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RESUMEN

La funcion barrera intestinal constituye la primera linea de defensa del tracto
digestivo. Esta se ve condicionada por el transporte hidroelectrolitico, la permeabilidad
y la motilidad intestinales. Alteraciones de estas funciones favorecen la estimulacion
continua, por antigenos y microorganismos luminales, del sistema inmune local
llevando a estados inflamatorios mas o menos crénicos. Estos cambios parecen
caracterizar diversas patologias inflamatorias y funcionales gastrointestinales,
incluyendo la enfermedad inflamatoria intestinal y el sindrome de intestino irritable.
Los mastocitos (MCs), a través de un proceso de activacion y liberacién de mediadores
neuroinmunes, participan como células efectoras en la respuesta inmune asociada a
estas enfermedades. Este trabajo profundiza en las implicaciones de los MCs en las
disfunciones intestinales, haciendo un especial énfasis en la funcién barrera. Para ello,
se empledé un modelo de parasitosis por Trichinella spiralis en ratas. Tras la infeccion,
se observé la evolucidn temporal (dias 2 a 30 post-infeccidn) en las poblaciones de
MCs de mucosa y de tejido conectivo en el yeyuno. Las variaciones en los infiltrados
mastocitarios se acompafiaron de una sobreexpresion en las proteinasas mastocitarias.
Las proteinasas, actuando como enzimas sobre sustratos especificos, incluyendo la
activacion de receptores activados por proteinasas (PARs), regulan las funciones
secretomotoras y sensoriales gastrointestinales. Acompanando estos cambios, se han
caracterizado remodelaciones neuroepiteliales post-infecciosas que resultan en una
alteracién de la funcién barrera, en concreto: una alteracién de la secrecion
hidroelectrolitica basal, de la respuesta a secretagogos y en el incremento de la
permeabilidad intestinal. Estas disfunciones de la barrera tienen como base cambios
temporales especificos en la expresion de proteinas de las uniones estrechas
intercelulares. A su vez, la parasitosis produjo un aumento de la actividad motora
espontanea intestinal, en parte mediada por los MCs, ya que se revierte parcialmente
en animales tratados con el estabilizador mastocitario ketotifeno. Por otro lado, las
respuestas secretoras intestinales a la degranulacion mastocitaria y a la activaciéon de
PAR-2 se vieron reducidas en la fase post-infecciosa (dia 30 post-infeccién). Si bien,
ello sugeriria una desensibilizacién epitelial a los mediadores mastocitarios, la
estabilizacién de los MCs con ketotifeno no tuvo efectos sobre las respuestas
secretoras basales o mediadas por PAR-2 ni sobre los incrementos post-infecciosos en
la permeabilidad. En resumen, hemos definido los cambios en las poblaciones
mastocitarias y la funcién barrera intestinal, asi como su relacién con la expresion de
proteinas de uniones intercelulares y con la expresion de PAR-2 y sus efectos
secretores en un modelo de disfuncidn intestinal post-infecciosa. Aunque estos datos
apoyan una implicacién de los MCs en los cambios morfo-funcionales asociados a la
infeccion cuestionan una participacion directa de los mismos en la funcion barrera
intestinal. Mecanismos de regulacion similares pueden operar en enfermedades
inflamatorias y funcionales gastrointestinales.



SUMMARY

Epithelial barrier function is considered part of the defensive mechanisms of the
gastrointestinal tract. Barrier function results from an interplay of at least three
components: hydroelectrolytic transport, permeability and intestinal motility.
Alterations of these functions favor a state of luminal antigens- and microorganisms-
dependent stimulation of the local immune system, leading to an inflammatory-like
stage. These changes are common to several gastrointestinal pathologies, including
inflammatory bowel disease and irritable bowel syndrome. Mast cells (MCs), throught
a process of activation and release of endogenous neuroimmune mediators, act as
effector cells in the neuroimmune responses associated to these alterations. This work
aims the characterization of MCs’ implications in gastrointestinals dysfunctions, with
emphasis in barrier function. For this, we used a model of Trichinella spiralis infection
in rats. After the infection, time-related (days 2 to 30 postinfection) changes in
mucosal and connective tissue MCs were assessed in the jejunum. Changes in MCs
infiltrates occurred together with an up-regulation of proteinases gene expression.
MC-derived proteinases, throught the enzymatic cleavage of specific substrates,
including  proteinase-activated receptors (PARs), regulate gastrointestinal
secretomotor and sensory functions. In addition, we characterized postinfectious
neuroepithelial remodelations, leading to functional changes in barrier function. In
particular, alterations in basal electrolytic secretion, secretory responses to
secretagogues and an increase in epithelial permeability were observed. These barrier
dysfunctions are associated to time-related changes in the expression of tight
junctions-related proteins. In parallel, an increase in spontaneous intestinal motor
activity was also observed. Treatment with the MC stabilizer ketotifen partially
prevented these motor alterations, thus suggesting that MCs are implicated, at least
partially, in these responses. In addition, secretory responses to MCs degranulation
and PAR-2 activation were reduced during the postinfectious phase (day 30
postinfection). This might suggest a desensitization of the epithelium to MC mediators.
However, treatment with the MC stabilizer ketotifen was without effect, thus
suggesting the contribution of additional, MCs-independent mechanisms. In summary,
this work characterizes changes in MCs populations and epithelial barrier function in a
model of postinfectious gut dysfunction in rats. Furthermore, the relationship with the
expression of tight junction-related proteins and PAR-2 and its secretory effects was
characterized. Overall, results obtained support an implication of MCs in the
morphological and functional alterations associated to the infection. However, they
also question a direct role of MCs in the control of epithelial barrier function. Similar
mechanisms might operate in inflammatory and functional gastrointestinal disorders.



INTRODUCCION

Estructura y Funciones Intestinales

Anatomia e Histologia del Intestino Delgado

El intestino delgado constituye el segmento de mayor longitud del tracto
gastrointestinal, extendiéndose desde el piloro hasta la valvula ileocecocdlica. Este se
divide, de oral a aboral, en duodeno, yeyuno e ileon. Histolégicamente, la pared del
intestino delgado esta constituida por la mucosa, la submucosa, las musculares

externasy la serosa (Barrett 2006, Gartner and Hiatt 2002) (Fig. 1).

Figura 1. Organizacidon histolégica del

Sl — o — ¢ Mucosa intestino delgado. Adaptada de Madara
:;‘:;_:h};%.“:,.ﬁw and Anderson, 2003.
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La mucosa presenta un conjunto de evaginaciones e invaginaciones
denominadas respectivamente vellosidades y criptas, que dan lugar a las unidades
vellosidad-cripta (villus-crypt units, VCUs). La existencia de VCUs permite incrementar
la superficie de contacto entre el medio externo y el organismo, favoreciendo
funciones gastrointestinales fundamentales, como son los procesos de digestidén y
absorcién. Formando parte de la mucosa y en contacto directo con la luz intestinal,
encontramos el epitelio intestinal. Este consiste en una monocapa de diferentes tipos
celulares especializados que derivan de células madre intestinales localizadas a nivel
de las criptas (Figs. 1 y 2). Las células epiteliales mas abundantes son los enterocitos,

cuyas funciones principales son la absorcién de nutrientes y agua, la secrecién



hidroelectrolitica y la funcidn barrera. Situadas entre los enterocitos se encuentran
células caliciformes, responsables de la produccién y la secrecion de moco, que
contribuye a la lubricacién y la proteccién de la mucosa intestinal. Localizadas a nivel
de las criptas, las células de Paneth llevan a cabo funciones defensivas, mediante la
secrecidon de péptidos y enzimas antimicrobianas y participan en la regulacién de la
composicion idnica luminal, la inflamacion intestinal y la digestion. Por dultimo,
dispersas entre todas estas células, se pueden encontrar células enteroendocrinas, que
producen y secretan diferentes hormonas y neuropéptidos, como por ejemplo la
serotonina (5-hidroxitriptamina, 5-HT) y la sustancia P (SP). Subyacente a las células
epiteliales, se dispone la ldmina propia, formada por tejido conectivo y donde
encontramos vasos sanguineos y linfaticos, terminaciones nerviosas y células del
sistema inmune. Dando soporte fisico a la mucosa y separandola de la submucosa se
halla la muscular de la mucosa, formada por células de musculo liso (Barrett 2006,

Gartner and Hiatt 2002).
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Figura 2. Unidad cripta-vellosidad y tipos celulares epiteliales en el intestino delgado.
Adaptada de (Crosnier et al. 2006).

En la submucosa encontramos tejido conectivo y un plexo nervioso conocido
como plexo submucoso, o de Meissner, perteneciente al sistema nervioso entérico
(enteric nervous system, ENS). Dicho plexo recibe y envia informacion desde y hacia la

mucosa, incluyendo las células epiteliales, siendo su funcion principal regular el



transporte hidroelectrolitico y el flujo sanguineo (Barrett 2006, Gartner and Hiatt
2002).

Las musculares externas estan formadas por musculatura lisa y se distribuyen en
dos capas, la circular y la longitudinal. La capa circular estd situada mas préxima a la
mucosa y su contraccion reduce el didmetro de la luz intestinal. Por su parte, la
contraccion de las fibras musculares longitudinales induce el acortamiento y el
aumento del diametro del intestino. Entre ambas capas musculares se dispone otro
plexo nervioso, el plexo mientérico o de Auerbach, que, junto con el submucoso,
forma parte del ENS. La actividad de las capas de musculo liso esta en gran parte bajo
el control del plexo mientérico (Barrett 2006, Gartner and Hiatt 2002).

Finalmente, la serosa consiste en una membrana formada por un epitelio simple

plano (mesotelio) y tejido conectivo (Barrett 2006, Gartner and Hiatt 2002).

Funcion Barrera Intestinal

El intestino tiene el dificil cometido de llevar a cabo la absorcion de agua y
nutrientes a su vez que ejerce una funcidn barrera, restringiendo la entrada de
elementos potencialmente nocivos desde la luz intestinal hacia el resto del organismo.
La primera linea de defensa la encontramos en la misma luz, donde microorganismos y
antigenos son degradados por accion de las secreciones gastricas, pancredticas y
biliares. A su vez, la microbiota comensal contribuye a reducir la colonizacién por parte
de agentes patdégenos produciendo sustancias antimicrobianas, modificando el pH vy
compitiendo por los nutrientes. Recubriendo el epitelio intestinal, se encuentra una
capa de agua, glicocaliz y moco que contiene moléculas con capacidad defensiva, tales
como las defensinas e inmunoglobulinas (lgs) de tipo A, producidas a nivel epitelial. Por
otra parte, las células epiteliales participan en la funcién barrera modulando la
secrecion de fluidos hacia la luz intestinal y mediante las uniones intercelulares que se
establecen entre ellas (Camilleri et al. 2012, Keita and Soderholm 2010). Sin embargo, a
pesar de esta compleja barrera y de su diversidad de mecanismos, no existe una
exclusion completa del paso de moléculas desde la luz hacia el tejido subyacente. Por el
contrario, existe un movimiento bidireccional, selectivo y constante de particulas entre
ambos compartimentos, sujeto a la regulaciéon de la permeabilidad y del transporte

hidroelectrolitico intestinales.



La Permeabilidad y el Transporte Hidroelectrolitico Intestinales

La permeabilidad intestinal viene definida por el flujo de moléculas a través de
las células epiteliales (ruta transcelular) y por los espacios comprendidos entre las

mismas (ruta paracelular) (Fig. 3).
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Figura 3. Rutas de transporte transepitelial. A) Endocitosis seguida de transcitosis y
exocitosis; B) Transporte activo mediado por transportadores situados en la membrana
apical seguido de difusiéon pasiva a través de la membrana basolateral; C) Ruta
transcelular a través de acuaporinas; D) Difusion pasiva transcelular; E) Ruta paracelular.
Basada en Keita and Soderholm 2010.

Existen diferentes mecanismos que median el paso de moléculas por la ruta
transcelular y el uso de unos u otros viene determinado por las caracteristicas
fisicoquimicas de las mismas. Los compuestos lipofilicos asi como los compuestos
hidrofilicos de pequefio tamafio podran difundir pasivamente a través de la bicapa
lipidica de la membrana de los enterocitos. Al mismo tiempo, los compuestos
hidrofilicos de pequefio tamafio pueden hacer uso de acuaporinas para atravesar las
membranas celulares. Por otra parte, la permeabilidad epitelial viene condicionada por
el transporte activo transcelular mediado por transportadores y diferentes mecanismos
de endocitosis, transcitosis y exocitosis. Los mecanismos de endocitosis pueden implicar
el uso de receptores (endocitosis mediada por clatrina y fagocitosis) o no ser selectivos
(macropinocitosis y endocitosis mediada por caveolas). Estos procesos de transporte

activo seran fundamentales en la captacion de nutrientes, electrolitos y antigenos tanto



bacterianos como de la dieta (Fig. 3) (Camilleri et al. 2012, Keita and Soderholm 2010,
Madara 1990).

Por su parte, la ruta paracelular permite el 85% del total del flujo pasivo
transepitelial de moléculas. Esta via posibilita el paso de elementos hidrofilicos de
mayor tamafo que la transcelular. Sin embargo, en condiciones fisiolégicas, es
impermeable a moléculas de dimensiones tales como las de las proteinas,
constituyendo una barrera efectiva para el paso de antigenos luminales. Esto es posible
gracias a la presencia de uniones intercelulares entre las membranas laterales de las
células epiteliales adyacentes. Estas uniones se asocian a la expresion de distintas
familias de proteinas que se organizan para dar lugar a uniones estrechas (tight
junctions, TJs), uniones adherentes y desmosomas (Fig. 4) (Keita and Soderholm 2010,

Castro and Fairbairn 1969).

Clasidsng

Myosin

Figura 4. Uniones intercelulares en el epitelio intestinal. a) Microfotografia tomada
mediante microscopia electrénica de transmisién donde se observan la unién estrecha
(tight junction, TJ), por debajo de las microvellosidades (Mv), la unién adherente
(adherens junction, Al) y los desmosomas (D) que se encuentran entre los enterocitos
adyacentes. b) Micrografia de microscopia electrdnica de criofractura de un cultivo de
células epiteliales intestinales mostrando las TJs. ¢) Esquema de las uniones
intercelulares en que se muestran las interacciones entre las proteinas integrales de las
TJs [claudinas, las moléculas de adhesién de la unidn (junctional adhesion molecules,
JAM) y proteinas marvel asociadas a TJ (TJ-associated marvel proteins, TAMPs)], las
macromoléculas de la placa citoplasmatica [zonula occludens (ZO)-1] y el citoesqueleto
de actina y miosina. Extraida de Shen et al. 2011.
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En particular, el estudio de la estructura y el control de las TJs ha suscitado un gran
interés a lo largo de los ultimos afios. A dia de hoy, han sido identificados diversos
grupos de macromoléculas conformando las TJs: claudinas, moléculas de adhesién de la
union (junctional adhesion molecules, JAM) y proteinas marvel asociadas a la TJ como la
ocludina y la tricelulina. Al mismo tiempo, se ha observado como estas proteinas se
encuentran asociadas a macromoléculas de la placa citoplasmatica o del complejo de
oclusidn [zonula occludens (Z0)-1, ZO-2, Z0O-3, AF-6/afadina, cingulina, antigeno 7H6] y a
estructuras del citoesqueleto de los enterocitos (microtubulos, filamentos intermedios
y microfilamentos) (Fig. 4) (Shen et al. 2011, Assimakopoulos et al.2011). Por otro lado,
dichos estudios han permitido discernir que las uniones intercelulares no son estaticas
sino que estan sujetas a una regulacién constante tanto por estimulos intracelulares
como extracelulares. Dichos estimulos son capaces de regular la permeabilidad
paracelular modificando la expresién de los componentes de las TJs o su interaccidén con
el citoesqueleto intracelular. Uno de los factores capaces de modular el funcionamiento
de las uniones intercelulares es la quinasa de la cadena ligera de la miosina (myosin light
chain kinase, MLCK). La activacion de dicha quinasa comporta la fosforilaciéon de la
cadena ligera de la miosina Il, provocando la contraccion del citoesqueleto, y propicia la
redistribucion de la ocludina y la ZO-1, contribuyendo todo ello a incrementar la
permeabilidad paracelular (Shen et al. 2011, Wang et al. 2006).

Al mismo tiempo, las uniones intercelulares juegan un papel fundamental en la
modulacion del transporte hidroelectrolitico intestinal. Ello se debe a que bloquean la
circulacion de proteinas y lipidos entre las membranas basolateral y apical de los
enterocitos. De este modo es posible la polarizacion de las células, es decir, la
distribucién asimétrica de vias de transporte idnico activo (bombas) y pasivo (canales y
transportadores) en su superficie. A su vez, las TJs restringen selectivamente el flujo de
moléculas de pequefio tamano, eminentemente iones, por la via paracelular. Por lo
tanto, en ausencia de dichas uniones no seria posible regular el movimiento idnico

transepitelial que controla el transporte hidrico (Barrett 2006, Barrett 2008).

El control de la cantidad de fluidos luminales es critico para la correcta funcién
intestinal, siendo fundamental en los procesos digestivos y el transito gastrointestinal.

Ello explica que su regulacidn sea altamente compleja, pudiéndose producir de manera
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simultanea secrecién y absorcién de fluidos en cualquier segmento del tracto intestinal.
En términos generales, la absorcidn de fluidos se debe fundamentalmente a la absorcion
de Na*, mientras que la secrecidn de agua es dirigida principalmente por el transporte
de CI'. El organismo regula el transporte de estos electrolitos mediante mediadores
neuroendocrinos e inmunoldgicos. Estos, al unirse a sus receptores, localizados en la
membrana o intracelularmente, generan cambios en los niveles de mensajeros
intracelulares, como son el Ca** y los nucledtidos ciclicos (adenosina monofosfato ciclico
y guanosin monofosfato ciclico). En ultima instancia, esto supone la activacién o
desactivacion de los diferentes transportadores idnicos. Especialmente relevante resulta
la regulacion de la actividad del regulador transmembrana de la fibrosis quistica en el
borde apical de los enterocitos, ya que es el principal responsable del movimiento de CI’
hacia la luz intestinal (Barrett 2006, Barrett 2008, Martinez-Augustin et al. 2009,
Kunzelmann and Mall 2002).

Estudio Funcional de la Barrera Epitelial y del Transporte Hidrolectrolitico

Existen numerosas técnicas experimentales que permiten el estudio de la
permeabilidad y/o el transporte hidroelectrolitico intestinales. Las técnicas in vivo
permiten integrar todos los componentes organicos que modulan dichos procesos,
como son la irrigacion, la motilidad, la inervacidn extrinseca o el control endocrino. Por
ejemplo, la técnica del asa intestinal aislada permite estudiar los procesos de
secrecion, absorcion y permeabilidad in situ en animales de experimentacién. (Riegler
and Matthews 2001) Otra posibilidad a la hora de estudiar la permeabilidad intestinal
in vivo es administrar moléculas marcadoras por via oral y determinar su incorporacién
al medio interno organico midiendo sus niveles séricos y/o de excrecidon en orina
(Camilleri et al. 2012, Napolitano, Koruda et al. 1996). Las técnicas in vitro mas
empleadas incluyen el patch clamp, el estudio de transporte en vesiculas de
membrana, el saco intestinal evertido y las cdmaras de Ussing (Riegler and Matthews

2001, Le Ferrec et al. 2001).

Las camaras de Ussing (Fig. 5), desarrolladas por Ussing y Zehran en 1951, son un
método de gran utilidad para el estudio de la funcién barrera epitelial. Su popularidad
radica en que permiten evaluar tanto la permeabilidad epitelial como el transporte

transepitelial de electrolitos, nutrientes o farmacos de un modo rapido y sencillo. Para
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ello, se procede, en primer lugar, a montar una muestra tisular o una monocapa de
células en las cdmaras. Los bordes apical y basolateral estdn en contacto con un medio
nutritivo tamponado, oxigenado y a una temperatura y pH controlados. El sistema
consta de dos parejas de electrodos que se emplean respectivamente para medir el
voltaje y aplicar corrientes eléctricas. Haciendo uso de un equipo de fijacién de
corriente y voltaje, es factible regular el voltaje transepitelial entre las regiones apical y
basolateral, conocido como diferencia de potencial (potential difference, PD).
Generalmente, la PD se fija en cero, para lo cual se debe aplicar una corriente,
conocida como corriente de cortocircuito (short circuit current, Isc). De este modo, en
condiciones estdndar, se anulan los gradientes eléctricos, quimicos, hidrostaticos y
osmoticos entre ambos lados del tejido. En la practica, esto equivale a eliminar el flujo
pasivo de iones, con lo cual la Isc es equivalente al transporte activo idnico

electrogénico (Riegler and Matthews 2001, Clarke 2009).

Figura 5. Representacion esquematica
de una camara de Ussing. 1) Copa de
vidrio en forma de U (reservorio); 2.
Medio nutritivo de incubacién; 3.
Sistema de circulaciéon de agua para el
control de la temperatura del sistema;
4. Sistema de regulacion de gases; 5.
Electrodo de voltaje;. 6. Electrodo de
corriente; 7. Hemicamara para el
montaje de las muestras; 8. Muestra
tisular/monocapa de células.

La Isc se puede estudiar tanto en condiciones basales como tras la adicién de
farmacos en el borde apical y/o basolateral o tras la aplicaciéon de estimulos eléctricos.
Mas aun, las bases idnicas de los cambios producidos en la Isc se pueden establecer
mediante experimentos de sustitucion idnica en los tampones y mediante la inhibicion
farmacoldgica de transportadores idnicos. En el caso de trabajar con muestras tisulares,
es posible estudiar la participacién de los diferentes sistemas de regulacién
potencialmente presentes en el tejido. Por ejemplo, el control nervioso se puede poner

de manifiesto mediante el bloqueo de la transmisidén nerviosa con tetrodotoxina (TTX).
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Sin embargo, la Isc tiene la limitacion de no reflejar el transporte electrolitico
electroneutro, ya que éste no genera una PD. A fin de estudiar el transporte idnico
electroneutro, que también contribuye a modular el movimiento de agua en el intestino,
es necesario emplear radioisétopos como el ?Na y el **Cl (Riegler and Matthews 2001,

Clarke 2009).

Por otro lado, tal y como se mencioné anteriormente, las camaras de Ussing
permiten llevar a cabo estudios de permeabilidad. Dichos estudios se basan en la medida
del flujo de iones y moléculas marcadas. El paso neto de iones viene definido por la
resistencia transepitelial o, su inversa, la conductancia (G). Esta se calcula mediante la ley
de Ohm tras medir el incremento en Isc inducido al aplicar un voltaje conocido
(G=Alsc/AV) y esta correlacionada positivamente con la permeabilidad idnica. En el caso
del intestino, la G transepitelial viene determinada casi en su totalidad por la ruta
paracelular y, por lo tanto, es indicativa del estado de las uniones intercelulares. (Riegler
and Matthews 2001) Sin embargo, la permeabilidad idnica y macromolecular pueden ser
independientes, por lo que los estudios de transporte de macromoléculas a nivel
intestinal aportan informacion complementaria y relevante a la hora de investigar la
funcién barrera. (Dye et al. 2001) Se usan a tal efecto moléculas de diferentes tamafios
marcadas radioactivamente, como el *H-manitol, unidas a fluorocromos, como son los
dextranos conjugados con fluoresceina, o detectables mediante técnicas enzimaticas,
como es el caso de la peroxidasa de rabano (Jorge et al. 2010, Porras et al. 2006, Roka et
al. 2007). En los experimentos realizados con segmentos intestinales, se recomienda
disecar las capas musculares externas previamente al montaje del tejido. Ello permite una
evaluacidon mas precisa del flujo de moléculas hacia la ldmina propia y la submucosa y

facilita la difusion de farmacos anadidos en el lado serosal.

Motilidad Intestinal

La motilidad intestinal resulta de los movimientos coordinados de contraccion vy
relajacion de las capas de musculo liso que forman parte de la pared intestinal (Fig. 1). La
actividad motora del intestino es determinante en el movimiento del contenido intestinal,
la digestion de los alimentos, la asimilacion de nutrientes y la eliminacion de los residuos

no digeridos (Barrett 2006). La coordinacién de la motilidad depende de varios factores,
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gue incluyen, al menos: las propiedades intrinsecas de la musculatura lisa intestinal; la
actividad de las células intersticiales de Cajal; la actividad del ENS; estimulos nerviosos
extrinsecos; hormonas y mediadores producidos por células del sistema inmune (Granger

et al. 1985).

La base de la actividad motora es la presencia en las células de la musculatura lisa
intestinal de oscilaciones ciclicas espontaneas de su potencial de membrana de reposo,
las denominas ondas lentas (Makhlouf 1994). Las ondas lentas determinan la aparicién de
potenciales de accidn, que a su vez inducen la contraccién muscular. Por otra parte, la
frecuencia y la propagacion de las ondas lentas, y por lo tanto la ritmicidad de la
motilidad intestinal, depende de la actividad de células con actividad de tipo marcapasos,

las células intersticiales de Cajal (Takaki 2003).

La activacion de programas especificos en los microcircuitos que configuran el ENS
da lugar a los diferentes patrones de motilidad del intestino delgado: patrones
interdigestivos, patrones postprandiales o digestivos, las Contracciones Gigantes y las

fases de quiescencia o ileo fisioldgico (Grundy et al. 2006).

En las fases interdigestivas o de ayuno el intestino delgado presenta un patrén
motor ciclico recurrente denominado Complejo Motor Migratorio. Cada complejo puede
dividirse en tres fases (I, Il y lll), en funcién de la actividad eléctrica y motora que presenta
el musculo liso. En particular, la fase Ill, o frente de actividad, es la que muestra una
actividad motora mas intensa, presentando contracciones de mayor amplitud y duracién
gue migran en sentido aboral, dando como resultado una actividad netamente
propulsora. Se ha sugerido que la funcién de este patron motor es limpiar la luz del
intestino delgado de los restos indigestibles de alimento asi como regular la microbiota
comensal. En este sentido, varios estudios apuntan a que alteraciones en dicho patrén
contribuirian a un sobrecrecimiento bacteriano intestinal, un fendmeno que parece estar
implicado en la fisiopatologia de diferentes patologias intestinales, como el sindrome del

intestino irritable (irritable bowel syndrome, IBS) (Grundy et al. 2006, Deloose et al. 2012).

Tras la ingesta de alimentos, los Complejos Motores Migratorios son reemplazados
por patrones de motilidad postprandiales o digestivos. Se describen basicamente dos
patrones motores postprandiales: movimientos de segmentacion y movimientos

peritalticos. Los movimientos de segmentacidn consisten en contracciones locales
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ritmicas de la musculatura circular del intestino. Su finalidad es mezclar el contenido
intestinal con las secreciones digestivas y facilitar su exposicion al epitelio, favoreciendo
asi los procesos de digestion y absorcion. Por el contrario, los movimientos peristalticos
son una actividad motora netamente propulsiva, que resulta de la actividad coordinada
de las dos capas de musculo liso y que mueve el contenido intestinal en sentido aboral.
Los movimientos peristdlticos se desencadenan en respuesta a la deformacién de la

mucosa y a la distensién intestinal inducidas por el contenido luminal (Barrett 2006).

El patron conocido como Contracciones Gigantes se observa a nivel del intestino
delgado en respuesta a estimulos nocivos. Este patrén esta caracterizado por la presencia
de contracciones fuertes y prolongadas de la capa circular que se propagan rapidamente.
Dichas contracciones son de una magnitud considerablemente mayor a las que tienen
lugar durante los patrones interdigestivos o postprandiales. Es, por tanto, un mecanismo
propulsor muy eficiente que vacia la luz intestinal de manera muy rdpida. Estas
contracciones pueden propagarse retrégradamente, desplazando el contenido intestinal
en sentido oral, como es el caso de la emesis, y en sentido aboral, hacia el intestino
grueso, estimulando la defecacién. Esto sugiere que se trata de un mecanismo adaptativo
de defensa para expulsar agentes nocivos de la luz intestinal rdpidamente. Por otra parte,
este patrén estd implicado en la sintomatologia de dolor abdominal, diarrea y urgencia de
defecacion asociada a las enteritis infecciosas, la enfermedad inflamatoria intestinal
(inflammatory bowel disease, 1BD) y las enfermedades funcionales gastrointestinales (IBS)

(Grundy et al. 2006).

Por todo lo mencionado hasta el momento, es légico pensar que existe una
interrelacion directa entre la motilidad intestinal y la funcién barrera. Por un lado, los
patrones motores intestinales determinan el tiempo de permanencia de antigenos y
microorganismos, tanto comensales como patégenos, en la luz intestinal y por tanto su
capacidad de contactar con el epitelio y penetrar en el organismo (Keita and Soderholm
2010). Por otra parte, la motilidad intestinal condiciona el transporte hidroelectrolitico al
determinar el tiempo disponible para el intercambio transepitelial de fluidos. (Barrett
2006, Barrett 2008) Por ultimo, la secrecion de agua lubrica los contenidos luminales y
contribuye a la distensiéon del intestino facilitando los movimientos peristalticos

intestinales (Martinez-Augustin et al. 2009).
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Estudio de la Motilidad Intestinal

Al igual que en el caso de la funcidn barrera, existen diferentes métodos in vivo e in
vitro para el estudio de la motilidad intestinal en condiciones experimentales. Entre los
métodos in vivo, encontramos la valoracién de la velocidad de eliminacidon de heces, la
determinacién de la actividad mecdnica y eléctrica del musculo liso mediante strain-
gauges o electromiografia, la evaluacion del transito intestinal y/o el calculo del centro
geométrico tras la administracion de sustancias marcadoras y las técnicas de imagen
(Jorge et al. 2010, Serna et al. 2006, Engel et al. 2010, Gremlich et al. 2004). Los sistemas
in vitro van desde las técnicas clasicas de bafio de drganos (Fig. 6) hasta las preparaciones
de drganos aislados en los que se valoran cambios en la presidon endoluminal, la tensiéon
isométrica y/o la motilidad propulsiva mediante diferentes sistemas de registro (Mule et

al. 2002, Hoffman et al. 2010, Keating et al. 2010).

Transductor de fuerza . .,
¢ Figura 6. Representacion

Asade montaje esquematica de un sistema  de
bafio de drganos. Adaptada de
www.adinstruments.com /solutions/

'4 M education/ Itexp/ earthworm-
Segmento ’\) ‘L smooth-muscle-english.
\

intestinal
/.

Camara

Valvula de |
|

drenaje

En el presente trabajo se ha estudiado la actividad contractil de segmentos aislados
de yeyuno empleando un sistema de bafio de dérganos. En este sistema, el tejido,
sumergido en una solucidon nutritiva tamponada, oxigenada, y a una temperatura
controlada, estd ligado a un transductor de fuerza que permite registrar la actividad
mecanica del musculo liso intestinal, tanto en condiciones basales como las respuestas

excitatorias (contraccion) o inhibitorias (relajacion) generadas por la adicién de farmacos
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o estimulos eléctricos o mecanicos (Fig. 6). De la misma forma, el sistema se emplea para

discernir la contribucidn del SNE y la muscular en la actividad contractil.

El Sistema Inmune Intestinal

Si bien es cierto que la barrera epitelial y la motilidad intestinal restringen el paso de
antigenos y microorganismos desde la luz intestinal hacia el organismo, ésta limitacion no
es completa. Por tanto, es necesaria una “vigilancia” permanente que permita una
respuesta coordinada y rdpida ante la entrada de sustancias extrafias a través de la
mucosa intestinal. Esta “vigilancia” depende del sistema inmune residente en el intestino.
El correcto funcionamiento del mismo es imprescindible para mantener la homeostasis
intestinal, preservando el equilibrio entre la tolerancia y la activacion de la respuesta
inmune frente a los agentes extrafios. De este modo, es posible actuar contra los agentes
nocivos, a su vez que se ven inhibidas las reacciones frente a antigenos inocuos, como los
de la dieta o la microbiota comensal. Por lo tanto, el sistema inmune residente en el
intestino se encuentra en un estado de activacion constante, por lo que se dice que el
intestino presenta un estado de “inflamacidn fisioldgica” (Khor et al. 2011, MacDonald
and Monteleone 2005, Mowat 2003).

El componente innato del sistema inmune estd ampliamente representado en el
tracto gastrointestinal: barrera epitelial y estructuras asociadas, células dendriticas,
células fagociticas y células linfoides innatas. Los mastocitos (MCs) son uno de los tipos
celulares que participan en el sistema inmune inespecifico. Este sistema permite una
respuesta rdpida, aunque inespecifica, frente a la llegada de antigenos luminales.. Por
otro lado, la activacion del sistema inmune adaptativo, que incluye los linfocitos T y B,
induce una respuesta especifica del organismo frente a ciertos antigenos. Dependiendo
del perfil citocinico resultante de la activacién de las células del sistema inmune
adaptativo, las respuestas se clasifican en diferentes tipos (Th1, Th2 y/o Th17) (Khor et al.
2011, Mayer 2010).

En condiciones normales, el sistema inmune es capaz de mantener la homeostasis
intestinal al controlar el paso de agentes nocivos al medio interno organico. Sin embargo,
en individuos con predisposiciones genéticas y/o ambientales se ha visto que estas
respuestas inmunes pueden estar alteradas. En estos casos, tiene lugar una activacién

exacerbada y persistente del sistema inmune que lleva a una perpetuaciéon de un estado
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de tipo inflamatorio patoldgico, mas o menos intenso, de cardcter crénico o recurrente.
Aunque la relacidn causal no estd clara, alteraciones de este tipo pueden ser importantes
en la etiopatogenia de la enfermedad inflamatoria intestinal y de las alteraciones
funcionales gastrointestinales (Khor et al. 2011, MacDonald and Monteleone 2005,

Mowat 2003).

Enfermedades Inflamatorias y Funcionales del Tracto Gastrointestinal

Enfermedad Inflamatoria Intestinal (IBD)

El término enfermedad inflamatoria intestinal (inflammatory bowel disease, |BD)
agrupa diversas patologias que cursan con inflamacién crénica, recurrente y severa del
tracto digestivo. Entre dichas patologias, destacan la enfermedad de Crohn (Crohn’s
disease, CD) y la colitis ulcerosa (ulcerative colitis, UC). Ambas presentan una clinica
similar caracterizada por la presencia de dolor abdominal, retortijones, pérdida de peso,
diarrea, indigestion, fiebre y fatiga. Sin embargo, es posible diferenciarlas en base a la
localizacién y caracteristicas histopatoldgicas de las lesiones asi como por las respuestas
inmunoldgicas asociadas (Tabla 1) (Khor et al. 2011, Rijnierse et al. 2007).

La prevalencia de la IBD es mayor en los paises occidentales industrializados,
siendo mas frecuente en las zonas urbanas que en las rurales (Tabla 1). Si bien puede
afectar a individuos de todas las edades, generalmente tiene comienzo entre la segunda
y la cuarta décadas de la vida, presentandose la incidencia mas elevada entre los 20y 29
anos de edad. En lo referente al sexo, las diferencias encontradas son inconsistentes, lo

gue sugiere que se presenta por igual en varones y mujeres (Molodecky et al. 2012).

Enfermedades Funcionales Gastrointestinales: Sindrome del Intestino Irritable
(1BS)

El sindrome del intestino irritable (irritable bowel syndrome, IBS) es la enfermedad
funcional gastrointestinal mas frecuente y una de las principales causas de consulta a las
unidades de gastroenterologia en los paises occidentales. (Ohman and Simren 2010) En
concreto, se estima que entre un 10 y un 20% de la poblacion mundial adulta y
adolescente padece sintomas compatibles con el IBS y la mayoria de estudios apuntan a

una predisposicion mayor en el sexo femenino (Longstreth et al. 2006).
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Tabla 1. Caracteristicas epidemioldgicas, histopatoldgicas e inmunolégicas de la
enfermedad de Crohn y de la colitis ulcerosa

Incidencia

Prevalencia

Distribucion de
las lesiones

Hallazgos
histopatolégicos

Respuesta

inflamatoria

Patron
inmunolédgico

Enfermedad de Crohn

0.4-29.3 casos/100.000 habitantes
por afio. En el 75% de los estudios
incrementa anualmente (1.2-
23.3%).

Generalmente mas elevada en
Europa (hasta 322 enfermos/
100.000 habitantes) y Norteamérica
(hasta 319 enfermos/100.000
habitantes) y menor en Asia.

En cualquier segmento del tracto
digestivo, aunque preferentemente
se observa en ileony la region
perineal. Lesiones parcheadas.
Dolencias extraintestinales.

Inflamacién transmural, submucosa
engrosada, ulceracién que puede
derivar en fistulizacidn, granulomas
y fibrosis de las musculares
externas.

Todos los tipos celulares estdn
involucrados. Alta infiltracién de
linfocitos y macrofagos.

Th1/Th17: IFN-y, IL-17, TNF-a, IL-6,
IL-1B, IL-22

Colitis ulcerosa

0.1-24.3 casos/100.000 habitantes
por afo. En el 60% de los estudios
incrementa anualmente (2.4%-
23.3%) y en el 6% disminuye en el
tiempo.

Generalmente mas elevada en
Europa (hasta 505 enfermos/
100.000 habitantes) y Norteamérica
(hasta 249 enfermos/100.000
habitantes) y menor en Asia.

Restringida al colon. Empieza en el
recto y progresa proximalmente de
manera continua.

Inflamacion restringida a la mucosa
y la submucosa, ulceras, inflamacion
y abscesos en las criptas y reduccion
del nimero de células caliciformes.

Los linfocitos y los neutréfilos son las
principales células infiltrantes.

Th2/Th17: IL-5, IL-13, TNF-0, IL-6, IL-
18, IL-17

Ver: Khor et al. 2011, Mayer 2010, Rijnierse et al. 2007, Molodecky et al. 2012.

A dia de hoy no existen marcadores especificos contrastados de estos procesos y

su diagndstico se basa en el cumplimiento de criterios clinicos estandarizados (Manning,

Roma | /1l /1ll) y la exclusidon de otras patologias mediante pruebas diagndsticas tales

como la sigmoidoscopia, la colonoscopia y analisis coproldgicos y sanguineos (Thompson

et al. 1999, Manning et al. 1978, Drossman 2006).

La sintomatologia asociada se caracteriza por la presencia de dolor o malestar

abdominal y alteraciones en los habitos de defecacion. En funcién de este ultimo

parametro se pueden establecer subclases de la enfermedad: IBS en que predomina la

diarrea, IBS en que predomina el estrefiimiento o IBS-mixta o sin subtipo. Sin embargo,
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es importante tener en cuenta que en un mismo paciente se puede producir una
alternancia entre los diferentes subtipos a lo largo del tiempo (Longstreth et al. 2006).
Los sintomas descritos se asocian a alteraciones en la sensibilidad, la motilidad, la
secrecion y la permeabilidad intestinales (Keszthelyi et al. 2012, Dunlop et al. 2003,

Spiller et al. 2000, Wouters and Boeckxstaens 2011).

La base fisiopatoldgica del IBS aun presenta muchas incégnitas a dia de hoy. Sin
embargo, la hipdtesis mas aceptada es que estaria propiciado por disfunciones de la
interaccion entre los sistemas nerviosos central y entérico, el denominado eje sistema
nervioso central-tracto gastrointestinal (brain-gut axis), en que participarian factores
genéticos, ambientales, psicosociales y fisioldgicos (Ohman and Simren 2010, Tanaka et
al. 2011). Entre las alteraciones fisiopatoldgicas que parecen caracterizar al IBS
encontramos la presencia de una inflamacién leve con una activacion sostenida del
sistema inmune. Aunque la relacion causal no se ha establecido con seguridad, la micro-
inflamacién y la activacién exacerbada del sistema inmune intestinal podrian estar
desencadenadas por alteraciones de la permeabilidad epitelial y la microbiota luminal

(Ohman and Simren 2010).

Las complicaciones a la hora de establecer un diagndstico temprano y concluyente
y el desconocimiento relativo a la etiologia y fisiopatologia del IBS explican que
Unicamente existan por el momento tratamientos paliativos y de una eficacia limitada

para el manejo de la enfermedad.

Sindrome del Intestino Irritable Post-infeccioso (PI-1BS)

La predisposicion de un subgrupo de pacientes, sin antecedentes de IBS, a mostrar
un cuadro clinico compatible con la enfermedad tras padecer una gastroenteritis
infecciosa aguda ha llevado a definir un tipo particular de IBS, el IBS post-infeccioso
(postinfectious IBS, PI-IBS). En concreto, estudios epidemiolégicos han sefialado las
gastroenteritis infecciosas como el factor de riesgo de origen ambiental mas relevante
para padecer IBS (Rodriguez and Ruigomez 1999). Asi, en individuos que padecen una
enteritis infecciosa, el riesgo de desarrollar IBS se incrementa hasta 6 veces y permanece

elevado por un periodo de hasta 3 afios después de sufrir el episodio inicial de
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gastroenteritis. Esto hace que en estas poblaciones la incidencia media de PI-IBS se eleve

hasta el 10% (Thabane et al. 2007).

Los estudios realizados hasta el momento en pacientes de PI-IBS han determinado
alteraciones a multiples niveles: motilidad, permeabilidad epitelial, células
enterocromafines, microbiota intestinal, ENS e inflamaciéon subclinica, acompafiada de
un incremento en el nimero de MCs vy linfocitos intraepiteliales y en los niveles de
citocinas proinflamatorias (Spiller et al. 2000, Park et al. 2008, Gwee et al. 2003, Spiller
and Garsed 2009). Se ha sugerido que la exposicién inicial a los agentes patdgenos
perturbaria la funcion barrera epitelial, alteraria las funciones neuromusculares vy
desencadenaria un proceso inflamatorio crénico, resultando, en conjunto, en un estado

de tipo IBS.

Si bien los mecanismos implicados en el inicio y la perpetuacidon de dichas
alteraciones una vez superada la infeccidon primaria no se conocen con exactitud, se han
identificado factores de riesgo asociados con el agente infeccioso, el huésped y la
interaccion entre ambos. Por ejemplo, mientras que las enteritis bacterianas vy
parasitarias desencadenan PI-IBS de curso prolongado, las gastroenteritis viricas parecen
tener efectos solamente a corto plazo. Al mismo tiempo, la severidad del proceso
infeccioso, indicada por factores tales como la duracion de los procesos febril y/o
diarreico, parece determinante. Otro factor relevante parece ser la concomitancia de
alteraciones psicoldgicas y la edad de los pacientes infectados. En concreto, la incidencia
es menor en sujetos mayores de 60 afios, lo cual podria estar relacionado con una
menor respuesta inflamatoria ante los agentes infecciosos asociada a un menor nimero
de MCs y linfocitos en la mucosa intestinal (Spiller and Garsed 2009, Halvorson et al.

2006).

Los hallazgos histopatoldgicos y las alteraciones en la activacién inmunoldgica
descritos en los pacientes con PI-IBS, han puesto en entredicho la discriminacion entre
enfermedades gastrointestinales inflamatorias y funcionales. Tal es asi, que se ha
llegado a sugerir que la IBD y el IBS son diferentes manifestaciones clinicas con una uUnica
base fisiopatoldgica (Long and Drossman 2010). Ello explicaria la presencia de

anormalidades funcionales, inmunoldgicas, genéticas, psicoldgicas y en la microbiota
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comunes en ambas patologias, asi como la alternancia entre ambas patologias en

determinados pacientes (Pimentel et al. 2000, Isgar et al. 1983).

Modelos Animales de IBD y de IBS

Los modelos animales son un complemento de gran importancia a los estudios con
pacientes, ya que permiten indagar en los mecanismos implicados en las fases
tempranas de las patologias, la busqueda de dianas terapéuticas y el estudio de terapias

emergentes.

En general, se acepta que los modelos animales no reproducen todos los
componentes de la enfermedad humana, sino Unicamente un conjunto de sintomas de
la misma. Esto se hace mas evidente en el caso de la IBD y el IBS si consideramos que los
propios enfermos se clasifican en subgrupos con presentaciones clinicas y lesiones
diferenciadas. Al mismo tiempo, existen disparidades de origen genético y/o ambiental
entre los diferentes modelos animales de una misma patologia. Asi, nuestro
conocimiento en relacidon a los desérdenes inflamatorios y funcionales intestinales
resulta del uso combinado de varios modelos que reproducen parcialmente estas
alteraciones. Por consiguiente, la eleccién del modelo debe ir ligada a las cuestiones que

deseemos responder, ya que éste condicionard los resultados obtenidos.

Modelos de enfermedad inflamatoria intestinal

Dentro de los modelos animales de IBD, se distinguen los espontaneos y los
inducidos. Estos ultimos pueden generarse mediante modificaciones genéticas, técnicas
inmunoldgicas, productos quimicos o farmacos (Rijnierse et al. 2007, Pizarro et al. 2003,

Wirtz and Neurath 2007).

Tanto la fisiopatologia como la localizacidn y la gravedad de las lesiones asociadas
variaran en funcion del modelo. Segun el modelo, la alteracién asociada mas relevante
se encontrara en la barrera epitelial, la respuesta inmune innata o el sistema inmune
adaptativo. Por otro lado, aunque la mayoria de modelos se asocian a una colitis,
también los hay en que la inflamacidn se localiza en el intestino delgado (Rijnierse et al.

2007, Pizarro et al. 2003, Wirtz and Neurath 2007).
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e Modelos de enfermedad inflamatoria intestinal espontdneos

El primer modelo de colitis espontaneo se describié en el titi de cabeza de
algoddén, que desarrolla colitis espontdnea asociada a estados de estrés (Chalifoux,
Bronson 1981). Con posterioridad, se detectaron casos de inflamacion intestinal
espontanea en modelos murinos: ratones C3H/HelBir y ratones SAMP1/YitFc. Los
ratones C3H/HelBir desarrollan Ulceras perineales y colitis debido a alteraciones en la
funcion de los linfocitos T y los SAMP1/YitFc desarrollan ileitis terminal por un fallo
primario de la barrera epitelial (Rijnierse et al. 2007, Pizarro et al. 2003, Wirtz and

Neurath 2007).
e Modelos de enfermedad inflamatoria intestinal inducidos
- Modelos en organismos modificados genéticamente

En funcién de la modificacion genética, varian tanto la etiopatogenia como la
localizacion de las lesiones. Por ejemplo, los ratones deficientes en el gen de resistencia
a multidrogas presentan colitis como consecuencia de las alteraciones primarias a nivel
epitelial. En otras ocasiones, la enfermedad se desencadena por alteraciones en la
respuesta inmune innata, como es el caso de los ratones carente de STAT3 en células
mieloides. Al mismo tiempo, existen multitud de modelos en los que la inflamacidn
intestinal se debe a alteraciones en el sistema inmune adaptativo. Entre estos ultimos,

destacan los ratones TNF*ARE

, que sobreexpresan TNF-a y desarrollan ileitis, tal y como
sucede en la mayor parte los pacientes de enfermedad de Crohn (Rijnierse et al. 2007,

Pizarro et al. 2003, Wirtz and Neurath 2007).
- Modelos inmunoldgicos inducidos

En estos modelos, la inflamacion intestinal se induce mediante la transferencia de una
subpoblacién linfocitaria determinada a animales receptores inmunodeficientes. En funcién de
las propiedades de los linfocitos transferidos, variara el segmento intestinal afectado asi como el

perfil citocinico predominante (Th1l o Th2) (Rijnierse et al. 2007, Pizarro et al. 2003, Wirtz
and Neurath 2007).
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- Modelos inducidos quimicamente o mediante farmacos

Estos modelos se basan en la administracién local o sistémica de agentes que,
por diferentes mecanismos, inducen una respuesta de tipo inflamatorio en el intestino,
frecuentemente a nivel del colon. La colitis inducida estd condicionada, ademas de por
el fondo genético y las condiciones de estabulacion, por factores tales como la
concentracion, la dosis, el volumen, el vehiculo, el punto y la via de administracién del
compuesto, asi como por la frecuencia y la duracién del tratamiento (Rijnierse et al.

2007, Pizarro et al. 2003, Wirtz and Neurath 2007).

En algunos de estos modelos, la administracion del agente inductor se realiza
por via intrarectal, precedida o no de una presensibilizacién cutanea. Dentro de esta
categoria se engloban agentes inductores del tipo del acido trinitrobencenosulfénico
(trinitrobenzene sulfonic acid, TNBS), el acido dinitrobencenosulfénico (dinitrobenzene
sulfonic acid, DNBS), la oxazolona, el peptidoglicano-polisacarido o el acido acético.
Algunos de estos productos favorecen las respuestas inmunes al unirse a proteinas
autologas o a la microbiota. Ademas, se suelen administrar en soluciones con etanol, lo
gue provoca una disrupcidon de la barrera epitelial, facilitando la acciéon del agente

inductor (Rijnierse et al. 2007, Pizarro et al. 2003, Wirtz and Neurath 2007).

En otros modelos, el agente inductor se administra por via oral, siendo lo mas
frecuente la utilizacion de polimeros de sulfato sodico de dextrano (dextran sulfate
sodium, DSS) en el agua de bebida. La exposicién a DSS resulta en un cuadro de colitis,
probablemente asociado a la toxicidad de este producto a nivel de las células de las
criptas intestinales y la consiguiente afectaciéon de la barrera mucosal (Rijnierse et al.

2007, Pizarro et al. 2003, Wirtz and Neurath 2007).

Por dltimo, nuestro grupo ha desarrollado un modelo de ileitis inducido
mediante dosis repetidas del antiinflamatorio no esteroideo indometacina por via
subcutdanea. Dicho modelo esta relacionado con alteraciones de la microbiota, de la
permeabilidad y de la motilidad intestinales, generando fases alternas de inflamacion

activa y de quiescencia (Porras et al. 2006, Porras et al. 2004, Porras et al. 2008).



25

Modelos de sindrome de intestino irritable

Los modelos animales de IBS se pueden diferenciar en funcién de si son
desencadenados por estimulos externos o internos y de si producen alteraciones
primarias a nivel central o periférico. Un aspecto a tener en consideracién son las
alteraciones funcionales asociadas a los mismos, ya que el diagnéstico de la enfermedad

es sintomatico (Rijnierse et al. 2007, Qin et al. 2011, Mayer and Collins 2002).
e Modelos desencadenados por estimulos externos (psicosociales)

En estos modelos, el estimulo inicial actia a nivel del sistema nervioso central e
intentan emular el estrés psicosocial como factor desencadenante de la enfermedad en

humanos.

Ampliamente usado es el modelo de estrés neonatal en roedores. Este consiste en
separar a las madres de las crias periddicamente tras su nacimiento comprometiendo la
relacion materno-filial. Los adultos previamente separados de sus madres presentan una
mayor susceptibilidad al estrés y alteraciones en la sensibilidad somatica y visceral, la
motilidad y la permeabilidad intestinales, reproduciendo por lo tanto los componentes
basicos del IBS (Barreau et al. 2007, Zhang et al. 2010, Barreau et al. 2008). También
existen modelos de estrés post-traumatico en los que diferentes estimulos estresantes
se aplican en la edad adulta, lo que genera alteraciones persistentes a nivel intestinal
(Gibney et al. 2010, Bradesi et al. 2009). Alternativamente, a fin de mimetizar las
respuestas relacionadas con el estrés, se realizan administraciones repetidas de
psicoestimulantes o de hormona liberadora de corticotropina (CRH, corticotropin-
releasing hormone) a nivel central y/o periférico (Cador et al. 1993). Por ultimo, se ha
sugerido el empleo de modelos con alteraciones genéticas que afectan a diferentes
sistemas neuroendocrinos de modulacion, incluyendo la CRH, el GABA o los sistemas
noradrenérgico o endocanabinoide (Mayer and Collins 2002). Sin embargo, la validez de
algunos de estos modelos para reproducir la patologia humana es discutible, precisando

de validaciones mas extensas.
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e Modelos desencadenados por estimulos internos

Estos se desencadenan por un estimulo fisico periférico, asociado a un proceso

irritativo y/o inflamatorio, que puede ser o no de origen infeccioso.

La sensibilizacion neonatal mediante irritacion colorectal mecénica (distensién) o
guimica (p. ej. acido acético) comporta hipersensibilidad a la distensiéon colorectal y
alteracion de los habitos de defecaciéon en la edad adulta, sin alteraciones
histopatoldgicas relevantes asociadas, mimetizando asi lo que se observa en algunos

pacientes con IBS (Al-Chaer et al. 2000, Winston et al. 2007).

A su vez, se han desarrollado modelos de IBS basados en el estudio de las fases
post-inflamatorias de modelos animales disefiados originalmente para el estudio de la
IBD en animales adultos. De todos ellos, el mas caracterizado y validado a dia de hoy es
el basado en el empleo de TNBS. Originalmente disefiado como un modelo de colitis, los
animales tratados con TNBS, una vez se han recuperado de la inflamacién intestinal
inicial, presentan alteraciones funcionales que recuerdan al IBS: hipersensibilidad,
disfunciones motoras y cambios de permeabilidad y secrecidon epitelial. (Qin et al. 2011)
Otros irritantes tépicos administrados intracolonicamente, como el acido acético o el

butirato, generan modelos similares (Xu et al. 2006, Bourdu et al. 2005).

Por otro lado, existen modelos destinados al estudio de la aparente interrelacién
existente entre el IBS y los fendmenos de hipersensibilidad. (Atkinson, Sheldon et al.
2004, Vivinus-Nebot, Dainese et al. 2012) En particular, nuestro grupo ha trabajado con
modelos de sensibilizacién a la ovoalbumina. La administracién repetida de dicha
proteina del huevo a ratas Sprague-Dawley induce un incremento en el nimero y la
actividad de los MCs de mucosa a nivel intestinal sin que se desencadene una respuesta
inmune especifica (Saavedra 2005). Ademas, la sensibilizaciéon por via oral induce
hipermotilidad intestinal dependiente de los MCs, ya que es revertida mediante el

estabilizador mastocitario ketotifeno (Traver et al. 2010).

Por ultimo, los modelos de infeccidn intestinal experimental transitoria son de
especial interés para entender la fisiopatologia del PI-IBS. Uno de los modelos de interés

es el asociado a la infeccidn en roedores por Campylobacter jejuni, al ser esta bacteria
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uno de los agentes etioldgicos de la enfermedad en humanos. En concreto, las ratas
previamente infectadas presentan alteraciones histoldgicas y en el patrén de defecacion
gue recuerdan a las observadas en el IBS (Pimentel et al. 2008). Sin embargo, por el
momento faltan evidencias de alteraciones en nocicepcién, motilidad y secrecidn
intestinales que respalden la validez de los modelos basados en infecciones bacterianas.
En contraposicidn, las parasitosis intestinales en rata y ratén se asocian a cambios de
sensibilidad, motilidad y funcién barrera, siendo en consecuencia los modelos mas
utilizados actualmente. En concreto, gran parte de estos estudios se han realizado tras

parasitosis experimentales por Trichinella spiralis.
- La parasitosis experimental por T. spiralis como modelo de PI-IBS

La parasitosis por T. spiralis, se caracteriza por presentar un ciclo con una fase
a nivel intestinal seguida de una fase muscular, dentro de un mismo hospedador (Fig. 7).
El ciclo se inicia con la ingestion de las larvas, las cuales penetran en los enterocitos a
nivel de duodeno y yeyuno, donde evolucionan hasta la fase adulta. Los parasitos
adultos se reproducen y las hembras liberan nuevas larvas, que via sanguinea o linfatica
se dirigen a la musculatura estriada donde evolucionan y quedan enquistadas a la espera
de ser ingeridas por un nuevo hospedador para reiniciar el ciclo vital (Mitreva and
Jasmer 2006). La fase intestinal concluye en el momento en que se expulsan los
parasitos adultos en las heces (alrededor del dia 15 en el caso de la rata) (Stewart et al.
1999, Suzuki et al. 2008). Tanto el curso de la enfermedad como de las alteraciones
asociadas vienen condicionados por la especie y la cepa animal empleadas. Por ejemplo,
mientras los ratones NIH/Swiss son propensos a desarrollar disfunciones motoras post-
infecciosas, éstas no tienen lugar en los ratones B10.BR (Vallance et al. 1997). En el caso
de la rata, la capacidad de expulsar el parasito es, por ejemplo, mayor en la cepa Dark
Agouti que en la F344, al presentar diferencias genéticas en relacidn al locus Tspe (del

inglés T. spiralis expulsion) (Suzuki et al. 2006).

El modelo experimental de parasitosis por T. spiralis se emplea en su fase
intestinal para el estudio de la enteritis y en fases mas tardias para el estudio de las
disfunciones intestinales post-infecciosas. Su validez como modelo de PI-IBS se sustenta

en los cambios funcionales en el musculo liso, el ENS y la barrera epitelial observados
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una vez concluida la fase intestinal (Barbara et al. 1997, Kalia et al. 2008). Otros factores
gue refuerzan su validez son la presencia de alteraciones nociceptivas e histopatolégicas
y moleculares similares a las observadas en los pacientes con IBS, como por ejemplo la
presencia de un infiltrado mastocitario difuso (Leng et al. 2009, Leng et al. 2010). Por
ultimo, la validez del modelo se vio definitivamente confirmada al describirse casos de

PI-IBS tras un brote de triquinosis en humanos (Soyturk et al. 2007).

Entrada de las larvas

,.,.-' intestino delgado

;Larvasmaduran ",-[ \\ K
: aadulios y IR R A
 residen en los
: ! enterocitos
’ /1arvas maduran
enel miisculo y
se enquistan

Hembras liberan
nuevas larvas
alos vasos
sanguineos

y linfiticos

Larvas penetran
en la musculatura
estriada

FASEMUSCULAR :  FASE INTESTINAL

Figura 7. Ciclo biolégico del parasito Trichinella spiralis. Adaptado de Mitreva and
Jasmer 2006.

En nuestro caso particular, la adopcion de este modelo se debe a su
contrastada utilidad a la hora de estudiar la evolucién de las poblaciones mastocitarias y
su expresion de proteinasas asi como sus posibles implicaciones funcionales (Serna et al.

2006, McDermott et al. 2003, Friend et al. 1996, Friend et al. 1998), sin olvidar que los
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mastocitos se consideran un componente significativo en la fisiopatologia del IBS

(Rijnierse et al. 2007, Barbara et al. 2004, Guilarte et al. 2007).

Las Mastocitos (Mcs)

Los MCs son células inmunes residentes que se localizan predominantemente en
barreras biolégicas con el medio externo, como son la piel y las mucosas. Sus
progenitores, originados a partir de células madre hematopoyéticas pluripotenciales,
abandonan la médula ésea, migran por sangre periférica y completan su proliferacion y
diferenciacién tras alcanzar el tejido diana (Kitamura et al. 2006, Galli et al. 2011). A fin
de llevar a cabo su proceso de maduracién requieren determinados estimulos, siendo el
mas relevante el mediado por la unién del factor de células totipotenciales a su receptor
tirosinquinasa KIT (Galli et al. 2011, Tsai et al. 1991). Los MCs maduros se caracterizan
por sintetizar y almacenar gran cantidad de mediadores neuro-inmunes que se liberan al
medio cuando, como parte de una respuesta inmune, se produce la activacion de la

célula.

Mecanismos de Activacion de los Mastocitos

La activacion de los MCs da lugar a la liberacion de un gran nimero de mediadores
con funciones proinflamatorias, antiinflamatorias y/o inmunosupresoras (Galli et al.
2011). Algunos de estos mediadores se encuentran preformados y almacenados en los
granulos y se liberan inmediatamente tras la activacion celular. Los mediadores
preformados incluyen histamina, proteoglicanos, proteinasas, 5-HT, y algunas citocinas
como el TNF-a. Otros mediadores, en cambio, se sintetizan de novo tras la activacion
mastocitaria. Este es el caso de derivados lipidicos (prostaglandina D,, leucotrienos y
tromboxanos), factor activador de plaquetas, factor estimulante de colonias de
granulocitos y macréfagos, radicales de nitrégeno y oxigeno y multitud de citocinas y
guimiocinas, incluyendo IL-3, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, TNF-a e interferén y (IFN-y)
(Rijnierse et al. 2007, Krishnaswamy and Chi 2006).

El estimulo mas clasico, y seguramente el mas efectivo, a la hora de activar los

MCs es el mediado por la unién del complejo antigeno-IgE al receptor de alta afinidad
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para la fraccion constante de la IgE (FceRl) que expresa el MC. Tras dicha unidn, se
produce la agregacién del receptor y la consiguiente transduccién de una sefial de
activacién intracelular que comportara la liberaciéon de mediadores. Este mecanismo
estd involucrado en las reacciones de hipersensibilidad inmediata clasicas y en las
parasitosis. En ambos casos, tras un primer contacto con el alérgeno o pardsito en
cuestion, los linfocitos B sintetizan grandes cantidades de IgEs especificas que se uniran
a los FceRI mastocitarios. Por otra parte, la IgE monomérica puede controlar la liberaciéon
de citocinas sin necesidad de que un antigeno desencadene el entrecruzamiento de los

receptores de IgE (Rijnierse et al. 2007, Galli et al. 2011, Bischoff 2007).

A su vez, los MCs pueden ser activados por componentes del sistema inmune
innato y adaptativo independientes de la IgE. Este es el caso de la activaciéon mediada
por diferentes citocinas, el sistema del complemento, receptores de la fraccién
constante de 1gGs, receptores tipo toll (Toll-like receptors) o cadenas ligeras libres de Ig

(Rijnierse et al. 2007, Bischoff 2007).

Al mismo tiempo, existen estimulos independientes del sistema inmune capaces
de modular la activacion de los MCs. Ejemplo de ello es la activacién mediada por
factores neurogénicos, como el factor de crecimiento nervioso (nerve growth factor,
NGF), o neuropéptidos, como la sustancia P (SP), el péptido intestinal vasoactivo (VIP) y
el péptido relacionado con el gen de la calcitonina (CGRP). La liberacién de mediadores
mastocitarios la pueden inducir también secretagogos xenobidticos como la
concanavalina A, el compuesto 48/80 o el mastoparan (Roka et al. 2007, Krishnaswamy
and Chi 2006, Scott and Maric 1993). Por ultimo, los MCs pueden activarse ante
estimulos fisicoquimicos como un estrés mecdanico, un aumento de la temperatura y
alteraciones osméticas y de pH, fendmenos todos ellos caracterisiticos de los procesos

inflamatorios (Turner et al. 2007).

Proteinasas Mastocitarias: Clasificacion de los Mastocitos e Implicaciones
Funcionales

El tejido en el que los MCs finalizan su desarrollo es determinante a la hora de

definir sus caracteristicas fenotipicas. Una de las propiedades que varian en funcién de
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su localizacion tisular es el tipo de proteinasas [triptasas, quimasas y carboxipeptidasa A
mastocitaria (MC-CPA)] que expresan y almacenan en sus granulos de secrecién. Por lo
tanto, estas proteinasas son biomarcadores de interés a la hora de diferenciar el
fenotipo y el estado de activacion de los MCs (Pejler et al. 2007, Pejler et al. 2010, Miller
and Pemberton 2002).

Atendiendo a las proteinasas expresadas, en los humanos, los MCs se dividen en
dos grupos: los localizados en las mucosas, que expresan Unicamente triptasas y se
denominan MCy; y los localizados en el tejido conectivo, que contienen tanto triptasas
como quimasa y se denominan MCyc (Tabla 2). En roedores, tanto los MCs de mucosa
(mucosal MCs, MMCs) como los de tejido conectivo (connective tissue MCs, CTMCs)
contienen quimasas en sus granulos, si bien Unicamente los CTMCs expresan triptasas
(Tabla 2). En el caso del intestino, los MC;y y los MMC se encuentran
predominantemente a nivel epitelial y de la ldamina propia mientras que los MCrc y los
CTMC se situan principalmente en la submucosa y la serosa (Pejler et al. 2007, Pejler et

al. 2010, Miller and Pemberton 2002).

El patron de expresion de proteinasas por parte de los MCs tiene implicaciones
funcionales relevantes. La accién de cada una de las proteinasas mastocitarias deriva de
su capacidad de actuar sobre sustratos especificos. Uno de los sustratos mas
caracterizados para la accién de proteinasas mastocitarias es el receptor activado por
proteinasas (proteinase-activated receptor, PAR) de tipo 2 (PAR-2), que se activa tanto
por triptasas como por quimasas (Adams et al. 2011, Sharma et al. 2007). Tanto el PAR-2
como los MCs son especialmente abundantes en el tracto gastrointestinal, por lo que su
interaccion a este nivel es especialmente interesante, sobre todo si tenemos en
consideracion que el PAR-2 participa en la regulacion de numerosas funciones
gastrointestinales, como son las respuestas inmunes, la proliferacién celular, la
motilidad, la nocicepcién y la funcidén barrera epitelial (Adams et al. 2011, Vergnolle

2005, Vergnolle et al. 1998).
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Tabla 2. Expresion de proteinasas mastocitarias en las diferentes subclases de
mastocitos en la especie humana y en roedores

Especie  Subclase Triptasas Quimasas MC-CPA

Humano MG a, B (1, 11, 1) No No
MCrc o, B (1, 11, 1) CMA1 Si

Raton MMC No mMCP-1, -2 No
CTMC mMCP-6, -7 mMCP-4, -5, -9 Si

Rata MMC No rMCP-2, -3, -4, -8, -9, -10 No
CTMC rMCP-6, -7 rMCP-1, -5 Si

CTMC: MC de tejido conectivo; MC-CPA: carboxipeptidasa A mastocitaria; MCyc: MC que
contienen quimasa y triptasa; MCy: MC que contienen Unicamente triptasa; MMC: MC de
mucosa; mMCP: Proteinasa mastocitaria de ratéon; rMCP: Proteinasa mastocitaria de rata.
Basada en Pejler et al. 2007 y Pejler et al. 2010.

Por lo tanto, a través de la activacién de receptores PAR-2, las proteinasas
mastocitarias podrian regular indirectamente estas mismas funciones. Ademas, se ha
visto que las proteinasas mastocitarias pueden tener efectos enzimaticos directos sobre
proteinas de las TJs y regular su interaccién con el citoesqueleto, lo que implicaria un
efecto directo sobre la permeabilidad epitelial (Scudamore et al. 1995, Groschwitz et al.

2009).

A parte de estas acciones, las proteinasas mastocitarias participan en la regulacién
de las respuestas inmunes. Por un lado, promueven el reclutamiento de otros tipos
celulares, como neutréfilos y eosinéfilos. Por otro lado, pueden inducir la degranulaciéon
mastocitaria, generando una retroalimentacién positiva de la activacion de los MCs

(Pejler et al. 2007, He 2004).

Métodos de Estudio de las Funciones Mastocitarias

Las funciones y la actividad mastocitarias se pueden estudiar, tanto en humanos
como en modelos animales, haciendo uso de diferentes técnicas in vitro e in vivo. Al
igual que en el caso de los estudios funcionales intestinales, cada una de las
metodologias tiene ventajas e inconvenientes y es la integracién de las observaciones
realizadas en cada una de ellas lo que permite conocer el funcionamiento real de estas

células.



33

Los métodos in vitro mas populares son aquellos que giran en torno al uso de
lineas celulares. Si bien lo mas deseable seria poder hacer uso de cultivos primarios a
partir de tejido humano, la necesidad de disponer de tejido humano fresco y el bajo
rendimiento del proceso de purificacién celular limitan enormemente las posibilidades
de llevar a cabo estudios de este tipo. En consecuencia, la mayoria de los estudios se
llevan a cabo en lineas celulares humanas transformadas o inmaduras o con lineas
celulares murinas. En caso de trabajar con modelos murinos, lo mas habitual es hacer
uso de MCs generados a partir de células progenitoras procedentes de la médula ésea

(Bischoff 2007).

Por su parte, el estudio de los MCs in vivo comprende el uso de técnicas
histopatoldgicas y de inmunomarcaje, la evaluacion de mediadores mastocitarios y la
utilizacion de manipulaciones farmacoldgicas y bioldgicas. En el caso del trabajo con
modelos animales, existe ademds la posibilidad de usar animales modificados

genéticamente (Bischoff 2007, Kalesnikoff 2008, Santos et al. 2006).

Algunas de las manipulaciones farmacoldgicas y biolégicas empleadas estan
dirigidas a modular el crecimiento, el desarrollo y la migraciéon de los MCs. El ejemplo
mas paradigmatico al respecto son los tratamientos dirigidos a neutralizar KIT o su
ligando, el factor de células totipotenciales, induciendo una deplecion mastocitaria
(Donaldson et al. 1996, Pennock 2004, Newlands et al. 1995). Sin embargo, debemos
tener en cuenta que dicha aproximacidon puede afectar a otros tipos celulares que
también expresan KIT, tal y como se describe mds adelante en relacién a los animales
mutantes para este gen. Por lo tanto, la especificidad de este método y la posibilidad de

extraer conclusiones definitivas son limitadas.

Otro modo de abordar el estudio de los MCs es el empleo de tratamientos
dirigidos a modular la liberacién de mediadores derivada de su activacidn, por ejemplo
con el uso de estabilizadores de la membrana mastocitaria, como el cromoglicato
disédico o el fumarato de ketotifeno (Norris 1996, Serna et al. 2006). Estos compuestos
producen una estabilizacién de la membrana celular que interfiere con el proceso de
degranulacion y, por tanto, previene la liberacién de mediadores. Sin embargo las dianas

moleculares de estos farmacos no estan restringidas a los MCs. Asi, el cromoglicato
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disddico tiene efectos sobre los granulocitos y los linfocitos B mientras que el ketotifeno
actua también sobre neuronas y eosinoéfilos (Norris 1996, Hasala et al. 2005, Sato et al.

2005).

Por otro lado, existe la posibilidad de interferir en la secrecion de mediadores
mastocitarios actuando sobre receptores y componentes de las cascadas de sefializacion
intracelular que participan en los procesos de activacién/degranulacion. Este seria el
caso de los bloqueantes de la activacion mastocitaria via FceRl, tales como el FcyRIIIB, o

de la inactivacidn farmacolégica de la PI3K (Santos et al. 2006).

Por ultimo, es posible utilizar farmacos que modulen la actividad de los
mediadores mastocitarios una vez estos ya han sido liberados. Este seria el caso de
farmacos que actuan sobre la triptasa mastocitaria o sobre su diana de accidn, el PAR-2

(Adams et al. 2011, Isozaki et al. 2006).

En relacién a los modelos modificados genéticamente, existen roedores con
mutaciones espontdneas en KIT, asociadas a un déficit mastocitario. No debemos perder
de vista que dichos animales presentan otras alteraciones, como una reduccidén marcada
en el numero de melanocitos y de células intersticiales de Cajal, siendo estas ultimas
especialmente importantes en la regulacién de la motilidad gastrointestinal. A su vez, los

ratones Kit"/WV=

en particular muestran otras alteraciones fenotipicas como anemia
macrocitica, neutropenia y esterilidad, caracteristicas que limitan su uso en ciertos tipos
de estudios. Sin embargo, existen aproximaciones que permiten reconstituir las
poblaciones mastocitarias, pudiendo asi discernir hasta qué punto las diferencias entre
los animales de tipo salvaje y los mutantes son debidas a la diferencia en el nimero de

MCs (Snoek et al. 2012).

Otra aproximacion posible al estudio de los MCs es la de estudiar las funciones de
mediadores mastocitarios especificos haciendo uso de animales knock-out para los
mismos. Esta via se ha empleado, por ejemplo, para el estudio de las funciones de
proteinasas expresadas por los MCs, tales como la mMCP-1 y la mMCP-6 (Shin et al.

2008, Lawrence et al. 2004, Knight et al. 2000).
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Por ultimo, recientemente se han desarrollado ratones knock-out condicionales
que dejan abierta la posibilidad de eliminar la expresion de mediadores concretos

selectivamente a nivel mastocitario (Scholten et al. 2008, Musch et al. 2008).

Los Mastocitos en la IBD y el IBS

Numerosas evidencias apuntan a una implicacion de los MCs en la fisiopatologia
de las enfermedades inflamatorias y funcionales gastrointestinales. Los datos mas
concluyentes muestran que en pacientes con IBS o IBD, se ha detectado un incremento
en el niumero y el estado de activacién de los MCs intestinales (Rijnierse et al. 2007,
Barbara et al. 2004, Guilarte et al. 2007, He 2004). Aunque el mecanismo por el cual se
produce este infiltrado mastocitario no se conoce, se ha sugerido que el reclutamiento
de células del sistema inmune, incluidos los MCs, vendria propiciado por un incremento
de la permeabilidad intestinal y el resultante aumento de la exposicion a antigenos de

origen luminal (Keita and Soderholm 2010, Hering et al. 2012).

En este sentido, se ha demostrado una predisposicidon por parte de los enfermos
de IBD e IBS a tener defectos genéticos relacionados con la funcion barrera (Khor et al.
2011, Villani et al. 2010), que se correlacionan a nivel funcional con incrementos de la
permeabilidad intestinal (Keita and Soderholm 2010). Estas alteraciones tendrian como
base cambios en la expresidon, degradacién y distribucion de las proteinas asociadas a las
Tls, alteraciones en la modulacién de las uniones intercelulares por parte del
citoesqueleto y fendmenos de apoptosis (Keita and Soderholm 2010, Hering et al. 2012).
La disfuncion de la barrera intestinal asociada podria explicar, al menos parcialmente, las
alteraciones del transporte hidroelectrolitico transepitelial asociadas a estas patologias

(Martinez-Augustin et al. 2009).

Diversos mediadores mastocitarios podrian participar en estos procesos. Por
ejemplo, tanto el TNF-a, como el IFN-y y la IL-13 favorecen la expresién de la proteina
formadora de poros claudina-2 (Amasheh et al. 2009, Heller et al. 2005). Por otro lado,
el TNF-a y la triptasa mastocitaria inducen la contraccién del citoesqueleto y la
reorganizacion de las proteinas de las TJs mediante la activacion de la MLCK (Wang et al.
2006, Roka et al. 2008). Ademads, el TNF-a y la IL-13 son capaces de inducir apoptosis a

nivel epitelial (Heller et al. 2005, Schmitz et al. 1999). En su conjunto, todas estas
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acciones contribuirian a incrementar la permeabilidad intestinal, como se observa a
nivel clinico (Fig. 8). Al mismo tiempo, los mediadores liberados por los propios MCs
estimulan la degranulacion mastocitaria; generando un sistema de retroalimentacién
gue podria explicar la perpetuacion de la disfuncidn de la barrera intestinal en la IBD y el
IBS (He 2004). Hay que considerar que otros tipos celulares, implicados también en la
fisiopatologia de la IBD y el IBS, pueden contribuir a la produccidon de alguno de los
mediadores mencionados, como es el caso de los linfocitos T CD4", que liberan TNF-q,

IFN-y e IL-13.

La participacion de los mediadores mastocitarios en la inflamacion y la disfuncion
intestinales se ha confirmado mediante el uso de modelos animales y aproximaciones
terapéuticas en pacientes. Por ejemplo, estudios llevados a cabo en animales deficientes
en MCs sefialan la implicacidn de estas células en el control de la funcion barrera epitelial
en condiciones normales y durante la inflamacién intestinal (McDermott et al. 2003,
Groschwitz et al. 2009). Por su parte, la estabilizacién mastocitaria mediante ketotifeno
disminuye la hipersensibilidad visceral en pacientes con IBS y previene la dismotilidad
intestinal asociada a un modelo de parasitosis por T. spiralis en la rata (Serna et al. 2006,
Klooker et al. 2010). Del mismo modo, terapias que reducen el nimero de MCs y/o la
disponibilidad de mediadores, como los glucocorticoides y los anticuerpos monoclonales
anti-TNF-a, son de utilidad en el tratamiento de la IBD (Rijnierse et al. 2006, Sands et al.
2004). Por ultimo, estudios recientes apuntan a la inhibicién de la triptasa mastocitaria
como un tratamiento potencialmente beneficioso en pacientes con IBD o IBS (Tremaine
et al. 2002, Lee et al. 2010). Esto, junto con otras observaciones, podria sugerir que la
participacién de los MCs en estas patologias podria estar mediada por la capacidad que
tienen sus proteinasas de activar receptors del tipo del PAR-2 (Adams et al. 2011, Sharma

et al. 2007).
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Figura 8. Esquema de los mecanismos potencialmente involucrados en la modulacion de
la funcién barrera epitelial por parte de los mastocitos y del sistema nervioso entérico.
ACh: acetilcolina (vias colinérgicas); CRH: Hormona liberadora de corticotropina; IFN-y:
Interferén y; IL: Interleuquina; NGF: Factor de crecimiento nervioso; PAR-2: Receptor
activado por proteinasas de tipo 2; TNF-a: Factor de necrosis tumoral a. Modificado de
Keita and Soderholm 2010 y Hering et al. 2012.



38



39

HIPOTESIS Y OBJETIVOS

De lo expuesto se desprende que existe una interrelacion entre las poblaciones
mastocitarias intestinales y la presencia de alteraciones funcionales a nivel del intestino
con relevancia fisiopatoldgica, al menos en lo que se refiere a la enfermedad
inflamatoria intestinal y al sindrome de intestino irritable.

Por tanto, este trabajo de investigacion parte de la HIPOTESIS de que la
evolucién en el numero, la actividad y el fenotipo mastocitarios juegan un papel
fundamental en la respuesta defensiva intestinal al condicionar el funcionamiento de la
barrera epitelial. En particular, los mediadores liberados por los mastocitos inducirian
cambios a nivel epitelial y del sistema nervioso entérico, modulando la permeabilidad y
la secrecion intestinales. Estas alteraciones podrian jugar un papel relevante en la
cronificacion de la inflamacién y la disfuncidn intestinales.

Para demostrar esta hipodtesis, se han caracterizado las posibles alteraciones de
la funcidn barrera epitelial y su interrelacién con la actividad mastocitaria y con el
sistema nervioso entérico en un modelo de disfuncién intestinal inducido por la
parasitosis por Trichinella spiralis en la rata.

Con esta finalidad se han planteado los siguientes OBJETIVOS especificos de trabajo:

= Estudiar la evolucidn temporal de las poblaciones mastocitarias intestinales,
caracterizando la expresion de proteinasas especificas, a lo largo de la parasitosis
por T. spiralis en ratas.

= Caracterizar las modificaciones post-infecciosas en la funcion barrera epitelial
(propiedades electrofisiologicas y permeabilidad a macromoléculas).

= Caracterizar los cambios post-infecciosos en la modulacion de las respuestas
defensivas intestinales mediadas por la activaciéon de PAR-2.

= Estudiar la posible interrelacién entre la activacién mastocitaria y las alteraciones
de la funcién barrera epitelial y de las respuestas asociadas a la activacion de PAR-2
en el periodo post-infeccioso.
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CAPITULO 1

PERSISTENT EPITHELIAL BARRIER ALTERATIONS IN A RAT MODEL
OF POSTINFECTIOUS GUT DYSFUNCTION
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Abstract

Introduction: Mucosal mast cells (MMCs), epithelial barrier function (EBF) and the
enteric nervous system (ENS) are interactive factors in the pathophysiology of functional
gastrointestinal disorders. Aim: To characterize postinfectious EBF alterations in the
Trichinella spiralis infection model of MMC-dependent intestinal dysfunction in rats.
Methods: Sprague-Dawley rats were infected with T. spiralis. 30+2 days post-infection,
jejunal EBF (electrophysiological parameters, FITC-dextran fluxes and responses to
secretagogues and MMC degranulators) was evaluated (Ussing chamber). In some
experiments, participation of secretomotor neurons was examined by tetrodotoxin (TTX)
pretreatment. Jejunal histology and MMC count and activity were also assessed.
Results: 3012 days post-infection, when only a low grade inflammation was observed,
increased MMC number and activity were associated with altered EBF. EBF alterations
were characterized by increased mucosal permeability and ion transport. In T. spiralis-
infected animals, ion transport after serotonin (5-HT) and IgE-dependent activation of
MMCs were reduced. In contrast, responses to substance P (SP) and capsaicin were
similar in infected and non-infected animals. Neuronal blockade with TTX altered
responses to SP and capsaicin only in infected rats. Conclusions: T. spiralis infection in
rats, at late stages, results in persistent postinfectious intestinal barrier dysfunctions and
mucosal mastocytosis, accompanied by other signs of lower inflammation such as villi
shortening. The altered permeability and the TTX-independent hyporesponsiveness to 5-
HT and IgE indicate epithelial alterations. Changes in responses to SP and capsaicin after
neuronal blockade suggest an ENS remodelling during this phase. Similar long-lasting
neuro-epithelial alterations might contribute to the pathophysiology of functional and

postinfectious gastrointestinal disorders.
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Introduction

Although not fully demonstrated, alterations in epithelial, enteric nervous system
(ENS) and immune functions are likely to contribute to the initiation and perpetuation of
functional gastrointestinal disorders. In particular, neuro-epithelial remodeling
associated with mucosal mast cell (MMC) activity could participate as primary and/or
secondary events for intestinal barrier dysfunction in gastrointestinal disorders, such as
postinfectious irritable bowel syndrome (IBS), and the corresponding animal models.*
Experimental T. spiralis infection has been widely used to study MMC-dependent

%345 While most of the studies

intestinal inflammation and secretomotor dysfunctions.
performed address functional changes during the intestinal phase of T. spiralis infection
(previous to day 23 post-infection), a limited number have evaluated EBF after the
parasite has been eliminated, corresponding to a postinfectious phase with a low grade

inflammation.>”

Postinfectious alterations of gut permeability and hydroelectrolytic transport are
likely to condition the effectiveness of intestinal barrier function and the development
of subsequent immunological responses.’ In particular, leakiness of the intestinal
epithelium could lead to an enhanced penetration of luminal antigens, generating and
maintaining an exacerbated local immune response.” On the other hand, increased
intestinal permeability and secretion could act as a defense mechanism, inducing water
movement to the lumen, thus restricting the adherence and penetration of luminal

antigens, including gut microbiota.?

Growing data suggest that MMC mediators are able to modulate enteric epithelial

9101112 Tharefore, states associated with an increase in the number

and neural functions.
and/or activity of MMCs, such as T. spiralis infection, might represent good models to
characterize the mechanisms involved in such MMC-dependent alterations of gut

.. e . 1,2,3,4,1
permeability, sensitivity and secretomotor responses.*>*13

The aim of the present study was to further understand the impact of neuro-
epithelial alterations and MMCs in the changes of EBF observed in postinfectious
functional gastrointestinal diseases. For this purpose, in the late stages of T. spiralis

infection in the rat, when only signs of a low grade intestinal inflammation are present
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(day 30+2 post-infection), we assessed: (i) epithelial electrophysiological parameters, as
an index of intestinal hydroelectrolytic transport and permeability; (ii) paracellular and
transcellular passage of macromolecules; (iii) changes in ion transport induced by
secretagogues (5-HT, SP and capsaicin); (iii) MMC number and activity and (iv) the
effects of the enteric neural transmission and MMC mediators on mucosal secretory

responses and permeability.

Materials and Methods

Animals

Adult male OFA Sprague-Dawley rats (7-8 weeks old, 250-275 g; Charles River
Laboratories, Lyon, France) were used. Rats were housed under conventional conditions
in a light (12 h/12 h light-dark cycle) and temperature controlled (20-22 2C) room in
groups of two to three per cage, with access to tap water and laboratory rat chow (A04;
Safe, Augy, France) ad libitum. All experimental procedures were approved by the
Ethical Committee of the Universitat Autonoma de Barcelona and the Generalitat de
Catalunya (protocols 5352 and 5564). All procedures were in accordance with current

European laws concerning animal experimentation.

Trichinella spiralis Infection and Tissue Sampling

Muscle-stage larvae of T. spiralis were obtained from infected CD1 mice as
previously described.****> Rats were infected at 8-9 weeks of age by administration of
7.500 T. spiralis larvae suspended in 1 ml of saline by oral gavage. Age-matched rats
dosed orally with 1 ml of saline were used as controls. All studies were performed on
day 30+2 post-infection. During this time, animals were regularly monitored for clinical
signs and body weight changes. Normal course of the infection was confirmed by a
significant decrease of body weight after T. spiralis infection compared with controls,
with a peak reduction on day 9 and a subsequent linear increase over time, as previously

described by our group.”
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At the time of the experiments, animals were euthanatized by decapitation, a
laparotomy was performed and jejunal samples (beginning 10 cm distal to the ligament
of Treitz) were excised and immediately flushed and placed in ice cold oxygenated (95%
0,-5% CO;) Krebs buffer containing glucose. At the same time, jejunal samples for
histological and immunohistochemical studies were also obtained. Intestinal samples
were fixed in 4% paraformaldehyde in phosphate buffer for 24 h, processed routinely for
paraffin embedding and 5 pum sections obtained for H&E staining or for rat mast cell

protease 2 (rMCP-2) immunohistochemistry (see below).

Measurement of Electrophysiological Parameters

Jejunal segments were stripped of the outer muscle layers and myenteric plexus,
opened along the mesenteric border and divided into 1 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?. Tissues were
bathed bilaterally with 5 mL of oxygenated and warmed (37 2C) Krebs buffer (in mM:
115.48 NaCl, 21.90 NaHCOs3, 4.61 KCl, 1.14 NaH,P0,, 2.50 CaCl; and 1.16 MgS0,; pH: 7.3-
7.4). The basolateral buffer also contained 10 mM glucose as energy source, and was
osmotically balanced with 10 mM mannitol in the mucosal buffer. The chambers
contained two voltage-sensitive electrodes (EKV; World Precision Instruments) to
monitor the potential difference (PD) across the tissue and two Ag-AgCl current passing
electrodes (EKC; World Precision Instruments) to inject the required short-circuit current
(Isc) to maintain a zero potential difference, as registered via an automated
voltage/current clamp (DVC-1000; World Precision Instruments). A voltage step of 1 mV
was applied every 5 min and the change in Isc was used to calculate tissue conductance
(G) by Ohm'’s law. Tissues were allowed to stabilize for 15-25 min before baseline values
for PD, Isc and G were recorded. Data were digitized with an analog-to-digital converter
(MP150; Biopac Systems, Goleta, USA) and measurements were recorded and analyzed
with Acgknowledge computer software (version 3.8.1; Biopac Systems). Isc and G were

normalized for the mucosal surface area.
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Epithelial Responses to Exogenous Secretagogues

Changes in Isc were assessed in response to increasing concentrations of serotonin
(5-HT, 107-10"* M) or substance P (SP, 3.3x10%-10° M) added to the Ussing chamber
(basolateral side) in a cumulative manner with a 10 min interval between consecutive
concentrations. Preliminary studies showed that this time interval allowed tissues to
recover stable Isc values after each addition. In addition, responses to single
concentrations of capsaicin (5x10% M or 2x10° M) or to the mast cell degranulators,
compound 48/80 (30 pg mL™, representing a total of 150 pg in the chamber),
concanavalin A type IV (100 pg mL™?, representing a total of 500 pg in the chamber) and
mouse anti-rat IgE (7 ug mL", representing a total of 35 pg in the chamber), added to
the chambers (basolateral side) were also assessed. Since continuous exposure to
capsaicin leads to desensitization of Isc responses,’® a single concentration was tested in
each preparation. Changes in Isc (Alsc) are expressed as the difference between the

basal value before stimulation and the maximal response observed after treatment.

In some experiments, tissues were pretreated with tetrodotoxin (TTX, 10° M),

added to the basolateral side 10 min prior to any other treatment.

At the end of the experiments, a single concentration of carbachol (CCh; 10 M)
was added to the basolateral side of the chamber. CCh-induced Isc changes served to

assess the viability of the tissues.

All concentrations tested were selected based on preliminary studies and

previously published data.

Epithelial Permeability Studies

Permeability was assessed by measuring mucosal to basolateral fluxes of
fluorescein isothiocyanate (FITC)-labeled dextrans (FDs) with mean molecular weights of
4 kD and 40 kD (FD4 and FD40, respectively; Sigma Aldrich, St Louis, MO, USA). FD40 was
used as a marker of transcellular passage, whereas FD4 was used as a selective marker

of paracellular permeation. After stabilization (15-25 min), baseline electrophysiological
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parameters were assessed and FD4 or FD40 were added to the mucosal reservoir to a
final concentration of 2.5x10* M and 5x10” M, respectively. Basolateral samples (250 pl,
replaced by 250 ul of appropriate buffer solution) were taken at 15-min intervals during
the following 60 min for measurement of FD4 or at 30-min intervals during the following
180 min for measurement of FD40. 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 nm (25 nm band width), against a standard curve. Readings are expressed as a

percentage (%) of the total amount of FD4 or FD40 added to the mucosal reservoir.

For the measurement of the effect of mast cell degranulation on paracellular
permeability, FD4 fluxes were evaluated after the addition to the basolateral side of
anti-rat IgE (7 ug mL") or its vehicle (Phosphate-Buffered Saline, PBS). To evaluate the
involvement of the ENS, some tissues were pretreated with TTX (10'6 M), added to the

basolateral side 10 min prior to IgE or PBS addition.

As previously described for the studies with secretagogues, viability of the tissues

at the end of the experiments was tested by assessing responses to CCh (10*M).

Histopathological and Morphometric Studies

H&E-stained slices were evaluated in a blinded fashion by two independent
investigators. A histological score based on the epithelial structure (0-3), presence of
edema (0-3), presence of ulcerations (0-3), presence of inflammatory infiltrate (0-3),
relative density of goblet cells (0-3) and relative thickness of the intestinal wall (0-3) was

assigned to each animal (maximal score of 18).

The same samples were also used for morphometric studies in which the thickness
of mucosa, submucosa and muscularis externa layers was measured. For this, digital
images were acquired at X200 magnification (Axioskop 40 microscope, Zeiss equipped
with a digital camera, Zeiss AxioCam MRm; Carl Zeiss, Jena, Germany) and were
analyzed with an image analysis software (Zeiss Axiovision Release 4.8.1; Carl Zeiss). At

least 15 random measurements per sample (from 2 slices) were used to obtain a mean
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thickness value. All procedures were performed in a blinded manner on coded slides to

avoid bias.

Rat Mast Cell Protease 2 (rMCP-2) Immunohistochemistry and Mucosal Mast Cells

Count

Immunodetection of rMCP-2 was carried out on jejunal sections following
standard immunohistochemical procedures using a monoclonal antibody (MS-RM4,
1:500; Moredun Animal Health, Edinburgh, UK), as previously described by us.!
Positively stained MMCs were counted in at least 20 well-oriented villus-crypt units
(VCU) per animal, at X400 magnification, and expressed as MMCs per VCU. Cell counting

was performed in a blinded manner on coded slides, to avoid bias.

Measurement of Rat Mast cell Protease-2 (rMCP-2) in Serum and Bathing Media

To assess systemic levels of rMCP-2, trunk blood was collected at the time of

euthanasia and serum obtained by centrifugation (15 min, 3500 rpm, 2465 xg, 42C).

To assess direct release of rMCP-2 from jejunal MMCs, jejunal sheets from non-
infected and T. spiralis-infected animals were mounted in Ussing chambers (as described
above). After a 20 min incubation period, 300 ul of bathing media were obtained from

the basolateral compartment.

Serum and bathing media samples were stored at —80 °C until analysis.
Concentrations of rMCP-2 in serum and bathing solution were measured using a
commercial ELISA kit (MS-RM2; Moredun Animal Health) following manufacturer's
instructions. For this, while bathing media samples were not diluted, serum samples
were diluted 1:250 in buffer (0.05% Tween 20 and 4% bovine serum albumin in PBS) and

all samples were assayed in duplicates against a standard curve.
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Chemicals

5-HT, SP, capsaicin, CCh, concanavalin A type IV and compound 48/80 were
acquired from Sigma-Aldrich (St Louis, MO, USA). TTX was obtained from Latoxan
(Valence, France). Anti-rat IgE was obtained from BD Pharmingen (Madrid, Spain). Stock
solutions of 5-HT (10™ M), SP (10 M), CCh (10™ M), compound 48/80 (30 mg mL?) and
TTX (10 M) in distilled water were used. Stock solutions of concanavalin A type IV (5 mg
mL™) and capsaicin (10> M) were in sterile PBS and dimethyl sulfoxide (DMSO; Sigma-
Aldrich, St. Louis, MO, USA), respectively. In all cases, stock solutions were stored at
—302C and further dilutions were performed in distilled water. The maximal final
concentration of DMSO in the Ussing chamber was 0.2%, which did not affect the

electrophysiological parameters in control experiments.

Statistical Analysis

All data are expressed as mean + SEM. Comparisons between two groups were
performed using Student’s unpaired t-test, with Welch's correction for samples with
different variances, or using a nonparametric Mann Whitney test, as appropriate.
Comparisons between multiple groups were performed using a one-way or two-way
ANOVA, as appropriate; followed, when necessary, by a Bonferroni test. Correlation
between parameters was assessed by linear regression and Pearson's analysis. In all

cases, results were considered statistically significant when P<0.05.

Results

Histological Changes after T. spiralis Infection. At 30£2 days post-infection, the
microscopic histological score was significantly increased in previously infected rats. This
was due to changes in goblet cell density and intestinal wall thickness. Subsequent
morphometric studies showed that the thickness of both the submucosal and muscularis
externa layers was augmented in the postinfectious phase (Table 1 and Figure 1).
Moreover, the length of the villi was reduced in previously infected animals, thus

reducing mucosal thickness (Table 1 and Figure 1).
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Table 1.

(day 30%2 post-infection).

Histological changes in the jejunum after Trichinella spiralis infection

Control Previously infected
Epithelial structure (0-3) 0.25+0.10 0.25+0.10
Edema (0-3) 0.00 +0.00 0.06 +0.06
. . Ulcerations (0-3) 0.00 £ 0.00 0.13+0.13
Histological o
score Inflammatory infiltrate (0-3) 0.00 +0.00 0.31+0.16
Globet cell density (0-3) 0.31+0.13 1.75+£0.25 **
Intestinal wall thickening (0-3) 0.19+0.13 1.63 +0.18 ***
Total (0-18) 0.75+0.29 4.13+£0.39 **
. Mucosa 570.5+6.8 533.7+11.7 *
Thickness
(um) Submucosa 25.7+15 32.6+1.4 **
" Muscularis externa 112.1+11.8 182.8+12.6 **

Data are mean + SEM from 7-8 animals per group. *: P < 0.05, **: P < 0.01, ***: P < 0.001 vs.
control.

Control ' T. spiralis i
. o ,r" : . ' T

Figure 1. Jejunal histology after Trichinella spiralis infection (day 30+2 post-infection).
Representative microphotographs showing hematoxilin and eosin-stained jejunal slices
from a control and a previously infected rat (T. spiralis) (X200 magnification). Notice the
integrity of the epithelium, without evidence of any inflammatory infiltrate, and the
thickening of the muscle layers in the tissue from the previously infected animal.

Effects of T. spiralis infection on Mucosal Mast Cells Count and Rat Mast cell
Protease 2 Levels. Infection with T. spiralis was associated to a 2.8-fold increase in the
number of MMCs in the mucosa and submucosa of the jejunum (Fig. 2A-B). Although

with relatively high variability, serum levels of rMCP-2 increased by two-fold during the
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postinfectious phase (P<0.05 vs. control; Fig. 2C). There was a positive correlation

between jejunal MMC counts and rMCP-2 levels in serum (r=0.59, P=0.015).

Local release of rMCP-2 in the jejunum was low in control conditions, as shown by
levels detected in the basolateral reservoir of the Ussing chambers after a 20 min
incubation period (1.7£0.3 ng mL™). In the same conditions, rMCP-2 release from tissues
of previously infected animals was increased by 3-fold (5.4+0.6 ng mL"; P<0.001 vs.

control; Fig. 2D).
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Figure 2. Jejunal mucosal mast cells and rat mast cell protease protease 2 (rMCP-2)
release. A: representative microphotographs showing rMCP-2 immunopositive cells
(corresponding to mucosal mast cells, MMCs) in the jejunal mucosa and submucosa of a
control and a previously infected rat (T. spiralis) (X400 magnification). B: Quantification of
jejunal MMCs per villus-crypt unit (VCU). C: rMCP-2 concentration in serum of control and
previously infected (T. spiralis) rats. In B and C, data correspond to 7-9 animals per group.
D: rMCP-2 levels in the basolateral reservoir of the Ussing chamber after a 20 min
incubation period of jejunal sheets from non-infected and previously infected (T. spiralis)
animals. Data correspond to 6 intestinal sheets from 3 animals per group. In B, C and D,
dots represent individual rats and the horizontal lines with errors indicate the mean+SEM.
*:P<0.05, ***:. P <0.001 vs. control group.
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Effects of T. spiralis Infection and Mucosal Mast Cell Hyperplasia on Basal
Electrophysiological Parameters. At day 30+2 post-infection, basal Isc and G were
increased, while a decrease in potential difference was observed (Table 2). Only
electrical conductance correlated with the jejunal density of MMCs (r=0.71; P=0.002)

and the concentration of rMCP-2 in serum (r=0.62; P=0.010) and in the bathing solution

(r=0.58; P=0.048) (Fig. 3).

P=0.002
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rMCP-2 in serum (ng/mL)
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Figure 3. Correlations between epithelial conductance (G) and levels of rat mast cell
protease protease 2 (rMCP-2). Graphs show correlation between G values and mucosal
mast cells (MMCs) count (A) or rMCP-2 levels in serum (B) or the bathing media
obtained from the Ussing chambers (C). Individual symbols correspond to values in a
single animal (irrespective of the experimental group), solid lines represent the linear
fitting and broken lines represent the 95% confidence interval.
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None of the electrophysiological parameters assessed was affected by the addition of

TTX to the basolateral side in either previously infected or control animals (Table 2)

Table 2. Basal electrophysiological parameters in jejunal segments from non-infected
and previously infected (T. spiralis) rats.

Animals  Jejunal Sheets Isc PD G

(number) (number) (LA cm™) (mV) (ms cm?)
Control 39-40 115-117 323115 -1.13+£0.01 32.2%0.8
Control + TTX 17-21 41-52 30.4+2.2 ND 33.3+1.7
Previously infected 39-41 113-121 429+2.3 -091+0.01 528+21
Previously infected + 19-21 44-47 41.8+2.8 ND 543 +3.2

* EETY

TTX

Data are mean + SEM of the number of jejunal sheets indicated. *: P < 0.05, ***. P < 0.001 vs.
respective control. G: Conductance; Isc: Short-circuit current; ND: Not determined; PD: Potential
difference; TTX: tetrodotoxin.

Effects of secretagogues on transepithelial ion transport. Isc was significantly
increased by basolateral application of 5-HT, SP, capsaicin or anti-rat IgE. Maximal
changes in Isc were observed within the 5 min period after addition of any of these

secretagogues.

In control conditions, 5-HT induced a concentration-related increase in Isc, with
maximal effects at 10° M (Fig. 4A). Higher concentrations led to a decrease in the
responses observed (data not shown). In previously infected rats, 5-HT-induced Isc
increases were attenuated when compared with those obtained in control conditions
(Fig. 4A). Neuronal blockade with TTX reduced maximal responses to 5-HT by 28% and
40% in the control and infected groups, respectively, although no statistical significance

was reached (Fig. 4A).

Increases in Isc produced by SP were concentration-dependent and similar in
magnitude in control and infected groups (Fig. 4B). In control animals, SP-induced
responses were unaffected by TTX. However, in tissues from previously infected rats,
neuronal blockade with TTX resulted in a 65% and 30% reduction of SP-induced changes

at low (3.3x10® M) and high concentrations (3.3x10” and 10° M), respectively (Fig. 4B).



56

20+

Control
Control-TTX
T. spiralis
T.spiralis-TTX| /~ _-=—==5

154

meOO

104

A Isc (WA/cm?)

5
-
-

04

L) L) L)
-7.0 -6.5 -6.0 55 -5.0
log [5-HT] (mol LY

w

Control
Control-TTX
T. spiralis

T. spiralis-TTX

w
&
L
OmOe

A Isc (WA/cm 2)

log [SP] (mol L}

@)

N
o
I

=
ul
1
]

O
]

00Q o L]

Alsc (HA/cm2)
3

a
1

L) L) L)
Control Control  T. spiralis T. spiralis
TTX TTX

Figure 4. Effects of secretagogues on epithelial short-circuit current (lIsc). A:
Concentration-response curves for serotonin (5-HT), with and without incubation with
tetrodotoxin (TTX). Data are mean+SEM of 8-13 mucosal sheets from 7-10 animals per
group. *: P<0.05 vs. respective control. B: Concentration-response curves for substance p
(SP), with and without incubation with tetrodotoxin (TTX). Data are mean+SEM of 10
mucosal sheets from 5 animals per group. *: P<0.05 vs. all other groups. C: Scatter plot
diagram representing peak Isc increases evoked by capsaicin (2x10° M). Dots represent
individual responses from mucosal sheets; the horizontal lines with errors correspond to
the meantSEM. Data correspond to 8-11 mucosal sheets from 5-11 animals per group. *: P
< 0.05 vs. all other groups.

Capsaicin (2x10° M) evoked similar increases in Isc in control and previously infected
animals (Fig. 4C). After neuronal blockade with TTX, responses to capsaicin were
increased by 67% in the infected group, while remaining unaffected in control tissues

(Fig. 4C). Lower concentrations (5x10° M) had no effect.
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Similar Isc increases were observed in control and previously infected animals after
CCh challenge, regardless of TTX pretreatment (Control group: 93.0 + 7.2 uA cm’;
Control-TTX group: 86.3 + 5.5 pA cm>; previously infected group: 111.9 + 12.1 uA cm™;
previously infected-TTX group: 95.9 + 9.2 uA cm™; 32-37 mucosal sheets from 20-23
animals per group; P>0.05). Only occasionally (less than 10% of the preparations) tissues

were discarded because of lack of response to CCh, as indicative of tissue damage.

Effects of mast cell degranulators on transepithelial ion transport and electrical
conductance. Activation of mast cells with anti-rat IgE resulted in a transitory increase in
Isc. In control tissues, responses reached a maximum at 3-5 min post-IgE addition and
values were back to pre-challenge levels by 10-15 min. Similar time-dependent
responses were observed in the previously infected group, although peak Isc values
were reduced by 70% when compared with controls (Fig. 5). Incubation with TTX did not
affect IgE-induced changes in Isc, either in controls or previously infected animals (Fig.

5).

Figure 5. Effects of mast cells degranulators on epithelial short-circuit current (Isc).
Scatter plot diagram representing Isc increases evoked by mouse anti-rat IgE (7ug mL™).
Dots represent individual responses from mucosal sheets; horizontal lines with errors are
mean+SEM. Data correspond to 5-6 mucosal sheets from 5-6 animals per group. *, **: P <
0.05 or 0.01 vs. respective control group.

Neither compound 48/80 nor concanavalin A type IV affected basal electrogenic ion

transport. None of the mast cell degranulators tested had any effect on electrical
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conductance during the following hour of their addition to the basolateral side (data not

shown).
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Figure 6. Transepithelial passage of fluorescent tracers: Effects of neuronal blockade and
mast cell degranulation. A: Mucosal to basolateral passage (as percentage of the amount
added to the mucosal reservoir) of fluorescein isothiocyanate-dextran 4kD (FD4) in
control and previously infected (7. spiralis) animals, in presence or absence of
tetrodotoxin (TTX). B: Mucosal to basolateral passage of fluorescein isothiocyanate-
dextran 40kD (FD40) in control and previously infected (T. spiralis) groups. C: Effects of
anti-rat IgE (7ug mL™") on mucosal to basolateral passage of FD4 in jejunal sheets from
control and previously infected (T. spiralis) rats. Data are mean+SEM of 6-12 mucosal
sheets from 5-12 animals per group. *, **, ***. p < 0.05, 0.01 or 0.001 vs. respective
control groups.
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Mucosal permeability to fluorescent tracers after T. spiralis infection: Influence of
mast cell degranulation and neuronal blockade. Mucosal to basolateral passage of
fluorescent tracers across jejunal segments was time- and size-dependent. Permeability
to low- (4 KD, FD4) and high- (40 KD, FD40) molecular weight markers was significantly
increased in the jejunum of previously infected animals when compared with jejunal

samples from control rats (Figs. 6A and 6B).

Neither TTX nor IgE addition to the basolateral side affected paracellular
permeability, assessed by measurement of transepithelial FD4 flux, in the control or

previously infected groups (Figs. 6A and 6C).

At the end of the permeability assays, CCh addition evoked similar Isc increases in
both groups (Control: 85.7 + 9.9 pA cm™; previously infected: 120.6 + 21.6 uA cm™; 19-
21 mucosal sheets from 17 animals per group; P>0.05), thus confirming the viability of

the tissues.

Discussion

The present study shows persistent alterations in jejunal EBF in late stages in a
model of MMC-dependent postinfectious gut dysfunction in rats. Changes observed
suggest the presence of a neuro-immune-epithelial remodeling leading to long-lasting
alterations in secretory functions and permeability. Similar adaptations could be of
pathophysiological relevance in human postinfectious functional gastrointestinal

disorders.

Histological studies revealed jejunal microscopic alterations (increased MMC
number, globet cell hyperplasia, villi shortening and hypertrophia of the external muscle
layers) associated with the postinfectious phase of T. spiralis infection in the rat (day
30+2 post-infection), in concordance with previous studies using this model in rats and

15,18,19

mice. Overall, these changes suggest a low grade inflammation-like state,

reminiscent of findings described in functional intestinal diseases, such as IBS, and
particularly in those patients who developed the disease after suffering an intestinal

infection. %2
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In addition, Ussing chamber studies performed to evaluate this postinfectious phase
demonstrated EBF disruptions which resemble to a certain extent findings in

gastrointestinal disorders patients.zo’n’zz’23

In particular, alterations in electrical
conductance and passage of fluorescent tracers revealed a significant jejunal
permeability defect during the postinfectious phase in the rat. This could be associated
with alterations in both paracellular and transcellular routes across the epithelium
and/or with severe defects in the apical junction complex. Moreover, the rise of the
basal Isc observed in previously infected rats is indicative of increased net electrogenic
ion transport to the luminal side suggesting an increased basal intestinal secretion.
However, this must be interpreted with caution since we can not discern from the
present experiments if alterations in intestinal absorption could be associated with the
postinfectious phase conditioning Isc values. These functional changes are likely to
reflect epithelial alterations, rather than altered neurally-mediated responses, since they
were not affected by TTX. Our results differ from previous reports where Isc was not
affected during the postinfectious phase of T. spiralis infection in mice and ferrets.>”

However, species-related differences and the limited number of samples analyzed in

these studies might explain this apparent discrepancy.

The practical significance of the barrier function changes described in basal
conditions in the postinfectious phase of this model and in patients with functional
gastrointestinal disorders is not clear. Increased permeability and net ion movement
toward the epithelial basolateral side might represent a defensive mechanism, inducing
water transport to the intestinal lumen. In essence, flushing the intestinal lumen would
restrict antigens and microorganisms invasion of the mucosa and the development of

8

subsequent local immune responses and inflammatory states.>”® For instance,

preliminary results obtained in our laboratory showed altered bacterial wall adherence

during intestinal inflammation in a different experimental model.*

We suggest that
enhanced movement of water to the lumen during the postinfectious phase might
represent a protective mechanism, making difficult bacterial wall adherence and
translocation and thus modulating immune responses within the gut. However, this
remains to be demonstrated. On the other hand, long-lasting perpetuation of these

alterations could also induce adverse effects on mucosal homeostasis. In this regard, it is
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interesting to note that basal PD was reduced in the jejunum of previously infected rats,
consistent with previous studies in chronic inflammation,” which would be expected to
result in Isc inhibition. However, this was not the case because of the conductance
defect, which is a prominent feature in this model. Overall, active ion transport
mechanisms appear to be downregulated but result in a hightened state of net

movement of ions and water to the lumen due to increased leakiness of the epithelium.

Several studies suggest that remodeling of neural secretomotor pathways might
occur during functional and inflammatory states, leading to persistent alterations in EBF
and contributing to their chronification. Responses to 5-HT were reduced in infected
animals, suggesting an alteration in serotonin-dependent signaling. However, TTX
affected in a similar proportion the responses to 5-HT in either infected or non-infected
animals. In normal conditions, serotonin-induced electrogenic responses result from a
combination of neurally-mediated and direct effects on epithelial cells.?® Therefore,
similar effects of TTX in both animal groups suggest that alterations in 5-HT-elicited Isc
changes observed in previously infected rats are likely due to an altered epithelial
function with maintenance of the related neural pathways. Nevertheless, changes in
TTX-independent mechanisms cannot be ruled out from these observations. Reduced
secretory responses to 5-HT might be associated to desensitization mechanisms at the
level of the enterocyte. These mechanisms would compensate increased availability of

5-HT within the mucosa, as described in T. spiralis-infected mice and in IBS patients.*®?’

On the other hand, responses to SP were similar in non-infected and infected
tissues and were affected (reduced) by TTX only in previously infected animals. This
agrees with specific changes in SP-mediated ion transport during colitis in the rat and
with the modulation of SP-containing nerves and tachikynin receptor expression during
T. spiralis-infection.>** The present observations point that changes in the SP-mediated
signalling linger after acute inflammation and might represent a long-lasting remodelling
of the intestinal secretomotor circuitry. Similarly, capsaicin-elicited secretory responses
were only affected by TTX in tissues from previously infected animals, where a post-TTX
enhanced response to capsaicin was observed. In particular, increased responses
observed after neuronal blockade suggest a specific modulation of capsaicin-stimulated

inhibitory neural pathways during the postinfectious state.”® Indeed, enhanced
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capsaicin-mediated post-TTX responses might result from the blockade of an increased
tonic ENS-driven inhibition associated to the low degree of inflammation that
characterized the postinfectious state. It is interesting to note that these responses are
not characteristic of low grade inflammatory states such that observed in previously
infected animals and may have relevant mechanistic implications. Overall, these data
provide evidence of a selective, long-lasting neuronal remodeling within the enteric
secretomotor pathways underlying EBF alterations observed during postinfectious

states.

As previously mentioned, MMCs seem to be active components in the

pathophysiology of functional gastrointestinal disorders.*®!

In the present experiments,
persistent MMC infiltration and increased tonic activity, as showed by enhanced rMCP-2
levels in serum and in vitro, are likely to participate in EBF functional changes. MMC-
derived mediators modulate EBF either by direct effects on the enterocytes or by
modulation of neuronal mechanisms, as suggested from studies in IBS patients." We
previously showed that MMC stabilization normalizes motor responses in T. spiralis-
infected rats, thus confirming a role for these cells in the functional alterations that
characterize this model.” In the present study, to further assess the role of MMCs, in
particular as EBF relates, we chose to elicit MMC degranulation. While concanavalin A
and compound 48/80 addition did not have any effect on mucosal electrophysiological

parameters, probably due to lack of specificity, 29,30

MMC mediators release induced by
specific IgEs resulted in changes in epithelial ion transport but not in permeability.
Interestingly, the IgE-induced responses in Isc were attenuated in previously infected
animals (see Fig. 5). This, together with the increased tonic activity of MMCs, might
suggest the presence of desensitization mechanisms to MMC mediators, as previously
described in patients of gastrointestinal disorders associated with mastocitosis.?
Alternatively, reduced secretory responses to MMC mediators, together with the
alterations in epithelial and neural responses discussed previously, might represent the
interplay of feed-back regulatory mechanisms aiming to minimize a state of continuous
epithelial overstimulation. Finally, the absence of effects of IgEs on paracellular

permeability suggests that a more prolonged exposure to MMC mediators may be

necessary to alter the paracellular and the transcellular routes. Alternatively, this might



63

suggest that permeability is already maximally affected (increased) during the
postinfectious state, due to the tonic effect of MMC mediators. In this sense, MMC
mediators could stimulate recruitment of additional mast cells and led to a sustained
intestinal MMC infiltrate and mediators release, contributing to persistent functional

changes described here and in human intestinal disorders.'%!+12313233

In summary, we show long-lasting neuro-epithelial alterations in a model of
postinfectious gut dysfunction in rats, leading to altered epithelial secretion and
permeability. The presence of a persistent infiltrate of tonically active MMCs as the
major sign of an active on-going low grade inflammation might represent the underlying
mechanism contributing to a neuro-epithelial remodeling as the basis for the EBF
alterations observed. Interestingly, functional gastrointestinal diseases, such as IBS, are
characterized by a similar persistent, tonically active, MMC infiltrate and EBF
alterations.>* All together, these observations lead to the hypothesis that a sustained
process of recruitment-activation of mast cells within the intestine might represent a
key step in the pathophysiology of functional and more specifically in postinfectious

disorders in the gut.
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Abstract

Introduction: Proteinase-activated receptor 2 (PAR-2) and mast cell (MC) mediators
contribute to inflammatory and functional gastrointestinal disorders. Aim: To
characterize PAR-2-mediated responses and the potential MC involvement in the early
and late phases of a rat model of postinfectious gut dysfunction. Methods: Jejunal
tissues of control and Trichinella spiralis-infected (14 and 30 days postinfection) rats,
treated or not with the MC stabilizer ketotifen, were used. Histopathological and
immunostaining techniques were used to characterize inflammation, PAR-2 expression
and mucosal and connective tissue MCs. Epithelial barrier function (EBF;
hydroelectrolytic transport and permeability) and motility were assessed in vitro in basal
conditions and after PAR-2 activation. Results: Intestinal inflammation observed on day
14 postinfection (early phase) was significantly reverted by day 30 (late phase), although
MCs counts and epithelial permeability remained increased. PAR-2-mediated ion
transport and PAR-2 expression on the epithelial surface were reduced in the early
phase, with a trend towards normalization during the late phase. In control conditions,
PAR-2 activation induced biphasic motor responses (relaxation followed by excitation).
At 14 days postinfection, spontaneous contractibility and PAR-2-mediated relaxations
were enhanced; motor responses were normalized on day 30. Postinfectious changes in
PAR-2 functions were not affected by ketotifen treatment. Conclusions: In the rat model
of T. spiralis infection, alterations of intestinal PAR-2 function and expression depend
upon the phase considered. Lack of effects of ketotifen suggests no interplay between
MCs and PAR-2 mediating motility and ion transport alterations. These observations
guestion the role of MC mediators in PAR-2 modulation during postinfectious gut

dysfunction.
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Introduction

It is well known that proteinases act as signalling molecules by cleaving the
proteinase-activated receptor (PAR) family members (PAR-1, -2, -3 and -4). In particular,
PAR-2 can be activated by endogenous and exogenous proteinases, including mast cell
(MC)-derived tryptase and bacterial and parasite proteinases. Within the gut, PAR-2
activation has been shown to modulate nociception, permeability, motility and ion
transport.l’2 Accordingly, PAR-2 and its activating proteinases have been suggested to
participate in intestinal diseases characterized by sensory and secretomotor alterations,
such as irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD). This idea
was further reinforced when changes in the expression of PAR-2 and its agonists were
reported in IBD and IBS patients.>” However, the mechanisms underlying these
expression changes and their functional significance are still far to be completely

understood.

MCs have been suggested as effector cells in the functional alterations observed in
several gastrointestinal disorders, including IBS or intestinal inflammation.® Since MCs
release a variety of proteinases upon activation and degranulation, a link between MCs
and PAR-2 has been suggested. Indeed, several evidences indicate that MC-derived
proteinases can act as local activators of PAR-2, leading to PAR-2-mediated functional

responses.z’g'11

The aim of the present work was to further investigate the interplay between PAR-
2 and MCs during intestinal inflammation and dysfunction. With this purpose, we used
Trichinella spiralis-infected rats, a validated model of MC-associated enteritis and gut

1215 \We studied how intestinal

dysfunction that is regarded as a valid model of IBS.
function was affected in basal conditions and after PAR-2 activation in the early and the
late postinfectious phases. In particular, spontaneous and PAR-2-mediated intestinal
hydroelectrolytic transport, paracellular permeability and contractility were assessed in
vitro. Thereafter, PAR-2 immunostaining was performed to elucidate if functional
changes observed were related to alterations in the receptor expression. In addition, we
studied intestinal mucosal and connective tissue MC populations, which express

1,11,16

proteinases able to modulate intestinal functions and to activate PAR-2. Finally, to
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directly assess a potential role of MC-derived proteinases in postinfectious gut
dysfunction, the influence of MC stabilization along the course of infection on epithelial

barrier function and contractility was assessed.

Materials and Methods

Animals

Adult male OFA Sprague-Dawley rats (7-8 weeks old, 250-275 g; Charles River
Laboratories, Lyon, France) were used. Rats were housed under conventional conditions
in a light (12h/12h light-dark cycle) and temperature controlled (20-22 2C) room, with
access to tap water and laboratory rat chow ad libitum. Animals were kept in groups of
two to three per cage, except otherwise stated. All experimental procedures
were approved by the Ethical Committee of the Universitat Autonoma de Barcelona and

the Generalitat de Catalunya (protocols 5352 and 5564).

Trichinella spiralis Infection

Muscle-stage larvae of T. spiralis were obtained from infected CD1 mice as

d. 3117 Rats were infected at 8-9 weeks of age by administration of

previously describe
7.500 T. spiralis larvae suspended in 1 ml of saline by oral gavage and studies were
performed on days 14 and 30 postinfection. Age-matched rats dosed orally with 1 ml of
saline were used as controls. During this time, animals were regularly monitored for
clinical signs and body weight changes. Normal course of the infection was confirmed by
a significant decrease of body weight after T. spiralis infection compared with controls,
with a peak reduction on day 9 and a subsequent linear increase over time, as previously

12,14

described by us.



77

Ketotifen Treatment

For the stabilization of mast cells, ketotifen was added to the drinking water. The
compound was dissolved in water at an initial concentration of 0.1 mg/ml, allowing an
estimated dosage of 10 mg/kg/day (taking a mean water consumption of 30 ml/day).
During the treatment period, animals were housed individually and the amount of water
drunk by each rat was monitored daily and the concentration of ketotifen adjusted to

ensure the desired dosage. Ketotifen solutions were freshly prepared every two days.

Tissue Sampling

At the time of the experiments, animals were euthanatized by decapitation, a
laparotomy was performed and jejunal samples (beginning 10 cm distal to the ligament
of Treitz) were excided. For functional studies (motility and barrier function), jejunal
segments were immediately flushed and placed in ice cold oxygenated Krebs buffer
containing glucose. At the same time, jejunal samples for histological and
immunostaining studies were obtained and fixed in 4% paraformaldehyde in phosphate
buffer for 24 h. Thereafter, fixed samples were processed routinely for paraffin
embedding and 5 um sections were obtained for H&E staining, rat mast cell proteinase 2
(rMCP-2) chymase or rat mast cell proteinase-6 (rMCP-6) tryptase

immunohistochemistry or PAR-2 immunofluorescence.

Histopathological Studies

H&E-stained slides were evaluated in a blinded fashion by two independent
investigators. A histological score based on the epithelial structure (0-3), presence of
edema (0-3), presence of ulcerations (0-3), presence of inflammatory infiltrate (0-3),
relative density of goblet cells (0-3) and relative thickness of the intestinal wall (0-3) was

assigned to each animal (maximal score of 18).
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Immunohistochemistry for Rat Mast Cell Proteinase 2 (rMCP-2) Chymase and Mucosal

Mast Cells (MMCs) Count

Immunodetection of rMCP-2 was carried out on jejunal sections following
standard immunohistochemical procedures using a monoclonal antibody (MS-RM4,
1:500; Moredun Animal Health, Edinburgh, UK), as previously described by us.'?
Positively stained MMCs were counted in at least 20 well-oriented villus-crypt units
(VCU) per animal, at X400 magnification, and expressed as MMCs per VCU. Cell counting

was performed in a blinded manner on coded slides, to avoid bias.

Immunohistochemistry for Rat Mast Cell Proteinase 6 (rMCP-6) Tryptase and

Connective Tissue Mast Cells (CTMCs) Count

Paraformaldehyde-fixed jejunal sections were rehydrated and microwave antigen
retrieval was performed (10mM Tris Base, 1ImM EDTA Solution, 0.05% Tween 20, pH 9.0;
2 cycles of 5 min, 800W). After inhibition of endogenous peroxidases with 5% H,0, for
40 min and incubation in rabbit serum for 1h at room temperature, sections were
incubated with goat anti-mast cell tryptase antibody (sc-32473; Santa Cruz
Biotechnology; overnight, 42C, 1:50), followed by biotinylated rabbit anti-goat 1gG (sc-
2774; Santa Cruz Biotechnology; 1h, room temperature, 1:200) and detection was
performed with an avidin/peroxidase kit (Vectastain ABC kit; Vector Laboratories,
Burlingame, CA, USA). Antigen-antibody complexes were revealed using 3-3’
diaminobenzidine (SK-4100 DAB; Vector Laboratories). Specificity of the staining was
confirmed by omission of the primary antibody. Sections were counterstained with
haematoxylin and the total number of positively stained CTMCs in the serosa, muscle
and submucosa areas was determined in two complete tissue sections of the jejunum
for each animal, at X600 magnification. Cell counting was normalized for the surface
area of submucosa, muscularis externa and serosa layers, as evaluated in digital images
(Axioskop 40 microscope, Zeiss equipped with a digital camera, Zeiss AxioCam MRm;
image analysis software: Zeiss Axiovision Release 4.8.1; Carl Zeiss, Jena, Germany).

Analysis of all data was performed in a blinded manner to avoid observer’s bias.
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Proteinase-Activated Receptor-2 (PAR-2) Expression: Immunofluorescent Staining and

Analysis

Paraformaldehyde-fixed jejunal sections were rehydrated and microwave antigen
retrieval was performed (Citrate buffer, 10mM, pH 6; 2 cycles of 5 min, 800W). After
blockade with 10% goat serum for 40 min at room temperature, the slides were
incubated with rabbit anti-PAR-2 antibody (overnight, 42C, 1:750; antibody A5, M.D.

1819) Expression of PAR-2 was visualized using a Cy3-conjugated goat anti-

Hollenberg;
rabbit secondary antibody (1h, room temperature, 1:250; PA43004, GE Healthcare,
Buckinghamshire, UK). The slides were cover-slipped and at least 16 representative
photographs (original magnification X1000) were taken per animal with a Zeiss Axioskop
40 microscope equipped with a digital camera (Zeiss AxioCam MRm). The mean intensity
of staining per square micrometer was measured employing the software Imagel
(National Institute of Health, Bethesda, USA). Changes in PAR-2 expression induced after
T. spiralis infection were expressed as a percentage of the mean fluorescent intensity
detected in the slides from the control group processed simultaneously. Specificity of

the staining was confirmed by omission of the primary antibody. Analysis of all data was

performed in a blinded manner to avoid observer’s bias.

Ussing Chambers Studies
Measurement of Electrophysiological Parameters

Electrophysiological parameters were measured in jejunal segments stripped of
the outer muscle layers and myenteric plexus in Ussing chambers, as previously
described by us. ** Tissues were bathed bilaterally with 5ml of 37 °C oxygenated Krebs
buffer. The basolateral buffer contained 10 mM glucose, osmotically balanced with 10
mM mannitol in the apical buffer. Agar-salt bridges and electrodes were used to monitor
potential difference (PD) and to inject the required short-circuit current (Isc) to maintain
a zero PD. A voltage step of 1ImV was applied every 5 min and the change in Isc was used
to calculate tissue conductance (G) by Ohm’s law. Tissues were allowed to stabilize for

15-25 min before baseline values were recorded. Data were digitized with an analog-to-
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digital converter and measurements were recorded and analyzed with Acgknowledge

computer software. Isc and G were normalized for the exposed surface area (0.67 cm?).

Electrical Responses to PAR-2 Activation

Changes in Isc (Alsc) in response to a single concentration of the PAR-2 activating
peptide SLIGRL-NH, (3:10” M; basolateral or apical addition) were assessed in control
conditions and after T. spiralis infection. In addition, Alsc in response to increasing
concentrations of SLIGRL-NH, (10'6-3-10'5 M, 10 min interval between consecutive doses)
added to the Ussing chamber (basolateral side) in a cumulative manner were studied.
Some tissues were challenged with the control inactive reverse peptide LRGILS-NH,
(3-10° M) to assess specificity of the responses observed. In some experiments, to
evaluate the involvement of the ENS, tissues were pretreated with tetrodotoxin (TTX, 10°
®M), added to the basolateral side 10 min prior to SLIGRL-NH, (3:10° M) addition. At the
end of the experiments, a single dose of carbachol (CCh, 10 M) was added to the
basolateral side of the chamber. CCh-induced Isc changes served to assess the viability
of the tissues. Alsc are expressed as the difference between the basal value before
stimulation and the maximal response observed after treatment. All concentrations

tested were selected based on preliminary studies and previously published data.

Assessment of Epithelial Permeability

Paracellular permeability was assessed by measuring mucosal to basolateral flux of
fluorescein isothiocyanate-labeled dextran with an average molecular weight of 4kD
(FDA4; Sigma Aldrich, St Louis, MO, USA) as previously described.'? After stabilization, FD4
was added to the mucosal reservoir to a final concentration of 2.5x10 M. Basolateral
samples (250 pl, replaced by 250 pl of appropriate buffer solution) were taken for
subsequent fluorescence measurement against a standard curve. Readings are
expressed as a percentage (%) of the total amount of FD4 added to the mucosal
reservoir. FD4 fluxes were evaluated after the addition of SLIGRL-NH;, or LRGILS-NH,

(3x10®° M, basolateral or apical side) or trypsin (800 IU/mL, apical side). Ethylene glycol
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tetraacetic acid (EGTA; 8x10° M), added simultaneously to each side of the Ussing
chambers, was used as a positive control for induced enhanced permeability. *° Viability
of the tissues was tested at the end of the permeability experiments by assessing

responses to CCh (10 M, basolateral side).

Tissues with abnormal baseline values of electrophysiological parameters (Isc, G and
PD) or with lack of response to CCh were considered damaged and were excluded.

Overall, these represented less than 5% of the preparations tested.

Contractile Responses in Vitro

Full thickness preparations of the jejunum were cut 1 cm long and hung for organ
bath studies, oriented to record longitudinal muscle activity. Strips were mounted under
1 g tension in a 10 mL organ bath containing 37 2C oxygenated Krebs buffer with
glucose. One strip edge was tied to the bottom of the muscle bath and the other one to
an isometric force transducer (Harvard VF-1 Harvard Apparatus Inc., Holliston, MA, USA)
using silk 2/0 suture. Output from the transducer was fed to a PC through an amplifier.
Data were digitalized using Data 2001 software (Panlab, Barcelona, Spain). Strips were
allowed to equilibrate for about 1h. To determine the spontaneous contractile activity,
the preparation tone was measured for 5 minutes and the area under the curve (AUC)
measured (in g). After this, maximal contractile responses to the PAR-2-activating
peptide SLIGRL-NH, (6x10 M) were assessed. Thereafter, bath solution was replaced,
tissues were allowed to reequilibrate (20 min) and then maximal changes in contractility
induced by CCh (10 M) were determined. In some experiments, contractile responses
were studied in the presence of TTX (10° M), added to the bath 30 min before addition
of SLIGRL-NH, (6x10” M). In some experiments, the PAR-2 reverse peptide LRGILS-NH,

(6x10™ M) was also tested.
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Solutions and drugs

The composition of the Krebs buffer was (in mM): 10 glucose or mannitol; 115.48
NaCl, 21.90 NaHCOs3; 4.61 KCl; 1.14 NaH,P0O4; 2.50 CaCl,; 1.16 MgSO4 (pH: 7.3-7.4).

SLIGRL-NH, and LRGILS-NH, were obtained from Bachem (Essex, UK). Ketotifen
fumarate salt, EGTA, trypsin and CCh were adquired from Sigma-Aldrich (St Louis, MO,
USA). TTX was obtained from Latoxan (Valence, France). Stock solutions of SLIGRL-NH,
(102 M), LRGILS-NH, (102 M), CCh (10™ M) and TTX (10™* M) in distilled water were used.
Stock solutions of EGTA (1 M) and trypsin (80,000 IU mL™) were made up in NaOH 3 N
and saline containing ascorbic acid (pH 5), respectively. In all cases, stock solutions were

stored at —30 2C and further dilutions were performed in distilled water.

Statistical Analysis

All data are expressed as mean = SEM. Comparisons between multiple groups
were performed using a one-way, two-way ANOVA or Kruskal-Wallis test, as
appropriate; followed, when necessary, by a Newman-Keuls or a Dunns comparisons

test. In all cases, results were considered statistically significant when p<0.05.

Results

Effects of T. spiralis Infection on Intestinal Histology. Histological alterations
observed in the jejunum after T. spiralis infection were in concordance with our

previously described findings. **'**!

Briefly, inflammatory infiltrate observed in the
jejunum was more severe on day 14 postinfection (score; control: 0.0 + 0.0 vs. day 14
postinfection: 1.47 + 0.27; P<0.001; n= 4-12), when it was accompanied by submucosal
edema (score; control: 0.0 + 0.0 vs. day 14 postinfection: 0.5 + 0.1; P<0.001; n= 4-12)
and epithelial damage, mainly villus atrophy and crypt hyperplasia (score; control: 0.25 +

0.08 vs. day 14 postinfection: 2.53 + 0.28; P<0.01; n= 4-12). By day 30 postinfection,

intestinal mucosa had mostly recovered its normal appearance although a slight
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inflammation was still present (inflammatory infiltrate score: 0.31 + 0.16; n=8; P>0.05 vs.
control). Hypertrophy of external muscular layers was visible during the entire
postinfectious period (score; control: 0.16 + 0.09 vs. day 14 potsinfection: 2.40 + 0.37 or
day 30 potsinfection: 1.62 + 0.18; both P<0.001 vs. control; n=4-12).

T. spiralis-infected

Control day 14 day 30

Epithalial
border

Submucosal
ganglia
Myenteric
ganglia
9 - . -
= 1504 Epithelial border 200 Submucosal ganglia 150 Myenteric ganglia
g | 1501 :
£ 1001 . 100{ —
® T 1004 —
c
o 504 504
? 501
2
o
Z T T 0 T T 0 T T
Control day 14  day 30 Control day 14 day 30 Control day 14 day 30
T. spiralis-infected T. spiralis-infected T. spiralis-infected

Figure 1. PAR-2 expression in the jejunum. Representative microphotographs showing
immunofluorescence staining for PAR-2 in the jejunal epithelial border and in submucosal
and myenteric ganglia in control conditions and at 14 and 30 days after T. spiralis infection
(X1000 magnification). Bar graphs show the quantification of fluorescence intensity of
PAR-2 immunostaining in the different areas, expressed as percentage of the intensity in

control conditions (taken as 100%). Data are mean + SEM; N=6-7 animals per group.
*P<0.05 vs. control.
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Effects of T. spiralis Infection and PAR-2 Activation on Transepithelial lon
Transport. At days 14 and 30 postinfection, basal Isc was not affected while an increase
in G and a decrease in PD were observed (Table 1). None of these parameters was

affected by the addition of TTX to the basolateral side (Table 1).

Table 1. Basal electrophysiological parameters in jejunal segments from non-infected
and previously infected (T. spiralis) rats.

Jejunal
Animals Isc PD G
Sheets 2 2
(number) (LA cm™) (mV) (ms cm™)
(number)
Control 18 45-48 -28.12+1.89 1.17 £ 0.08 29.98 +1.05
Control + TTX 9 9 -31.73 £5.80 ND 28.67 £3.14
T. spiralis (day 14) 6 23 -34.35+1.74 0.94 £ 0.06 44.11+2.63
* 3k k%
T. spiralis (day 14)+ TTX 6 6 -35.95 +5.49 ND 48.86 £ 4.93
% %k %k
T. spiralis (day 30) 18 42-43 -28.45 +2.06 0.75+0.04 43.32+1.73
%k k * % %
T. spiralis (day 30)+ TTX 7-8 7-8 -34.99 +4.28 ND 45.15 £ 3.02

* %

Data are mean + SEM of the number of jejunal sheets indicated. *, **, ***. P < 0.05, 0.01 or
0.001 vs. control group. G: Conductance; Isc: Short-circuit current; ND: Not determined; PD:
Potential difference; TTX: tetrodotoxin.

In control conditions, basolateral, but not apical, application of SLIGRL-NH, lead to
a rapid increase in Isc. In contrast, LRGILS-NH,, the inactive form of the peptide, applied

to either the basolateral or the apical side, did not affect Isc.

Basolateral application of SLIGRL-NH; induced concentration-dependent changes
in electrogenic ion transport (Fig. 2A). Cumulative concentrations of SLIGRL-NH, did not
result in tissue desensitization as Isc responses to the highest concentration tested were
similar after single or cumulative application both in controls (single dose of 3x107 M:
51.76 + 8.15 pA/cm? vs. 3x10° M in cumulative dose-response curves: 52.78 + 6.50
HA/cm?; P>0.05; n= 8-10) and in rats on 30 days postinfection (single dose of 3x10™ M:
28.47 + 5.52 uA/cm2 vs. 3x10° M in cumulative dose-response curves: 35.36 £ 4.50;
P>0.05; n=7-12).
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Figure 2. Effects of basolateral activation of PAR-2 on epithelial short-circuit current
(Isc). A: Cumulative concentration-response curves for the PAR-2 activating peptide
(SLIGRL-NH,), with and without pre-incubation with tetrodotoxin (TTX). Data are
mean+SEM of 6-12 mucosal sheets from 6-11 animals per group. **, ***: P <0.01 or 0.001
vs. respective group at day 30 postinfection [T. spiralis (day30) or T. spiralis (day30) + TTX].
B: Representative tracings showing changes in Isc induced by SLIGRL-NH, (3-10° M) in the
different experimental groups. Note the biphasic response elicited by PAR-2 activation
and the changes associated to the acute phase of inflammation (day 14 postinfection),
with a clear recovery by day 30 postinfection.

SLIGRL-NH;-induced changes in Isc were transitory and rapid, beginning within 1
min after the application of the peptide, reaching a peak within 2-3 min and recovering
stable Isc values during the subsequent 3 min. At the higher doses tested (10® and 3x10°
> M), Isc changes were biphasic, with a primary response of low magnitude followed by a
second peak of higher magnitude (Fig. 2B). Magnitude and morphology of the responses
to PAR-2 activation were significantly altered during the early postinfectious phase. At
day 14 postinfection, maximal responses to PAR-2 activation were reduced by 62 %
(P<0.001 vs. control), affecting mainly the second phase of the responses (Fig. 2). A
significant recovery in both the magnitude and the morphology of the responses was
observed on day 30 compared to day 14, although increases in Isc were still attenuated
(by 33 %) with respect to the control group (Fig. 2). Regardless the group considered,

responses to SLIGRL-NH; were not affected by TTX-pretreatment (Fig. 2A).
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Effects of T. spiralis Infection and PAR-2 Activation on Paracellular Permeability
to Fluorescent Tracers. Mucosal to basolateral passage of FD4 across jejunal segments
was time-dependent in all groups. However, permeability to FD4 was significantly

increased in the jejunum of previously infected animals (Fig. 3A).

Neither apical nor basolateral addition of SLIGRL-NH, affected paracellular
permeability to FD4 in the control conditions or on day 30 postinfection (Figs. 3B and
3C). Mucosal application of EGTA, but not trypsin, significantly increased FD4 flux in
control conditions (Fig. 3D-E). The inactive peptide LRGILS-NH, did not affect epithelial

permeability.

Effects of T. spiralis Infection and PAR-2 Activation on Jejunal Contractility.
Spontaneous jejunal contractility was increased at day 14 postinfection, returning to
control values by day 30. Neural blockade with TTX inhibited spontaneous contractibility
by 32%, 23% and 48% in control conditions and at days 14 and 30 postinfection,

respectively (Figs. 4A-B)

In all cases, addition to the bath of the PAR-2 agonist SLIGRL-NH, (6-10° M)
induced a contractile response. A transient relaxation before the contraction was
observed in about 50% of the muscle strips in controls and on day 30 postinfection while
it was present in all the strips on day 14 postinfection. Moreover, the magnitude of the
initial relaxation to SLIGRL-NH; was enhanced (by 14-fold) on day 14 postinfection (Figs

4C-D). No response was observed following exposure to the reverse peptide LRGILS-NH,.

The increase in tension generated after CCh addition was increased after T. spiralis
infection, with similar responses on days 14 and 30 postinfection (Fig 4E). Responses to

PAR-2 activation and CCh were insensitive to TTX (data not shown).
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Figure 3. Transepithelial passage of fluorescent tracers in the jejunum: Effects of T.
spiralis infection and PAR-2 activation. A: Mucosal to basolateral passage (as percentage
of the amount added to the mucosal reservoir) of fluorescein isothiocyanate-dextran 4kD
(FDA4) in control and T. spiralis-infected animals at days 14 and 30 postinfection. Data are
mean+SEM of 8-11 mucosal sheets from 6-8 animals per group. ***: P < 0.001 vs. control
group. B: Effects of apical or basolateral addition of PAR-2 activating peptide (SLIGRL-NH,;
3-10° M) in the transepithelial passage of FD4 in jejunal sheets from control and
previously infected (day 30 postinfection) rats. Data are meant+SEM of 5-10 mucosal
sheets from 5-10 animals per group. C: Effects of apical addition of trypsin (800 IU mL) in
FD4 fluxes in non-infected animals. Data are meantSEM of 6 mucosal sheets from 3
animals per group. D: Changes in FD4 passage after apical and basolateral addition of
ethylene glycol tetraacetic acid (EGTA; 8:10° M), used as a positive control for induced
enhanced permeability. Data are mean*SEM of 3-4 mucosal sheets from 2 animals per
group. *, ¥*: P <0.05 or 0.01 vs. vehicle group.
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Figure 4. Jejunal spontaneous contractility and responses to PAR-2 activation and
cholinergic stimulation. A: Spontaneous contractility in control conditions and in acute
(day 14) and chronic (day 30) postinfectious phases, expressed as the area under the
curve (AUC) in 5 min. Data are mean+SEM of 12-25 mucosal sheets from 5-12 animals per
group. ***: P<0.001 vs. other groups. B: Effects of neuronal blockade with tetrodotoxin
(TTX; 10® M) in spontaneous contractility. Data are mean+SEM of 4-9 mucosal sheets
from 4-9 animals per group. **, ***: P < 0.01 or 0.001 vs. respective control group; *, #*.
P < 0.01 or 0.001 vs. respective response in the absence of TTX. C, D: Relaxation (C) and
contractile responses (D) to the selective PAR-2 activating peptide, SLIGRL-NH, (6-:10° M),
in control and T. spiralis-infected animals at days 14 and 30 postinfection. Data are
mean+SEM of 6-7 mucosal sheets from 5-7 animals per group. ***: P < 0.001 vs. other
groups. E: Contractile responses to carbachol (CCh; 10 M) in control conditions and in
postinfectious phases. Data are mean+SEM of 6-12 mucosal sheets from 5-8 animals per

group. **: P <0.01 vs. control group.
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Figure 5. Jejunal mucosal and connective tissue mast cells. Left column: microphotographs
showing rMCP-2 positive cells (mucosal mast cells, MMCs) in the jejunum of a control and T.
spiralis-infected rats at days 14 and 30 postinfection. The bar graph at the bottom shows the
number of MMCs per villus-crypt unit (VCU). Data correspond to meantSEM, from 6-13
animals per group. **, ***. P < 0.01 or 0.001 vs. control group. Right column:
microphotographs showing rMCP-6 immunopositive cells (connective tissue mast cells,
CTMCs; arrow heads) in the jejunum of a control and previously infected animals. The bar
graph at the bottom shows the number of CTMCs per surface area (mm?) of submucosa,
muscularis externa and  serosa layers. Data correspond to meanzSEM from 5-6 animals
per group.**: P<0.01 vs. control group.
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Effects of T. spiralis Infection on Mast Cell Counts. In control rats, MMCs were
located in the mucosa and the submucosa, while CTMCs were only occasionally
observed in the serosa (Fig. 5). Infection with T. spiralis was associated with an
infiltration of MMCs and CTMCs in the jejunum. During the postinfectious stages, CTMCs
were observed in the serosal surface but also infiltrating the external muscle layers (Fig.

5).

Effects of Ketotifen on Intestinal Epithelial Barrier Function and Motility.
Ketotifen treatment, per se, did not affect basal jejunal EBF or contractility or the
responses to PAR-2 activation (Fig. 6). Likewise, postinfectious-associated changes in
PAR-2-mediated control of EBF and contractility were not affected by ketotifen (Fig. 6).
However, although no statistical significance was reached, spontaneous contractibility
was reduced by 30% after MC stabilization, both at 14 or 30 days postinfection (AUC/5
min; day 14 postinfection: 103.19 + 23.66 g; day 14 postinfection+ketotifen: 71.99 £ 8.67
g; day 30 postinfection: 102.62 + 23.49 g; day 30 postinfection+ketotifen: 73.03 + 8.36
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Figure 6. Effects of ketotifen on PAR-2-mediated control of intestinal epithelial barrier
function and contractility. A: Isc responses to the PAR-2 activating peptide, SLIGRL-NH2
(3-10° M). B: Relaxation phase of motor responses induced by SLIGRL-NH, (6:10” M). Data
are mean+SEM of 10-12 mucosal sheets from 5-6 animals per group. ***: P < 0.001 vs.
respective control group (control or control-ketotifen).
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Discussion

The present study describes changes in PAR-2 function and expression related to
the early and late phases of a rat model of postinfectious gut dysfunction. Results
obtained show alterations in PAR-2 epithelial expression and PAR-2-dependent control
of secretomotor and contractile responses during the early phase (day 14 postinfection),
associated with a severe inflammation. In contrast, a clear trend towards normality in
PAR-2 epithelial levels and PAR-2-mediated responses was observed during the late
phase (day 30 post infection). However, an increase in PAR-2 expression was observed in
the submucosal ganglia in the late postinfectious phase, when the main finding is a
persistent MC infiltrate. To our knowledge, this is the first study comparing PAR-2
expression and control of epithelial barrier function (EBF) and contractility in different

phases of a postinfectious gut dysfunction model.

We evaluated how PAR-2 activation could modulate jejunal permeability in the rat,
as previously shown in the colon.'®*'® However, against that observed in the colon, the
PAR-2 activating peptide SLIGRL-NH, did not affect jejunal permeability in our
conditions. This was not associated with an absence of activity of the peptide since it
induced significant secretory and contractile responses at similar concentrations.
Furthermore, this was not due to a lack of sensitivity of the Ussing chambers since
changes in permeability could be detected when present, such as after infection or EGTA
addition.>?° Recent data point to differences in EBF modulation by the PAR-2 activating
peptide and endogenous agonists with enzymatic activity.?? In consequence, we tested if
trypsin, as endogenous activator of PAR-2, was able to modulate intestinal permeability.
However, results obtained with trypsin were negative, as those with SLIGRL-NH,. These
data suggest that PAR-2 activation is not able to modulate paracellular permeability in
the rat jejunum, thus pointing to a differential PAR-2-mediated control of permeability

between the small intestine and the colon.

In contrast to permeability, PAR-2 activation clearly influenced jejunal motility and
hydroelectrolytic transport. Overall, contractile responses to PAR-2 activation were
biphasic, with a transient relaxation followed by a contraction. In control conditions, the

contractile phase predominated over the relaxation, in agreement with the PAR-2-
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mediated enhancement of intestinal motility observed in in vivo conditions.?® Similar PAR-
2-induced biphasic responses were also observed when assessing hydroelectrolytic
transport. PAR-2-mediated changes in Isc would reflect ionic movement to the lumen,

%2> Therefore, it is feasible that PAR-2-mediated

leading to the secretion of water.
increased motility and luminal secretion would contribute to a defensive-like response,
controlling luminal antigens’ penetration and interaction with the epithelium and
bacterial overgrowth in physiological conditions.?®*” In addition, these PAR-2-mediated
defensive responses are apparently induced by direct effects on the epithelium and the
muscle, as the modulation of secretion and motility by SLIGRL-NH, was TTX-

independent.z‘r”zg’29

Nevertheless, we cannot rule out the participation of specific
neurotransmitters in the different phases of PAR-2-mediated responses, as previously
described in the rat colon.?® Therefore, further studies are needed to characterize the
underlying mechanisms generating PAR-2-mediated biphasic secretory and motor

responses in the jejunum.

On day 14 postinfection, corresponding to the intestinal phase of T. spiralis
infection, increased intestinal spontaneous motility and permeability could contribute to

the expulsion of the nematode.***

In this early postinfectious phase, in agreement with
observations in nematode-infected mice, PAR-2 activation induced a predominant
relaxation of the smooth muscle, in contrast to the responses described above for
control conditions. At the same time, TTX-independent reductions in secretory
responses to SLIGRL-NH, point to a postinfectious epithelial dysfunction, rather than to a
neurally-mediated effect. Indeed, immunostaining studies suggest that PAR-2
dysfunction is originated by a loss of receptors in the epithelial surface after nematode
infection.®® This could be related to enhanced levels of proteinases, including those
produced by the parasites, in infected animals, which would increase PAR-2 activation
and internalization, leading to a reduced receptor presence on the cell surface.***
Changes in motor and epithelial effects of PAR-2 activation associated with the early
postinfectious state might have a dual role. On the one hand, these changes might be
beneficial, minimizing the lost of liquid during diarrheic-type states. On the contrary,

reduced motor and secretory responses may delay parasite expulsion and facilitate its

interaction with the epithelium and penetration. Moreover, these changes could favour
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host-microbial interactions and the penetration of luminal antigens and/or bacterial
translocation, thus contributing to the inflammatory process observed at the

histopathological level.

Interestingly, by day 30 postinfection, both basal motility and contractile
responses to SLIGRL-NH, were normalized. Therefore, changes in PAR-2-mediated motor
responses were only observed in association with altered basal motility and would
contribute to normalize the intestinal transit. In consequence, our results support a
modulatory role of PAR-2 activation in intestinal motility. Regarding PAR-2-mediated
secretory responses, although a significant recovery was observed during the late
postinfectious phase, EBF alterations had a long-term persistence after parasite
expulsion from the intestinal lumen.*® This was associated with an incomplete recovery
of PAR-2 expression in the epithelial border and an increased PAR-2 expression in the
submucosal ganglia. In that respect, PAR-2 activating proteinases, such as those released
by MCs, could condition ENS excitability and, in turn, secretion, motility and visceral
sensation."* However, as previously discussed for control conditions and the early
postinfectious phase, motility and secretory responses to SLIGRL-NH, were insensitive to
TTX on day 30 postinfection. Therefore, PAR-2 dysfunction seems to contribute to the
chronic epithelial remodelling observed in the late postinfectious phase.'? Taking into
consideration the rapid turnover of the epithelial cells lining the gut,37 other factors,
different of the presence of the parasite, would condition epithelial PAR-2 expression

and function in late postinfectious stages.

Several endogenous and exogenous proteinases, other that those produced by the
parasites, are candidates to modulate postinfectious changes in PAR-2 expression and
functionality. In that respect, one of the main features of T. spiralis infection is a

12,13,16
In

persistent MC infiltration, an important source of endogenous proteinases.
particular, MC-derived tryptase has been suggested as one of the main endogenous
activators of PAR-2.! In our case, the infiltration of CTMCs, expressing tryptase, in the
smooth muscle and the serosa supports their potential role in the functional changes
observed. Nevertheless, we cannot discard the involvement of MMCs-derived

proteinases in the activation of PAR-2 receptors.a8 Supporting this view, increasing

evidences implicate MMCs in the EBF and motility changes observed in inflammatory
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8121330 As to further assess a role of MC proteinases in PAR-

and functional gut disorders.
2 activation, the effects of the MC stabilization with ketotifen were characterized. Since
ketotifen treatment did not affect PAR-2-mediated effects, postinfectious PAR-2
alterations seem to be independent of a functional interplay between MCs and PAR-2.
This would explain why postinfectious PAR-2 alterations were mostly reverted by day 30
postinfection despite the persistent MC hyperplasia. These results are unlikely to be
associated to a defective ketotifen treatment. Protocols and doses followed effectively
block MC proteinase release, preventing gut dysmotility in T. spiralis-infected rats, as

1339 Indeed, in our

shown in previous studies in similar experimental conditions.
conditions, ketotifen reduced spontaneous hypermotility by one third in infected
animals, suggesting an effective blockade of MC degranulation and confirming MCs

implication in the intestinal hypermotility that characterize this model.

In summary, we show that postinfectious intestinal alterations in PAR-2-induced
secretory and contractile responses are mainly associated with the early phase of gut
dysfunction and related to a reduction in the receptor expression in the epithelial
border. In contrast, most changes in PAR-2 are reverted in the late postinfectious phase,
although MC hyperplasia, involving both MMCs and CTMCs, persists. This, together with
the lack of influence of MC stabilization, suggests that MC mediators are not responsible
for PAR-2-mediated responses in this model. Therefore, further studies assessing
alternative activators of PAR-2, other than MC proteinases, are necessary to understand
the underlying mechanisms involved in PAR-2 alterations related to gastrointestinal

diseases.
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CAPITULO 3

DYNAMICS OF MAST CELL SERINE PROTEINASES AND TIGHT
JUNCTIONS-RELATED PROTEINS IN A RAT MODEL OF GUT
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Abstract

INTRODUCTION: Mast cell (MC) proteinases and epithelial barrier alterations participate
in the pathogenesis of inflammatory and functional bowel disorders. AlM: To
characterize the kinetics of MC serine proteinases (chymases and tryptases) and barrier
function-related tight junction (TJ) proteins in a rat model of postinfectious bowel
inflammation and dysfunction. METHODS: Jejunal tissues of control and Trichinella
spiralis-infected rats (2, 6, 14 and 30 days postinfection) were used. Histopathological
changes and interleukin (IL)-6 expression were assessed to characterize intestinal
inflammation. Time-related changes in the MC infiltrate and the expression of tight
junction-related proteins were evaluated by immunostaining and RT-qPCR. RESULTS:
Following infection, a generalized overexpression of MC chymases, peaking between
days 6 and 14 postinfection was observed. This preceded a mucosal MC (MMC, rMCP-2
positive) hyperplasia (observed from day 6) and a late increase in connective tissue MCs
(CTMC, rMCP-6 positive) counts (from day 14). MMC hyperplasia was mostly restricted
to the mucosa and the submucosa. Nevertheless, rMCP-2 positive cells were
occasionally observed infiltrating the smooth muscle of infected rats. CTMC hyperplasia
was restricted to the external muscles and the serosa, in concordance with RT-qPCR
results. From day 2 postinfection, coinciding with early signs of enteritis, the expression
of the TJ proteins occludin and claudin-3 was reduced while expression of the pore-
formation protein claudin-2 was up-regulated. Expression of proglucagon, precursor of
the barrier-enhancing factor glucagon-like peptide-2, showed a clear tendency to to be
reduced along the process. CONCLUSIONS: The evolution in the expression of
proteinases and the location of rMCP-2 (MMCs) and rMCP-6 (CTMCs) positive cells are
indicative of a time-related pattern in the maturation of intestinal MCs following T.
spiralis infection. Altered expression of TJ-related proteins is consistent with a loss of
epithelial tightness, and provides a molecular mechanism for the long-term increased

epithelial permeability observed in the T. spiralis infection model.
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Introduction

Mast cells (MCs) have been suggested to participate in the pathophysiology of
inflammatory and functional gut disorders. Indeed, an increased number of intestinal
MCs, together with a persistent state of activation, has been described for both
inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS)."* As MC
mediators can modulate gut functions, including epithelial barrier function, it is feasible
that these cells participate in the enhancement of intestinal permeability associated
with IBD and IBS.*

Regardless the species considered, mature MCs are classified taking into account
their tissue location (mucosas vs. connective tissue) and their enzymatic characteristics,
particularly their serine proteinases (chymases and tryptases). Accordingly, in rodents,
MCs are usually classified as mucosal MCs (MMCs) or connective tissue MCs (CTMCs). In
the intestine, MMCs are preferentially located in the epithelium and the lamina propria,
whereas CTMCs are situated in the submucosa and the serosa layers. In the rat, MMCs
express predominantly chymases; in particular, rat mast cell proteinase (rMCP)-2, -3, -4
and the three members of the rMCP-8 subfamily (rMCP-8, -9 and -10). In contrast, rat
CTMCs express two chymases, rMCP-1 and -5, and two tryptases, rMCP-6 and -7.>°

Since each proteinase cleaves different target substrates, the profile of serine
proteinases expressed by MCs conditions the potential biological effects to be observed
in states of cell activation-degranulation.>® In the gut, one of the main effects of these
enzymes, once released after MC activation, is to modulate epithelial permeability.”!
MC proteinases are able to directly alter the expression and location of epithelial tight
junction (TJ) proteins.®'® At the same time, they also regulate TJs indirectly, by their
effects over scaffolding proteins, like the zonula occludens (ZO) proteins, and the
cytoskeleton.®*? Overall, these changes would lead to an increase in epithelial
permeability.

The increase in epithelial permeability induced by MC proteinases could favor the
movement of fluids to the lumen, facilitating in turn intestinal motility.">** However, in
parallel, epithelial barrier disruption would facilitate luminal antigens penetration into

the organism, activating the immune system and generating an inflammatory-like state.*
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Therefore, MC proteinases-mediated effects on the enterocytes’ TJs might determine
part of the underlying pathophysiological alterations observed in inflammatory and
functional bowel disorders.

The main goal of the present study was to further understand changes in MC
populations and intestinal permeability associated with inflammatory and functional
gastrointestinal diseases. For this purpose, experiments were performed in a rat model
induced by Trichinella spiralis infection, which is related to jejunal MC hyperplasia and
epithelial barrier dysfunctions."® During acute inflammation and in the recovery
postinfectious phase (days 2 to 30 after the infection), were assessed: (i) the kinetics of
MC hyperplasia, with emphasis in the appearance of phenotipically differentiated
populations of MCs; and (ii) time-related changes in MC serine proteinases gene
expression. In addition, we studied changes in the expression of TJ-related proteins as a
way to further understand the mechanisms implicated in infection-related epithelial
barrier alterations. We also assessed the expression of the barrier-enhancing factor
glucagon-like peptide 2 (GLP-2)." For this, we determined the local expression of

proglucagon, the precursor of GLP-2.

Materials and Methods

Animals

Adult male OFA Sprague-Dawley rats (7-8 weeks old, 250-275 g; Charles River
Laboratories, Lyon, France) were used. Rats were housed under conventional conditions
in a light (12h/12h light-dark cycle) and temperature controlled (20-22 2C) room, with
access to tap water and laboratory rat chow ad libitum. Animals were kept in groups of
two to three per cage. All experimental procedures were approved by the Ethical
Committee of the Universitat Autonoma de Barcelona and the Generalitat de Catalunya

(protocols 5352 and 5564).

Trichinella spiralis Infection
Muscle-stage larvae of T. spiralis were obtained from infected CD1 mice as

previously described.’®® Rats were infected at 8-9 weeks of age by administration of



107

7.500 T. spiralis larvae suspended in 1 ml of saline by oral gavage and studies were
performed on days 2, 6, 14 and 30 postinfection. Age- and time-matched rats dosed
orally with 1 ml of saline were used as controls. During this time, animals were regularly
monitored for clinical signs and body weight changes. Normal course of the infection
was confirmed by a significant decrease of body weight after T. spiralis infection
compared with controls, with a peak reduction on day 9 and a subsequent linear

increase over time, as previously described by us.***®

Tissue Sampling

At the time of the experiments, animals were euthanatized by decapitation. A
laparotomy was performed and jejunal samples (beginning 10 cm distal to the ligament
of Treitz) were excised. Immediately, the intestines were flushed and placed in ice cold
oxygenated Krebs buffer containing glucose. Intestinal mucosa and submucosa of jejunal
segments (~ 2cm) were scraped off very gently with blunt-edged glass slides. The
mucosa-submucosal and underlying smooth muscle-serosal samples obtained by this
procedure were frozen in liquid nitrogen and stored at -80°C for further RT-qPCR
analysis. At the same time, jejunal samples for histological and immunostaining studies
were obtained and fixed in 4% paraformaldehyde in phosphate buffer for 24 h.
Thereafter, fixed samples were processed routinely for paraffin embedding and 5 pm
sections were obtained for H&E staining, rat mast cell proteinase (rMCP) 2 chymase or

rMCP-6 tryptase immunohistochemistry.

Histopathological Studies

H&E-stained slides were evaluated in a blinded fashion by two independent
investigators. A histological score based on the epithelial structure (0-3), presence of
edema (0-3), presence of ulcerations (0-3), presence of inflammatory infiltrate (0-3),
relative density of goblet cells (0-3) and relative thickness of the intestinal wall (0-3) was

assigned to each animal (maximal score of 18).
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Immunohistochemistry for Rat Mast Cell Proteinases 2 and 6 and MCs Counts

Immunodetection of rMCP-2 was carried out on jejunal sections following
standard immunohistochemical procedures using a monoclonal antibody (MS-RM4,
1:500; Moredun Animal Health, Edinburgh, UK), as previously described by us.*

For rMCP-6 detection, paraformaldehyde-fixed jejunal sections were rehydrated
and microwave antigen retrieval was performed (10mM Tris Base, 1ImM EDTA Solution,
0.05% Tween 20, pH 9.0; 2 cycles of 5 min, 800W). After inhibition of endogenous
peroxidases with 5% H,0, for 40 min and incubation in rabbit serum for 1h at room
temperature, sections were incubated with goat anti-mast cell tryptase antibody (sc-
32473; Santa Cruz Biotechnology; overnight, 49C, 1:50), followed by biotinylated rabbit
anti-goat 1gG (sc-2774; Santa Cruz Biotechnology; 1h, room temperature, 1:200) and
detection was performed with an avidin/peroxidase kit (Vectastain ABC kit; Vector
Laboratories, Burlingame, CA, USA). Antigen-antibody complexes were revealed using 3-
3’ diaminobenzidine (SK-4100 DAB; Vector Laboratories) and sections were
counterstained with haematoxylin. Specificity of the staining was confirmed by omission
of the primary antibody.

Stained MMCs (rMCP-2 positive) were counted in at least 20 well-oriented villus-
crypt units (VCU) per animal, at X400 magnification, and expressed as MMCs per VCU.
The total number of stained CTMCs (rMCP-6 positive) in the submucosa, external
smooth muscle and serosa areas was determined in two complete tissue sections of the
jejunum for each animal (X600). CTMCs counting was normalized for the surface area of
submucosa, external smooth muscle and serosa layers, as evaluated in digital images
(Axioskop 40 microscope, Zeiss equipped with a digital camera, Zeiss AxioCam MRm;
image analysis software: Zeiss Axiovision Release 4.8.1; Carl Zeiss, Jena, Germany). Cell
counting and analysis of all data were performed in a blinded manner on coded slides, to

avoid observer’s bias.

Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

Extractions of total RNA from frozen jejunal mucosa-submucosa and smooth
muscle-serosa samples were performed using TRI reagent and the Ribopure RNA
Isolation Kit (Applied Biosystems, Foster City, CA, USA). RNA was quantified by Nanodrop
(Nanodrop Technologies, Rockland, DE, USA) and 1 ug of RNA was reverse-transcribed in
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a 20 ul reaction volume for cDNA synthesis, using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Validated TagMan® gene expressions assays with
hydrolysis probes for rat mast cell proteinases, epithelial barrier function-related
proteins, interleukin-6 (IL-6) and reference genes were used (Applied Biosystems) (Table
1). PCR reaction mixtures were transferred to clear 384-well reaction plates (HSP-3801;
Bio-Rad, Barcelona, Spain; 20 pl/well), sealed by adhesives and incubated on a CFX384
Touch real-time PCR detection system (Bio-Rad). Amplification conditions were as
follows: 95°C for 10 min; 40 cycles of 95°C for 15 s, 60°C for 1min. Fluorescence signals
measured during amplification were processed after amplification. Bio-Rad CFX Manager
2.1 software was used to obtain the quantification cycle (Cq) for each sample. Each
sample was run in triplicate and data were analyzed by the comparative Cq method (2
AACa) " 3s previously described.'® Rps18 and Actb were tested as reference genes. Actb
expression levels were used for normalizing the mRNA levels of the target gens because
of their constancy across the different experimental groups. The fold-change was
calculated individually respect to the average of the control group. Controls of analytical
specificity included omission of reverse transcriptase, to exclude contamination with

genomic DNA, and no-template controls, omitting the cDNA.

Statistical analysis

All data are expressed as mean + SEM. A robust analysis (one iteration) was used
to obtain mean + SEM for gPCR data. Comparisons between multiple groups were
performed using a one-way ANOVA or Kruskal-Wallis test, as appropriate; followed,
when necessary, by a Newman-Keuls or a Dunns comparisons test. In all cases, results

were considered statistically significant when p<0.05.
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Table 1. TagMan® gene expression assays

Protein Gene Symbol Assay Reference

Mast cell Proteinases

Rat mast cell proteinase 1 (rMCP-1) Mcpt1 Rn01481927 gH
Rat mast cell proteinase 2 (rMCP-2) Mcpt2 Rn01478347 _m1l
Rat mast cell proteinase 4 (rMCP-4) Mcpt4 Rn00820964 g1
Rat mast cell proteinase 5 (rMCP-5) CMA1 Rn01645022_m1
Rat mast cell proteinase 6 (rMCP-6) Tpsb2 Rn00569857_gl
Rat mast cell proteinase 8 (rMCP-8) Mcpt8 Rn01789238-g1
Rat mast cell proteinase 9 (rMCP-9) Mcpt9 Rn00755366_gl
Rat mast cell proteinase 10 (rMCP-10) Mcp10 Rn03417709_sh
Barrier function-related proteins
Claudin 2 Cldn2 Rn02063575_s1
Claudin 3 Cldn3 Rn00581751_s1
Junctional adhesion molecule 1 (JAM-1) Fiir Rn00587389 m1
Occludin Ocln Rn00580064 _m1
Tricellulin Marveld2 Rn01494284_m1
Zonula occludens 1 (ZO-1) Tjip1 Rn02116071_s1
Myosin light chain kinase (MLCK) Mylk Rn01439252_m1
Proglucagon Gcg Rn00562293_m1
Inflammatory markers
Interleukin 6 (IL-6) 6 Rn01410330_m1
Reference genes
ribosomal protein S18 Rps18 Rn01428915 gl
B-Actin Actb Rn00667869_m1
Results

Effects of T. spiralis Infection on Intestinal Histology and IL-6 Expression. In
concordance with previous findings, T. spiralis infection lead to time-related (from day 2
to day 30 postinfection) histological alterations in the jejunum consistent with the
induction of an enteritis (Table 2)."*%

Signs of mucosal and submucosal inflammation, accompanied by epithelial
damage, were already observed at day 2 postinfection and reached peak scores on day

14 (Table 2). During this period, parasites were observed penetrating intestinal epithelial

cells. By day 30 postinfection, when parasites were not detected any more, intestinal
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epithelium mostly recovered its normal appearance although a goblet cell hyperplasia
and histological signs of a slight inflammation were still present (Table 2). Overall, these
alterations were in concordance with the time-related changes in mucosa-submucosa
levels of IL-6 gene expression, which were up-regulated from day 2 to day 14
postinfection and trended towards normality by day 30, although still with a 12-fold
increase over controls (Fig. 1). Hypertrophy of both circular and longitudinal external
smooth muscle was observed during the entire postinfectious period, being maximal on
day 14 (Table 2). An up-regulation of genes encoding IL-6 expression was also observed
in the external muscular layers from day 2 to day 14 postinfection. However, the
magnitude of these changes was smaller than in the mucosa and IL-6 expression was

completely normalized by day 30 (Fig. 1).

Table 2. Time-related changes in histopathological scores for the jejunum after
Trichinella spiralis infection in rats

Group
Control T. spiralis-infected
Day 2 Day 6 Day 14 Day 30
Epithelial 032+0.12 156+0.40 131£0.12 253+028**  0.25%0.09
structure (0-3)
Edema (0-3) 0.02+0.02 0.22+0.15 0.03x0.03 0.50+0.10 0.06 £0.06
Ulcerations (0-3) 0.00+0.00 0.06+x0.06 0.31%0.19 0.00 £ 0.00 0.13+0.13

Inflammatory

. 0.08+0.06 0.75+0.34 094+0.16 1.47+0.27** 0.31+0.16
infiltrate (0-3)

Goblet cell 042+011 0.03+0.03 2.50+0.18* 1.72+0.66 1.75+0.25
density (0-3)

Intestinal wall 0224009 1.25+0.23 1.75+0.11% 2.41+0.37**  1.63 +0.18**
thickening (0-3)

TOTAL (0-18) 1.05+026 3.88+1.10 6.84+0.48* 8.63+0.55%** 4.13+0.39

Data are meantSEM of 4-15 animals per group. *, **, ***: p<0.05, 0.01 or 0.001 vs. control
group

Effects of T. spiralis Infection on Mast Cell Populations: Immunohistochemical
characterization. In the jejunum of control rats MMCs, identified as rMCP-2 positive,

were abundantly located in the mucosa (by 94%) and the submucosa (by 6%). No rMCP-
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2 positive cells were observed in other locations. However, CTMCs, identified as rMCP-6

positive, were rarely found and, when present, were essentially located in the serosa.
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Figure 1. Effects of T. spiralis infection on interleukin 6 (IL-6) gene expression in the
jejunum. Relative expression of IL-6 mRNA in jejunal mucosa-submucosa and external
muscle-serosa samples from control and previously infected rats. Data are mean+SEM of
4-5 animals per group. *, ***: P<0.05 or 0.001 vs. control group.

T. spiralis infection was associated with an intestinal hyperplasia of both MMCs
and CTMCs. MMCs maintained their pattern of distribution between the mucosa (93-
96%) and the submucosa (4-7%), where their number began to increase at day 6,
peaking by day 14 postinfection (by 4-fold increase over control values, P<0.05).
Similarly, CTMCs, identified as rMCP-6 positive, also appeared within the smooth muscle
layers of infected rats and a significant hyperplasia was detected from day 14, being
maximal at day 30 postinfection (by 19-fold increase over control values; P<0.05) (Fig.
2). Occasionally, scattered rMCP-2 positive cells were also observed infiltrating the

smooth muscle of infected rats.

Effects of T. spiralis Infection on Mast Cell Populations: Serine Proteinases Gene
Expression. Serine proteases genes assessed were detected in jejunal samples in control
conditions with different relative expression levels (Table 3). In particular, expression of
the gene for rMCP-6 could not be detected in 4/5 and 2/5 of mucosa-submucosa and
smooth muscle-serosa samples, respectively, and, when detected, expression levels

were comparatively low.
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Figure 2. Effects of T. spiralis infection on mucosal and connective tissue mast cells
number. Left graph: Quantification of rMCP-2 immunopositive cells (corresponding to
mucosal mast cells, MMCs; number/VCU) in the jejunal mucosa and submucosa of
control and T. spiralis-infected rats. Right graph: Quantification of rMCP-6
immunopositive cells (corresponding to connective tissue mast cells, CTMCs;
number/mm?) in the jejunal submucosa, external smooth muscle and serosa layers of
control and previously infected animals. Data correspond to meanzSEM from 4-13

animals per group. **, ***: P <(0.01 or 0.001 vs. control group.

Table 3. Relative expression of mast cell serine proteinases genes in control conditions

Mucosa-sumucosa rMCP-9 > rMCP-2 > rMCP-10 >> rMCP-5 > rMCP-8 > rMCP-1 >
rMCP-4 > rMCP-6

Smooth muscle-serosa rMCP-10 > rMCP-9 > rMCP-2 > rMCP-5 >> rMCP-8 > rMCP-1 >
rMCP-4 > rMCP-6

After T. spiralis infection, a time-related up-regulation in gene expression for all the
serine proteinases, except for rMCP-6, was observed in mucosa-submucosa samples
(Fig. 3). Overall, gene expression levels peaked between days 6 and 14 postinfection,
declining towards the expression observed in control conditions by day 30 (Fig. 3).

Similar postinfectious up-regulation in gene expression was detected in the smooth
muscle-serosa (Fig. 4). However, in this case, gene expression of rMCP-6 was also up-
regulated, showing a progressive time-related increase, with the highest level of

expression detected by day 30 postinfection (Fig. 4).
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Figure 3. Effects of T. spiralis infection on mast cell proteinases gene expression in the
mucosa-submucosa area. Relative expression of rat mast cell proteinases mRNA
normalized to transcript levels of Actb in jejunal mucosa-submucosa samples from control
and previously infected rats measured by RT-gPCR. Data are mean+SEM of 4-5 animals per
group. *, **, ***.p <0.05, <0.01 or P<0.001 vs. control group.
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Figure 4. Effects of T. spiralis infection on mast cell proteinases gene expression in the
external smooth muscle-serosa area. Relative expression of rat mast cell proteinases
MRNA normalized to transcript levels of Actb in jejunal samples of external smooth muscle
and serosa layers from control and previously infected rats measured by RT-gPCR. Data
are mean+SEM of 4-5 animals per group. *, **, ***: P <0.05, <0.01 or P<0.001 vs. control

group.
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Effects of T. spiralis Infection on the Expression of TJ-Related Proteins. Expression
of all genes assessed for TJ-related proteins was detected in jejunal samples (mucosa-
submucosa) in control conditions. Relative expression levels were: claudin 3 > occludin >

JAM-1 >> tricellulin > ZO-1 > claudin 2.
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Figure 5. Effects of T. spiralis infection on the expression of epithelial barrier function-
related genes in the mucosa and the submucosa. Relative expression of the mRNA of
proteins associated with the control of epithelial barrier function normalized to transcript
levels of Actb in jejunal mucosa-submucosa samples from control and previously infected
rats measured by RT-qPCR. Data are mean+SEM of 4-5 animals per group. *, **, ***. p
<0.05, <0.01 or P<0.001 vs. control group.
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Similar order of magnitude in the relative expression levels was maintained after
the infection. However, time-dependent changes in the absolute levels of expression
were detected, and both up-regulation and down-regulation of genes could be
observed. While the expression of genes for claudin 2 and ZO-1 was increased, genes
encoding claudin 3, occludin and MLCK were down-regulated (Fig. 5). Expression
changes were fast in time, as maximal variations were observed between 2 and 6 days
postinfection (Fig. 5). JAM-1 and tricellulin expression levels were not affected.

Gene expression of proglucagon, the GLP-2 precursor, showed a clear tendency to

be down-regulated over time (P= 0.06; Fig. 5).

Discussion

The present study shows time-related changes in intestinal MC populations in a rat
model of gut dysfunction induced by T. spiralis infection. A persistent infiltrate of MCs
was observed in the jejunum during the postinfectious phases, characterized by an early
MMC hyperplasia and a late increase in CTMC. At the same time, changes in MC
subtypes were associated with time-dependent variations in the expression of MC
proteinases. In addition, alterations in the expression of TJ-related proteins, which are
potentially modulated by MC proteinases and consistent with an increase of epithelial
permeability, were also observed. Modulation of TJ proteins might serve as a basis for
the intestinal barrier dysfunctions related to this model.

One of the main characteristics of the T. spiralis infection model in rats is the
presence of a long-lasting postinfectious infiltrate of MMC populating the mucosa-
submucosa of the small intestine.* Here we show that, in addition, a hyperplasia of
CTMCs (rMCP-6 positive) also occurs. Infiltration of MMCs and CTMCs takes place at
different times along the postinfectious process. Overall, the results obtained suggest
that in early phases of the infectious process (by day 2), when MCs hyperplasia is not yet
present, there is an activation of the resident MCs in the intestine. Gene expression data
shows that this implies an up-regulation of the rMCP-2 gene, thus suggesting the
initiation of a preferential phenotypic differentiation towards mature MMCs. Indeed,
this phase is followed by the development of a sustained infiltration of MMCs, as shown

be the gene expression data and the immunohistochemistry for rMCP-2. This coincides
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with the intestinal phase of the infection and might represent an early defensive
response towards the presence of the parasite in the mucosa.”***

Interestingly, during the postinfectious phase, MCs with phenotypic characteristics
of CTMCs (rMCP-6-expressing cells) appear infiltrating the muscle layers. At the same
time, scattered rMCP-2 positive cells were also observed within the muscle layers. This
could be related to the recruitment to the smooth muscle of submucosal MCs with an
immature phenotype, which can express rMCP-2.2%

The intestinal MC hyperplasia originates probably from the arrival of immature
MCs to the intestine and is favored by the production of MC progenitors in the bone
marrow in response to the infection.’® These progenitors, with an immature phenotype,
circulate in the periphery before migrating into the inflamed tissue, where they initiate a
process of maturation.”® Our observations suggest that immature MCs express rMCP-2.
Therefore, in the early phase of differentiation towards CTMCs, it is feasible to assume
that there might be a co-expression of rMCP-2 and rMCP-6 while they migrate across the
muscle to generate CTMCs.* In fact, an equivalent situation has been described in the
mucosa of T. spiralis-infected mice, where cells co-expressing mouse mast cell
proteinases (MMCPs) 2 and 6 are observed.”’ As in the epithelium,”* MCs infiltrating the
muscle layers might represent a defensive response towards the penetration of T.
spiralis larvae into the gut wall. It is feasible to assume that CTMCs infiltrating the
muscle layer and their mediators might contribute to the hypercontractile responses
observed in infected animals."”*®

Some overlapping in proteinases expression was observed between MMCs and
CTMCs. For instance, MMC- and CTMC-associated chymases were equally expressed in
mucosa-submucosa and smooth muscle-serosa samples, confirming that tissue location
alone does not fully predict the phenotypic pattern of proteinases expression.”®*° This
could be explained by the expression of chymases classically associated with CTMCs in
both MMCs and transitional populations of MCs, as previously showed for rMCP-1 and
mMCP-5.3* Only the expression of the tryptase rMCP-6 seems to be fully specific of
mature CTMCs. Indeed, rMCP-6 expression was virtually undetectable in early phases of

the infective process, before any MCs differentiation takes place, or in mucosa-

submucosa samples. However, expression levels were reliably detected in muscle-serosa



119

samples with CTMCs infiltrate; thus suggesting that rMCP-6 is a good and selective
marker for the phenotypic characterization of CTMCs.

It is worthy to mention that the overexpression of genes for both rMCP-2 and
rMCP-6 preceded the detection of postinfectious increases in the number of MMC and
CTMC, respectively. This indicates that the up-regulation in gene expression is not only
the result of the MC hyperplasia observed after the infection. On the contrary, this
would reflect the overexpression of the genes for these enzymes in individual MCs, at
least during the early phase of the process.

The variable pattern of expression of MC proteinases might be related to functional
changes along the postinfectious phase. Since MCs-derived proteinases are substrate-
specific, variations in their expression might lead to the activation of different targets
and, therefore, the generation of different time- and proteinase-related functional
responses. One of the major effects of substrates cleavage mediated by MC proteinases
may be the modulation of the epithelial barrier function. In particular, MC proteinases
could regulate intestinal permeability by controlling the expression of TJ transmembrane
components.®”** Our studies show a postinfectious down-regulation of TJ proteins with
adhesive properties, claudin 3 and occludin, together with an over-expression of the
pore-forming protein claudin 2. These changes suggest an increased epithelial
permeability, at least through the paracellular pathway, thus providing a mechanistic
substratum for the increased epithelial permeability previously demonstrated by us in
this model.** In particular, chronic underexpression of occludin, related to gene down-
regulation and posttranscriptional disorganizations, would result in an increase of
paracellular permeability even at late phases after T. spiralis infection.'**"*
Interestingly, similar structural and functional alterations have been observed in patients
with inflammatory and functional gastrointestinal disorders, such are IBD and I1BS.**?¢

Occludin expression, and the subsequent modulation of barrier function, has been
also associated to the release of barrier-enhancement factors, namely glucagon-like
peptide 2 (GLP-2).”* In our conditions, proglucagon, the precursor of GLP-2, expression
tended to be down-regulated after the infection, which suggests a reduction in the local
levels of GLP-2. This is in agreement with occludin underexpression and the subsequent
increase in epithelial permeability observed in functional studies.'” This warrants further

studies to confirm the possible implications of GLP-2 in postinfectious barrier
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dysfunction. On the other hand, increased rMCP-2 release associated with the
postinfectious phase could favor occludin degradation.®'*"” Therefore, at least part of
the changes observed in epithelial barrier function might be explained by an altered
turnover of occludin, characterized by an increased rate of cleavage together with a
reduced synthesis.

In addition, paracellular permeability is modulated by the interactions of the
claudins and occludin with the cytoskeleton, through the macromolecules at the
intracellular plaque Z0.2* In that respect, the genes for MLCK, which catalyses

cytoskeleton contraction,™

and the scaffolding protein Z0-1 were down- and up-
regulated, respectively, in infected rats. At a functional level, these changes might
translate into a TJ reorganization leading to an increase in epithelial tightness. We
should be cautious interpreting these observations as they are in contradiction with
results obtained in similar animal models or in patients with IBD or IBS, where changes
in MLCK and ZO-1 were consistent with the presence of an increased epithelial
permeability.’*** However, it is tempting to speculate that these changes might
represent a compensatory mechanism to modulate increased epithelial permeability
due to the disruption of the TJ transmembrane proteins in infected animals.

In summary, the present study reveals that CTMCs are also a significant component
of the response to T. spiralis infection in rats. There is a differential time profile in the
infiltration of MMC and CTMCs and in the expression of MC serine proteinases in the rat
jejunum after T. spiralis infection. Mucosal and muscular MC infiltrates might be active
components in the epithelial and motor defensive responses generated against the
infection. We also show that long-lasting postinfectious increases in intestinal
permeability probably reflect a dysregulation in the expression of TJ transmembrane
proteins, which at least partially, might be associated to the effects of MMCs-derived
proteinases. From a translational point of view, these observations suggest that MC
proteinases and TJs represent potential pharmacological targets for the treatment of

inflammatory and functional gastrointestinal disorders.
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DISCUSION GENERAL

La enfermedad inflamatoria intestinal (IBD) y el sindrome del intestino irritable
(IBS) agrupan un conjunto de desérdenes inflamatorios y funcionales crénicos del tracto
gastrointestinal con una etiopatogenia en gran parte desconocida (Khor et al. 2011,
Rijnierse et al. 2007, Ohman and Simren 2010). Sin embargo, estudios recientes
demuestran la existencia de mecanismos fisiopatolégicos comunes en ambas
enfermedades, como son las alteraciones de la funcidn barrera epitelial y de la
respuesta inmune local (Keita and Soderholm 2010, Long and Drossman 2010, Hering et
al. 2012). Esto ha llevado a sugerir que el IBD y el IBS podrian tratarse de distintas

manifestaciones clinicas de un mismo proceso (Long and Drossman 2010).

Concretamente, los mastocitos (MCs) parecen ser uno de los agentes comunes
implicados en la fisiopatologia de estas enfermedades. De hecho, en el intestino de
estos pacientes se observan aumentos tanto del nimero como de la actividad de estas
células (Rijnierse et al. 2007, Barbara et al. 2004, Guilarte et al. 2007, He 2004). El
reclutamiento y la activacion mastocitarios estarian propiciados por un incremento de la
permeabilidad intestinal, al mismo tiempo que los MCs serian capaces de modular por
ellos mismos la funcién barrera epitelial (Keita and Soderholm 2010, McDermott et al.
2003, Groschwitz et al. 2009, Hering et al. 2012). Por esta razdn, la hipotesis de este
trabajo ha sido que los MCs podrian jugar un papel relevante en los fendmenos que
conducen a la autoperpetuacién y cronificacion de las disfunciones de la barrera epitelial

asociadas a estas enfermedades.

Teniendo en cuenta estas premisas, el objetivo del presente trabajo fue
caracterizar las posibles alteraciones de la funcién barrera epitelial y su interrelacién con
la actividad mastocitaria en un modelo animal de disfuncion intestinal. Concretamente,
se empled un modelo inducido por la parasitosis por Trichinella spiralis en la rata. Este
modelo estd asociado a un incremento en el nimero y la actividad de los MCs
intestinales, los cuales participan en las alteraciones funcionales post-infecciosas (Serna

et al. 2006, McDermott et al. 2003), tal y como se sugiere que tendria lugar en los
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pacientes de IBD e IBS (Rijnierse et al. 2007, He 2004). En nuestro caso, se realizaron
estudios tanto en la fase intestinal del proceso (que concluye alrededor del dia 15 post-
infeccion), en que el pardsito se localiza en los enterocitos, como en la fase muscular,
tras la expulsidon de los nematodos intestinales (Mitreva and Jasmer 2006, Suzuki et al.
2008, Stewart et al. 1999). De este modo, se pudieron investigar las posibles causas de
la perpetuacion de las alteraciones intestinales tras un proceso infeccioso, tal y como

sucede en el caso del IBS post-infeccioso (PI-IBS) (Spiller and Garsed 2009).

La Parasitosis por T. spiralis Induce un Infiltrado Mastocitario que
Evoluciona en el Tiempo

En funcidn de su localizacién y de los mediadores contenidos en sus granulos, en el
caso de los roedores, los MCs se diferencian en dos grupos: los de mucosa (mucosal
MCs, MMCs) y los de tejido conectivo (connective tissue MCs, CTMCs). A nivel intestinal,
los MMC se encuentran predominantemente en el epitelio y la lamina propia mientras
gue los CTMC se situan principalmente en la submucosa y la serosa. Ademas, MMCs y
CTMCs pueden diferenciarse por las serinproteinasas que expresan. Los MMCs
Unicamente expresan quimasas [proteinasas mastocitarias de rata (rMCPs) 2, 3,4, 8,9,y
10] mientras que los CTMCs expresan tanto quimasas (rMCP-1 y -5) como triptasas

(rMCP-6, -7) (Krishnaswamy and Chi 2006, Pejler et al. 2007, Pejler et al.2010).

Como era de esperar, tras la parasitosis por T. spiralis, se produjo una hiperplasia
de los MMCs (positivos para la rMCP-2) (Serna et al. 2006). Los estudios de expresion
génica mostraron que antes del inicio de la hiperplasia se produce un aumento en la
expresion de los genes asociados a proteinasas mastocitarias. Esto sugiere que la
infiltracion mastocitaria se origina a partir de una activacién de los MCs residentes en la
lamina propia y la submucosa. Este proceso, en fases tempranas de la parasitosis, podria
estar ligado a la presencia del pardsito en la mucosa y representar, por tanto, un
mecanismo de tipo defensivo frente a la parasitosis (McDermott et al. 2003, Knight et al.
2000). En fases mas tardias del proceso, cuando el parasito se ha eliminado, se presenta
una hiperplasia de los CTMCs, que caracteristicamente se localizan en las capas de

musculo y en la serosa. Es interesante destacar que en esta fase se observaron también
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MCs con caracteristicas fenotipicas de MMCs infiltrando el musculo. Esto podria deberse
a la migracion hacia la musculatura lisa de MCs inmaduros que expresen rMCP-2
(MacDonald et al. 1998), al igual que los MMC maduros, durante las fases post-
infecciosas. Este fendmeno se veria favorecido por la estimulacién de la produccién de
MCs inmaduros en la médula ésea y su posterior migracion por la circulacion periférica
hacia el tejido diana, donde terminaran su maduracién (Pennock and Grencis 2004). Por
lo tanto, es posible que los MCs que infiltran las capas musculares presenten
caracteristicas fenotipicas intermedias durante el proceso de diferenciacion (Friend et al.
1996, Friend et al. 1998, Kitamura et al. 1987). Los cambios resultantes en las
poblaciones mastocitarias podrian participar en la remodelacion neuromuscular y en las
respuestas funcionales andmalas que tienen lugar tanto en la fase de expulsién del
parasito como en fases posteriores (Serna et al. 2006, Barbara et al. 1997, Kalia et al.

2008, Torrents and Vergara 2000).

Hay que destacar que las hiperplasias mastocitarias, una vez originadas, perduran
en el tiempo. Esto sugiere que existen mecanismos de autoperpetuacién que implicarian
una persistencia de los MCs en el tejido y, por lo tanto, de las alteraciones funcionales
derivadas de los mismos. Si bien el mecanismo de perpetuacién no se conoce con
exactitud, se ha sugerido que los mediadores liberados tras la activacion de los MCs,
incluidas las proteinasas, pueden a su vez activar otros MCs (He 2004). Esto haria posible
gue se generase una cascada de retroalimentacién positiva, favoreciendo su activaciéon
sostenida a lo largo del tiempo. Este fendmeno podria explicar la perpetuacién de la
hiperplasia mastocitaria intestinal y el estado ténico de activacién de los MCs,
demostrado por los altos niveles locales y sistémicos de rMCP-2, que se observa en
nuestro modelo. Desde el punto de vista traslacional, fendmenos similares podrian tener
lugar en los procesos inflamatorios intestinales y en el IBS (Rijnierse et al. 2007, Barbara

et al. 2004, Guilarte et al. 2007, He 2004).
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La Parasitosis por T. spiralis Induce Alteraciones Neuroepiteliales que
Condicionan la Permeabilidad y la Secrecion Intestinales

Los MCs, y por extension los productos derivados de su degranulacién, se han
implicado directamente en las alteraciones funcionales que se observan en el IBS o la
IBD, incluyendo la disfunciéon de la barrera intestinal (Keita and Soderholm 2010). En
este trabajo nos hemos centrado en la caracterizacion de las repercusiones funcionales
derivadas de la parasitosis sobre la funcién barrera en el yeyuno; haciendo hincapié en
la implicacion de los MCs. En concreto, se indagd en la participacién del epitelio y del
sistema nervioso entérico (ENS) en la regulacion del transporte hidroelectrolitico y la
permeabilidad intestinales, especialmente en la fase crénica del proceso post-infeccioso
(dia 30 post-infeccion), por ser la que mads se asemeja al estado que se describe en

pacientes de IBD en periodo de remision o de IBS.

En consonancia con otros trabajos, el transporte hidroelectrolitico intestinal se vio
alterado tras la parasitosis por T. spiralis (Kalia et al. 2008, Venkova and Greenwood-van
Meerveld 2006). En primer lugar, se observd un incremento del movimiento de iones
hacia el lumen intestinal en condiciones basales, lo cual resultaria de un aumento en la
secrecion y/o de una disminucidn en la absorcion de fluidos. Al mismo tiempo, el paso
de macromoléculas desde el lumen al medio interno, estaba favorecido en los animales

parasitados.

Las respuestas secretoras a agonistas especificos pusieron de manifiesto
alteraciones post-infecciosas tanto a nivel epitelial como nervioso. En primer lugar, las
repuestas secretoras generadas por la adiciéon de serotonina (con y sin bloqueo de la
transmisidon nerviosa entérica) sugieren alteraciones funcionales en las propias células
del epitelio intestinal. En segundo lugar, las respuestas secretoras asociadas a
mecanismos nerviosos locales (dependientes probablemente del plexo submucoso, que
es el Unico que se encuentra en las preparaciones empleadas) estaban alteradas, con
caracteristicas diferenciales dependiendo del secretagogo o la via nerviosa considerada.
En conjunto, estas observaciones sugieren que las alteraciones de la funcidn barrera se
deben a una remodelacion neuroepitelial durante el proceso post-infeccioso. Algunos
autores, que han observado cambios similares en pacientes de IBS y en modelos

animales, han sugerido que las remodelaciones neuroepiteliales podrian estar asociadas
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a los MCs (Keita and Soderholm 2010, Barbara et al. 2004, He 2004). Esto es consistente
con la infiltracién de MMCs que caracteriza la parasitosis por T. spiralis y por el estado

de activacion que muestran estos MCs, tal y como se ha discutido con anterioridad.

Como se ha mencionado, las alteraciones en el transporte hidroelectrolitico se
acompafiaron de un incremento sostenido de la permeabilidad intestinal a
macromoléculas. Ambos fendmenos podrian estar interrelacionados, ya que la
permeabilidad paracelular condiciona el movimiento transepitelial de iones vy, por tanto,
de agua (Martinez-Augustin et al. 2009). En la fase intestinal, es posible que este defecto
de la permeabilidad se deba a la disrupcion epitelial asociada a la presencia del parasito.
Sin embargo, en fases post-infecciosas posteriores (dia 30 post-infeccidén), otros

mecanismos deberian contribuir a esta alteracion.

De nuevo, los MCs y sus mediadores se han sugerido como potenciales factores
moduladores de la permeabilidad epitelial mediante la induccién de remodelaciones
epiteliales (McDermott et al. 2003, Scudamore et al. 1995, Groschwitz et al. 2009). En
nuestro caso, se pudo observar una correlaciéon positiva entre la conductancia
transepitelial y el nimero de MCs de mucosa (MMCs) y los niveles locales de la
proteinasa mastocitaria de rata (rMCP) 2. Ello, si bien no es concluyente, sugeriria la

participacién de los MCs en los incrementos de permeabilidad post-infecciosos.

Para determinar la influencia directa de los mediadores mastocitarios sobre la
funcién barrera, se estudiaron los efectos de la activacion mastocitaria sobre la
secrecion y la permeabilidad intestinales in vitro. En condiciones basales, la induccién de
la degranulacion mastocitaria produjo cambios en la actividad secretora intestinal,
confirmando una acciéon directa de los mediadores mastocitarios en la funcién barrera.
Sin embargo, en animales parasitados, con hiperplasia mastocitaria, las respuestas
secretoras inducidas por la degranulacién mastocitaria estaban disminuidas. Esto podria
explicarse por un fendmeno de desensibilizacién epitelial a los mediadores
mastocitarios, debido a una exposicion prolongada a los mismos y asociada a un estado
permanente de activacién celular, tal y como se ha discutido anteriormente (Crowe et
al. 1997). De todos modos, no puede descartarse un estado hiposecretor generalizado,

algo frecuente en casos de inflamacién intestinal (Martinez-Augustin et al. 2009).



132

Tras la Parasitosis por T. spiralis se Producen Alteraciones a Largo plazo en
las Uniones Intercelulares del Epitelio Intestinal

Con la finalidad de conocer mejor el mecanismo por el cual la funcidon barrera
intestinal, sobre todo la permeabilidad, se altera durante la parasitacién por T. spiralis,

se valoro la expresidon de proteinas de las uniones estrechas (TJs) intercelulares.

En concreto, y especialmente al inicio de la parasitosis, se pudo observar un
aumento en la expresidn de la proteina formadora de poros claudina 2, acompanado de
una disminucién de la expresién de claudina 3 y ocludina. Estos cambios estan en
consonancia con observaciones previas asociadas a procesos de inflamacion y disfuncién
intestinal y contribuirian a incrementar la permeabilidad paracelular (Prasad et al. 2005,
Zeissig et al. 2007, Kucharzik et al. 2001, Martinez et al. 2012). Por un lado, la
alteraciones en la expresion de las proteinas transmembrana asociadas a la fase aguda
post-infecciosa, sugieren una alteracidon estructural de las TJs. Esta alteracidn podria
persistir a largo plazo y derivar en los incrementos de permeabilidad epitelial asociados
a la fase post-infecciosa crénica. Por otra parte, los incrementos de la permeabilidad
observados en fases post-infecciosas podrian estar asociados a la disminucidn sostenida
de la expresion de ocludina, proteina que se considera clave en la regulacién y la
funcionalidad de las uniones estrechas epiteliales (Hering et al. 2012). En cualquier caso,
los resultados obtenidos sugieren una modulacién a largo plazo de las estructuras que
forman las uniones intercelulares como base de los aumentos de permeabilidad

epitelial.

Estudios previos muestran que las proteinas celulares implicadas en la formacién
de las uniones intercelulares son dianas enzimaticas de diferentes proteinasas, entre
ellas las derivadas de los MCs (Scudamore et al. 1998). En particular, la ocludina es un
sustrato de las proteinasas mastocitarias, a través del cual éstas podrian modular
directamente la permeabilidad epitelial (Scudamore et al. 1998). Para demostrar estd
accién, se valord la permeabilidad epitelial durante la degranulacién mastocitaria. Este
proceso, que resulta en cambios significativos de la secreciéon, como se discutid
anteriormente, no afecté a la permeabilidad, ni en condiciones basales ni en animales
con hiperplasia mastocitaria. La falta de efectos en condiciones basales podria deberse a

gue los incrementos de permeabilidad epitelial dependientes de MCs requieren de una
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liberaciéon de mediadores sostenida y prolongada en el tiempo, mas que de una accidn
aguda. Por otro lado, la falta de efectos en animales parasitados, en los que la
permeabilidad ya estd alterada y los MCs estan tonicamente activados, podria reflejar

un estado de mdaxima alteracion de la barrera epitelial.

Las Respuestas Secretomotoras Dependientes de la Activacion de PAR-2
Estan Alteradas tras la Parasitosis por T. spiralis

Las quimasas y triptasas mastocitarias tienen la capacidad de actuar como
moléculas de sefializacion a través de los receptores activados por proteinasas de tipo 2
(PAR-2) (Sharma et al. 2007). A nivel gastrointestinal, los receptores PAR-2 desempefian
funciones moduladoras de la barrera epitelial, la motilidad y la sensibilidad. Numerosos
estudios indican que su expresidon se encuentra alterada durante la inflamacién
intestinal y que participan en las alteraciones fisiopatoldgicas que acompafian a la
inflamacién (Adams et al. 2011, Roka et al. 2008, Kim et al. 2003). Por este motivo, se
decidio estudiar si en las fases post-infecciosas estaba afectada la regulacién de las

funciones secretomotoras intestinales dependiente de PAR-2.

Los resultados obtenidos muestran que la respuesta secretora inducida por la
activacion de PAR-2 se ve disminuida tras la parasitosis. Este fenédmeno se correlaciona
con una disminucion en la expresion epitelial de los receptores, como sugieren los
estudios inmunohistoquimicos realizados asi como observaciones en modelos similares
(Shea-Donohue et al. 2010). Por otro lado, los agonistas de PAR-2 no afectaron la

permeabilidad epitelial paracelular in vitro.

Ademas de estar condicionada por la secrecién y le permeabilidad epiteliales, la
funcién barrera estd relacionada con la motilidad intestinal. La actividad motora
determina el tiempo disponible para el movimiento hidroelectrolitico transepitelial, asi
como para la interaccidn y penetracion de antigenos y microorganismos luminales
(Barrett 2006, Keita and Soderholm 2010). Por este motivo, nos propusimos explorar la
motilidad intestinal basal asi como las respuestas motoras inducidas por la activacién de

PAR-2.
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Durante la fase intestinal de la parasitosis, se observé un incremento de la
contractilidad intestinal espontdnea, lo que indica un aumento en la actividad motora.
Estudios morfoldgicos y funcionales sugieren que esta respuesta se asocia a la hipertrofia
de las musculares externas intestinales (Torrents and Vergara 2000). Al mismo tiempo, se
alterd transitoriamente (fases tempranas de la parasitosis) el patrén bifdsico (relajacién
seguida de contraccion) que caracteriza las respuestas motoras asociadas a la activacién
del PAR-2. Por lo tanto, seria posible que las proteinasas mastocitarias modulasen la

respuesta motora post-infecciosa a través de la activacidn de este receptor.

En su conjunto, estos estudios muestran que los receptores de tipo PAR-2 pueden
estar implicados en las alteraciones secretomotoras que se asocian a la parasitosis por T.
spiralis y sugieren una implicacién similar en alteraciones funcionales e inflamatorias
gastrointestinales. Ademds, puesto que los receptores PAR-2 son susceptibles de
activacidon por proteinasas mastocitarias, este mecanismo puede representar una via

efectora por la que los MCs participen en la fisiopatologia de estos procesos.

Las Alteraciones Post-Infecciosas de la Funcion Barrera y de las Respuestas
Asociadas a PAR-2 no se Revierten Mediante el Bloqueo de la
Degranulacion Mastocitaria

Como se ha discutido con anterioridad, muchos de los resultados obtenidos
sugieren una participacion directa de los MCs en las alteraciones funcionales que
caracterizan el modelo de parasitosis por T. spiralis en la rata. Con la finalidad de obtener
evidencias directas de que los cambios funcionales post-infecciosos estan asociados a la
activacion persistente de los MCs, se estudiaron los efectos del tratamiento crénico con
ketotifeno, un estabilizador de membrana mastocitaria (Serna et al. 2006), sobre la
funcion barrera epitelial y la motilidad intestinal en condiciones basales y en respuesta a

la activacion del PAR-2.

La administracién preventiva de ketotifeno no influyd en la conductancia epitelial en
condiciones basales ni modulé las respuestas secretomotoras inducidas por la activacién
de PAR-2. Esto descartaria a las proteinasas mastocitarias como agentes efectores de

dichas alteraciones funcionales; sugiriendo, por tanto, que otras fuentes de proteinasas
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deben participar la modulacién de PAR-2 durante el proceso infeccioso. En este sentido,
cabe destacar que los propios parasitos producen y liberan al medio grandes cantidades
de proteinasas para facilitar su actividad invasiva, siendo los candidatos mas plausibles
para este proceso (Shea-Donohue et al. 2010, Trap et al. 2006). Por otro lado, el
tratamiento con ketotifeno bloqueé parcialmente la hipermotilidad espontdnea asociada
al modelo. Ello confirmaria tanto la eficacia del farmaco como la participacion de los MCs
en los cambios motores post-infecciosos. Sin embargo, estos resultados sugieren que, tras
la parasitosis, los MCs inducirian la  hipermotilidad intestinal por mecanismos

independientes de PAR-2 (Serna et al. 2006).

Sin embargo, hay que tener en cuenta que, si bien el ketotifeno revierte
parcialmente la hiperplasia mastocitaria tras la parasitosis, el nimero de MCs y su
actividad siguen siendo mayores que en condiciones normales (Serna et al. 2006). Con lo
cual, seria factible que los MCs estuviesen directamente implicados en el proceso y aun
asi no observar una reversién de las alteraciones funcionales durante su bloqueo
farmacoldgico. A fin de descartar totalmente la posibilidad de que los MCs estén
implicados en las alteraciones de la funcidén barrera y las respuestas a PAR-2, se deberia
valorar la necesidad de emplear otras aproximaciones, tales como el uso de animales

deficientes en MCs (Santos et al. 2001).

En su conjunto, los resultados de este trabajo apoyan la hipdtesis de que, en
procesos intestinales asociados a alteraciones fisiopatoldgicas caracteristicas del IBD y el
IBS, se producen infiltrados mastocitarios que evolucionan fenotipicamente en el
tiempo. Estos infiltrados mastocitarios podrian estar implicados en las alteraciones de la
funcidn barrera resultantes de las remodelaciones neuroepiteliales post-infecciosas. Sin
embargo la relacion causal no es clara. El proceso de reclutamiento y activacion de los
MCs no parece representar un mecanismo indispensable para que estas alteraciones se
presenten y/o persistan en el tiempo. Procesos similares podrian formar parte de la
etiopatogenia de la enfermedad inflamatoria intestinal o del sindrome de intestino

irritable; caracterizados por la presencia de disfunciones de la barrera epitelial.



136



137

CONCLUSIONES

1.

La parasitosis por Trichinella spiralis en la rata induce, a nivel intestinal, un estado
de tipo inflamatorio que, en su fase post-infecciosa, genera alteraciones
morfofuncionales semejantes a las observadas en el sindrome del intestino irritable;

constituyendo por tanto un modelo valido de esta enfermedad.

La respuesta a la parasitosis se caracteriza por una hiperplasia persistente de la
poblacidon mastocitaria yeyunal. Esta hiperplasia presenta una evolucion temporal
diferenciada segun el fenotipo mastocitario considerado: un incremento en el
numero de mastocitos de mucosa se observa ya en fases tempranas del proceso;
mientras que los mastocitos de tejido conectivo, ausentes en condiciones

fisioldgicas, infiltran las capas musculares con posterioridad.

Durante las fases post-infecciosas, tiene lugar una alteracién de la funcién barrera
caracterizada por cambios en las respuestas secretoras y un aumento de la
permeabilidad transepitelial. Estos cambios coinciden con variaciones en la
expresion génica de proteinas asociadas a las uniones estrechas intercelulares y con

cambios funcionales neuroepiteliales.

Tras la parasitosis, y de forma mas severa durante la fase intestinal del proceso, se
producen alteraciones en la expresién y la funciéon del receptor activado por
proteinasas de tipo 2 (PAR-2). En fases tempranas, la expresion epitelial de PAR-2 se
ve reducida, recuperdndose posteriormente. Estos cambios se correlacionan con la
disminucion de las respuestas secretoras asociadas a la activacion de este receptor.
A pesar de no haberse observado diferencias en la expresion en el plexo mientérico
del PAR-2, en fases tempranas, se observa un incremento de la respuesta motora

relajatoria inducida por la activacion de este receptor.
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El bloqueo farmacolégico con ketotifeno de la degranulacién mastocitaria previene
parcialmente el estado de hipermotilidad intestinal asociado a la parasitosis,
demostrando la implicacién de los mastocitos en la disfuncidon intestinal asociada a
este modelo experimental. Sin embargo, el mismo tratamiento no afectd a las
alteraciones observadas en la funcidn barrera. Por tanto, el reclutamiento y la
activacion mastocitaria podrian no ser un mecanismo indispensable en las

alteraciones post-infecciosas de la barrera epitelial.
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