiperestimulat, de manera indirecta, la motilitat colonica.
Pel que fa al model de socialitzacié primerenca i d’enriquiment ambiental, no hem
observat diferéncies significatives en la poblacié de MCs intestinals perod si que hem
pogut observar un increment del transport actiu electrogénic que en el nostre estudi
no hem pogut discriminar si era degut a un efecte epitelial directe o a un efecte

neurosecretor.
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Taula 7. Resum dels resultats obtinguts en els dos models experimentals estudiats.

Model d’infeccid Model de socialitzacio
experimental per primerenca i
ETEC d’enriquiment ambiental
Transmissio
No canvis No canvis
neuromuscular inhibitoria
Transmissio
neuromuscular No canvis No canvis
excitatoria
Transport  paracel-lular
(TEER i permeabilitat a 1 dia 4 PI No canvis
FD4)
Transport hidroelectrolitic 1t diad4i9PI 1 grup CTR
To basal neurosecretor dia 9 PI -
1 mucosa i submucosa .
Numero de MCs No canvis
adia4 PI
Numero GCs - No canvis
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Conclusions

1) La caracteritzacié dels mecanismes neuromusculars de contraccio i relaxacio,
aixi com dels mecanismes de neurosecrecié és fonamental per entendre els canvis

associats al desenvolupament i a la infeccio per E. coli.

2) L’antagonista al-lostéric, BPTU, bloqueja les respostes inhibitories mediades pel
receptor P2Y1 en el tracte gastrointestinal de rosegadors i del porc. L’antagonista
al-lostéeric és comparativament menys potent que l'ortostéric, MRS2500, perd

suposa un nou mecanisme farmacologic d’inhibicio.

3) ElI BPTU també és efectiu en cultius cel-lulars que expressen el receptor P2Y1
huma pero, en canvi, no és efectiu en teixit de colon huma. Una possible limitacio
del farmac és que el seu lloc d’unié esta en contacte directe amb la bicapa lipidica
i, per tant, el BPTU ha de ser hidrofob i aixd podria dificultar la seva capacitat de

difusio i unio al receptor.

4) El colon distal del porc presenta un to neural inhibitori, probablement degut a
I'alliberacié espontania d’oxid nitric. El to inhibitori €s més gran en la capa circular
que en la longitudinal. Ni la infeccié experimental per E. coli ni el model de
socialitzacioé primerenca i d’enriquiment ambiental durant la lactacié modifiquen la

transmissid neuromuscular inhibitoria.

5) La transmissio neuromuscular excitatoria del colon del porc és deguda,
principalment, a I'activacié de neurones colinergiques. L’acetilcolina actua sobre

receptors muscarinics que provoquen la contraccio de la musculatura llisa.

6) La relacid6 neuromuscular excitatoria no es veu alterada després de la infeccid
experimental per E. coli ni aplicant un model de socialitzacié primerenca i

d’enriquiment ambiental durant la lactacio.
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7) En aquest treball hem caracteritzat per primera vegada, en I'espécie porcina, el
mecanisme neurosecretor en el colon. Segons les nostres dades experimentals les
motoneurones secretores alliberen acetilcolina i VIP que provoquen la secrecio de

Cl- a la llum intestinal.

8) En condicions basals, no s’observa la preséncia d’'un to neural secretor en el

colon del porc.

9) La infeccio per E. coli i I'alliberacio d’enterotoxines van:

-9.1 Alterar la funcié barrera implicant mecanismes paracel-lulars i

probablement també transcel-lulars,

-9.2 Produir un augment del transport actiu electrogenic, degut en part a un

efecte neurosecretor que va implicar la participacié de motoneurones colinérgiques,

-9.3 Crear una hipermastocitosi a nivell eiptelial pero no a nivell de les capes
musculars. La desgranulacié dels mastocits epitelials, a la vegada, també podria

haver contribuit en el mecanisme secretor.

10) L’aplicacié de mesures de socialitzacié primerenca i d’enriquiment ambiental
durant la lactacio, disminueix el transport actiu electrogénic a nivell intestinal en el
post-deslletament. Una possible explicaciéo d’aquesta observacid és que el model
etologic permet una millor adaptacié dels animals a la resposta d’estrés induida pel

deslletament.
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