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ANEXO

Neuroendocrine control of intestinal mucosal mast cells under physiological conditions



INTRODUCCION

Este trabajo de investigacion se centra en el estudio de la regulacion de la actividad de
los mastocitos de la mucosa intestinal y su posible influencia sobre la actividad motora
intestinal en condiciones fisiologicas y de hipersensibilidad alimentaria. Los mastocitos
son células del sistema inmune que se localizan proximas a los nervios entéricos y que
liberan una amplia variedad de mediadores inflamatorios que pueden afectar a la

funcion nerviosa del sistema entérico y a la contractibilidad del mtsculo liso intestinal.

Existen una serie alteraciones intestinales que se engloban bajo el nombre de Sindrome
del Intestino Irritable (IBS), que se caracterizan por hipersensibilidad intestinal
(Naliboff et al., 1997) y cuya causa es todavia desconocida. Se cree que esta
hipersensibilidad del intestino podria estar causada por una deficiente recuperacion de
los mecanismos de control de la funcionalidad intestinal después de un proceso nocivo
para el intestino, ya sea infeccioso, parasitario o toxico. Tampoco se descarta la
participacion de factores genéticos y ambientales. Recientemente, las alergias
alimentarias no diagnosticadas y la intolerancia a algunos componentes de la dieta, entre
otros, se han descrito también como posibles factores con un papel importante en la

aparicion y perpetuacion del IBS (Locke, III et al., 2000; Vermillion et al., 1988).

La somatostatina (SS) es un péptido que puede actuar como hormona o como
neurotransmisor a nivel del sistema nervioso central (SNC) y periférico y a nivel de
otros Organos y sistemas organicos. El principal efecto de la SS, tanto a nivel del
sistema nervioso como del sistema endocrino es inhibitorio de la liberacion de otros
neuropéptidos u hormonas (Foreman & Piotrowski, 1984).

A nivel gastrointestinal, la SS no es Unicamente liberada desde terminales nerviosos
intrinsecos y extrinsecos de las capas submucosa y mucosa (Furness & Costa, 1980),
sino que también es sintetizada en células neuroendocrinas especializadas de la mucosa
intestinal (Payan et al., 1984), las células D. Las células D estan distribuidas a lo largo
de la mucosa gastrointestinal, pero especialmente concentradas a nivel del estomago y
duodeno. Las acciones principales de la SS a este nivel son inhibidoras en la digestion,

destinadas a aumentar el periodo de tiempo durante el que los nutrientes son



susceptibles de ser asimilados, disminucion de la motilidad y de la secrecion y
absorcion intestinales.

Sin embargo, existe cierta controversia respecto al efecto de la SS durante la
inflamacion. Heiman y Crews (Heiman & Crews, 1984) describieron la SS como un
agente pro-inflamatorio que estimulaba la liberacion de mediadores derivados del acido
araquidonico en los mastocitos. Contrariamente, la SS también se ha descrito como
inmunosupresiva y antiinflamatoria (Kataeva et al., 1994). Ademas, la SS y su analogo
el octreotide han sido utilizados en el tratamiento de procesos inflamatorios de origen
inmune en varios sistemas organicos (Sakane & Suzuki, 1998; Venier et al., 1988). Los
resultados de algunos estudios indican que el tratamiento de pacientes de IBS con
acetato de octreotide podria aliviar los signos de aumento de hipersensibilidad visceral
(Plourde et al., 1993). Esta diversidad de efectos podria ser debida a diferentes acciones
de la SS sobre diferentes tipos celulares, o a respuestas distintas a la SS por parte de
diferentes poblaciones mastocitarias. Como consecuencia, la accion de la SS sobre los
mastocitos de la mucosa intestinal (IMMC) podria ser directa, a través de otras células

inmunes también presentes en la mucosa, o a través de neuronas sensibles a la SS.

Este trabajo se centra en estudiar el efecto de la somatostatina sobre la actividad de los
mastocitos de la mucosa intestinal en condiciones normales y durante hiperplasia
mastocitaria. Con esta finalidad hemos utilizado la infestacion con el nematodo
Trichinella spiralis (T. spiralis) como modelo de hiperplasia mastocitaria intestinal.
Este modelo, por sus caracteristicas, podriamos considerarlo un buen modelo de IBS, ya
que se da una agresion intestinal seguida de todo un proceso de regeneracién y una
aparente recuperacion de la normalidad.

Posteriormente se planted la posibilidad de que el efecto observado de la somatostatina
pudiera darse también en individuos con problemas de alergia o intolerancia
alimentarias. Con esta finalidad hemos buscado, entre los diferentes modelos de
sensibilizacion descritos, el que mejor se adapte a la situacion real de sensibilizacion a
componentes de la dieta. Esta busqueda ha resultado una ardua tarea que ha supuesto
emplear todo el resto del tiempo y recursos destinados a esta tesis doctoral en definir un
modelo experimental adecuado. Como consecuencia, el estudio del efecto de la
somatostatina en el modelo de rata con alergia alimentaria queda pendiente para futuros

estudios.



Seguidamente, para poder entender mejor el trabajo, revisaremos algunos de los
conceptos anatomicos y fisioldgicos del intestino. Al mismo tiempo, intentaremos
resumir los conocimientos existentes respecto al efecto de la actividad mastocitaria

sobre el intestino en condiciones normales y de hipersensibilidad.

Estructura del intestino delgado

El intestino delgado es un organo de forma tubular que va desde la parte distal del
piloro hasta la valvula ileo-cecal. A pesar de su estructura continua, normalmente se
divide anatémicamente en tres partes de oral a aboral: duodeno, yeyuno e ileon.
Respecto a su estructura, posee cuatro capas: la mucosa, la mas externa y en contacto
con el medio externo, donde ademés de las células epiteliales y enteroendocrinas
destaca la lamina propia con gran variedad celular y que tiene funciones defensivas,
estructurales y de comunicacion; la submucosa, donde encontramos gran cantidad de
fibras nerviosas, vasos sanguineos y linfocitos; la muscular, formada por células
musculares lisas distribuidas estructuralmente en dos capas: la circular, mas externa, y
la longitudinal, mas interna y en contacto con la ultima capa del intestino; la serosa,

formada basicamente por células epiteliales planas y tejido conjuntivo.

Regulacion de la funcion intestinal

El intestino es una estructura altamente inervada. En concreto posee dos plexos
ganglionares, uno situado en la submucosa y conocido como el plexo de Meissner o
submucoso; y el otro entre las dos capas musculares lisas, llamado plexo de Auerbach o
mientérico. Estos plexos distribuyen sus fibras por toda la pared intestinal, donde se
localizan una gran cantidad de neuronas y fibras nerviosas que proceden tanto de la
inervacion intrinseca propia del intestino, como de las fibras que proceden del sistema
nervioso auténomo.

El control nervioso del intestino por lo tanto, tiene dos componentes: el intrinseco,
conocido como sistema nervioso entérico (SNE), y el extrinseco, que inerva el intestino
a través del nervio vago y de los nervios simpdticos. Asi pues, aunque muchas
funciones intestinales, como el reflejo peristaltico o el crecimiento y multiplicacion de

las células de la mucosa estan directamente controladas por el SNE, las influencias



extrinsecas sobre el intestino son continuas y fundamentales para el buen
funcionamiento de este 6rgano.

La inervacion extrinseca regula la actividad motora intestinal mediante fibras eferentes
motoras y también comunica el intestino con el SNC a través de fibras aferentes
sensitivas, siendo por tanto las principales responsables de dar sensibilidad al tracto
intestinal. Aunque actiia de forma auténoma, este circuito nervioso también recibe
influencia de vias nerviosas procedentes del SNC, y de hormonas, formando todos ellos

conjuntamente un sistema integrado de regulacion funcional.

Las fibras sensitivas aferentes se distribuyen abundantemente por todo el recorrido
intestinal y proyectan terminaciones a todas las capas de la pared intestinal (Berthoud et
al., 1995). Estas terminaciones pueden responder a estimulos quimicos, mecanicos u
hormonales y, aunque envian la informacion al SNC, se ha visto que tanto las aferentes
sensitivas asociadas al sistema nervioso simpatico como las vagales, pueden activar de
forma refleja las vias eferentes motoras. Un buen ejemplo de eso serian la mayor parte
de acciones motoras intestinales de la colecistoquinina (CCK) que son mediadas a
través de aferentes vagales que hacen reflejo en eferentes motoras. Es por esto, tal como
veremos mas adelante, que en nuestros estudios hemos utilizado la respuesta motora a la
administracion de CCK exdgena como parametro para evaluar el estado de estos

circuitos durante la sensibilizacion.

Se ha visto que las vias vagales aferentes presentan una gran cantidad de receptores en
su membrana, lo que las hace susceptibles de recibir la influencia de un gran niimero de
moléculas activas con origenes y efectos diversos. Ademas, muchas de estas moléculas
pueden llegar a ser activadoras de estas vias y actuar como moduladoras de su
sensibilidad. Al mismo tiempo, algunas de estas moléculas, como la serotonina, la
histamina, la bradiquinina o las prostaglandinas, también pueden tener un papel muy
importante en el desarrollo y regulacion de los procesos inmunes e inflamatorios.

Algunas de estas moléculas con capacidad para alterar la sensibilidad de las vias
aferentes vagales pueden proceder de células del sistema inmune-inflamatorio como los
mastocitos, hecho que nos podria indicar la relacion existente entre los procesos
inflamatorios, la hipersensibilidad y la alteracion motora del intestino descrita en los

procesos de IBS.



Los neurotransmisores liberados en los terminales nerviosos entéricos pueden ser
excitadores como la acetilcolina (ACh), la serotonina (5-HT) y la neuroquinina, o
inhibidores como el 6xido nitrico (NO). Algunos de ellos pueden ser de naturaleza
peptidica, como la somatostatina, la sustancia P, el neuropéptido Y, el polipéptido
intestinal vasoactivo (VIP), el calcitonin gene-related peptide (CGRP) y la
colecistoquinina (CCK).

E1 NO, que forma parte de la neurotransmision inhibitoria no adrenérgica no colinérgica
del intestino, puede también actuar como neuromodulador, ya que provoca inhibicidon de
la liberacion de otros neurotransmisores dentro del mismo terminal nervioso o actuando
como un neurotransmisor sobre neuronas entéricas o células musculares lisas del tracto
gastrointestinal. Asi, por ejemplo, el NO inhibe la liberacion de serotonina por parte de
células enterocromafines mediante la liberacion de neurotransmisores entéricos como la
ACh y la sustancia P (Ginap & Kilbinger, 1998). EI NO también puede actuar como un
segundo mensajero dentro de las células musculares o las células intersticiales de Cajal
(ICCs). El VIP y el ATP forman también parte de la neurotransmision inhibitoria no
adrenérgica no colinérgica intestinal. Debido a la relajacion que provoca el NO sobre el
musculo liso intestinal y tal como veremos mas adelante, en nuestros estudios hemos
utilizado la respuesta motora a la administracion de Ng-nitro-L-arginine (L-NNA) como
parametro para evaluar el estado del tono inhibitorio y excitatorio durante la

sensibilizacion.

Los mastocitos pueden activarse tanto por mecanismos inmunoldgicos, como por
estimulos no inmunologicos, como por ejemplo, neurotransmisores liberados en los
terminales nerviosos del tracto gastrointestinal. Ademéas se ha visto que las diferentes
poblaciones mastocitarias responden de forma diferente a los neurotransmisores
(Shanahan et al., 1985). Asi, por ejemplo, la sustancia P induce secrecion de iones,
frecuente en procesos patologicos del intestino (Raithel et al., 1999), actuando
directamente sobre c€lulas epiteliales, o indirectamente a través de nervios o mastocitos.
Pero la relacion entre mastocitos y nervios en la regulacion del transporte epitelial de
iones es bidireccional. Por consiguiente, los mediadores mastocitarios pueden actuar
sobre los terminales nerviosos estimulando la liberacién de neurotransmisores que
pueden conducir a la activacion directa (sustancia P, VIP, ACh, 5-HT) de células
epiteliales o activacion indirecta (sustancia P, ACh, neurotensina) a través de mastocitos

de mucosa para inducir secrecion intestinal de iones (Yu & Perdue, 2001).



Motilidad intestinal

Podriamos definir la motilidad intestinal como el conjunto de contracciones coordinadas
de las capas musculares del intestino que permite al intestino llevar a cabo la digestion
de los alimentos, la asimilacion de los nutrientes y la eliminacion de los residuos no
digeridos. Toda esta complejidad motora estd coordinada por las propiedades intrinsecas
de la célula muscular lisa del intestino, por la actividad eléctrica biogénica de las ICCs,
por el SNE, por influencias nerviosas extrinsecas y por acciones hormonales e
inmunitarias (Granger & Kvietys, 1985).

En la rata, como en los humanos, los patrones de motilidad intestinal se pueden dividir
en interdigestivos y digestivos. En los periodos interdigestivos o de ayuno, se da un
patrén de motilidad ciclico conocido como complejo motor migratorio, que en el caso
de la rata se repite cada 15-20 minutos (Ruckebusch, 1977) y que tiene como funciones
el mantenimiento del tono motor intestinal y empujar los restos de contenido intestinal
caudalmente para vaciar el intestino delgado de contenido y evitar asi posibles
proliferaciones bacterianas perjudiciales (Code & Pickard, 1973).

La ingestion de alimentos desorganiza este patron de ayuno interrumpiendo los
complejos motores migratorios, y dando lugar a un patrén nuevo caracterizado por
contracciones fésicas irregulares e intermitentes. Estas contracciones se pueden
clasificar en contracciones de segmentacion y peristalticas. Las dos tienen como
finalidad el desplazamiento aboral del bolo alimenticio y su mezcla, para una mejor

digestion y absorcion de los nutrientes.

Todo lo que hemos explicado hasta ahora referente a la motilidad intestinal se da en
condiciones fisioldgicas y en animales conscientes. Por otro lado, el modelo aplicado en
nuestros estudios es uno de los mas utilizados en estudios de motilidad intestinal y se
lleva a cabo en rata anestesiada a la que se le ha practicado una laparotomia. Esto
provoca que se den ciertas alteraciones de estos patrones fisiologicos de motilidad.

Ya en el ano 1900, Bayliss y Starling (Bayliss & Starling, 1900) describieron los efectos
inhibitorios de la laparotomia sobre la actividad motora del intestino. Se ha visto que
este efecto es debido tanto a la incision de las capas musculares abdominales y del

peritoneo como al contacto de los intestinos con el aire, y que en los dos casos se



inhiben los complejos motores migratorios, que hasta pueden tardar siete horas en

reaparecer.

En lo que respecta a la anestesia, los efectos sobre la motilidad intestinal dependeran
obviamente del protocolo anestésico utilizado en cada caso. En el nuestro, hemos
utilizado tiopental sodico, que se ha visto que reduce en un 20 % la velocidad de
propagacion de los complejos motores migratorios (Bueno et al., 1978). Debido a todo
esto y a la duracién de nuestros protocolos experimentales, en nuestro modelo la
actividad motora no se presenta en forma de los patrones de motilidad intestinal
descritos. Por lo tanto, uno de los primeros pasos del estudio ha sido caracterizar la
actividad espontanea intestinal presente y analizar las posibles alteraciones causadas por
la sensibilizaciéon. A pesar de todo, hay que destacar que muchos estudios han
demostrado la integridad tanto de los circuitos de control motor del intestino como de su

reflejo mas caracteristico, el peristaltico.

El reflejo peristaltico, estudiado por primera vez en el afio 1900 (Bayliss & Starling,
1900), es el conjunto de movimientos coordinados de las capas musculares del intestino
que tiene como finalidad propulsar el contenido luminal en sentido aboral. A pesar de su
complejidad, se ha visto que estd totalmente controlado y regulado por el SNE,
manteniéndose intacto en segmentos aislados de intestino.

Este reflejo se puede desencadenar tanto por la distension del intestino, que activa
mecanorreceptores localizados en las capas musculares, como por la estimulacion
directa de la mucosa por parte del contenido luminal. En este sentido hay que decir que
en el caso del intestino delgado, la estimulacion de la mucosa es el factor mas relevante
a la hora de desencadenar este reflejo (Grider & Jin, 1994). El resultado global de este
reflejo es la contraccion de la capa muscular circular en sentido oral al punto de
estimulacion y la relajacion de la capa muscular longitudinal en el mismo segmento
estimulado. Contrariamente, en el segmento intestinal en sentido aboral al punto de
estimulacion se contrae la musculatura longitudinal y se relaja la circular.

Todos estos fendmenos de contraccion y relajacion coordinados se dan por la
estimulacion de diferentes tipos de poblaciones neuronales a la vez. Se produce una
activacion de motoneuronas excitatorias liberadoras de acetilcolina y sustancia P que

causan la contraccion circular oral y la contraccién longitudinal aboral al punto de



estimulacidon; mientras que simultaneamente, también se activan neuronas inhibitorias
nitrérgicas responsables de la relajacion coordinada de las dos capas musculares.

En este trabajo, y como veremos detalladamente mas adelante, hemos utilizado la
estimulacion eléctrica intraluminal para desencadenar este reflejo, analizar la
contraccion ascendente de la capa muscular circular y evaluar asi el estado de los

reflejos controlados por la inervacion intrinseca.

Los movimientos ritmicos gastrointestinales dependen, en parte, de la frecuencia de la
actividad eléctrica de ondas lentas. Las ondas lentas son oscilaciones del potencial de
membrana del musculo liso que regulan la aparicion de los potenciales de accion, que a
su vez inducen la contraccion muscular. Es decir, las ondas lentas permiten la
organizacion en el espacio y en el tiempo de las contracciones del tracto digestivo
(Granger et al., 1985). La frecuencia y la propagacion de las ondas lentas dependen de
las ICCs en asociacion con el plexo de Auerbach (Huizinga et al., 1997; Liu et al.,
1994).

La respuesta inmune

Histéricamente, la inmunidad se definié como la capacidad de resistencia del organismo
frente a microorganismos y toxinas que lesionan los tejidos y 6rganos. Recientemente,
la inmunidad se ha definido como la reaccion del organismo a sustancias extraias,
incluyendo microorganismos y macromoléculas de naturaleza diversa (proteinas,
polisacaridos), sin consecuencias fisiologicas o patologicas. Las células y las moléculas
responsables de la inmunidad constituyen el sistema inmune, y su respuesta coordinada
y colectiva a la entrada de sustancias extrafias es la respuesta inmune. En determinadas
circunstancias, estos mecanismos que normalmente protegen al individuo frente a
infecciones y que elimina sustancias extrafias, es capaz de inducir lesion tisular y

enfermedad.

La inmunidad puede ser innata, caracterizada por mecanismos generales, no especificos
frente a sustancias concretas, y constituida por: barreras fisicas y quimicas (epitelios,
sustancias producidas por los epitelios), proteinas circulantes (sistema de complemento,

otros mediadores), células fagociticas (neutrofilos, macrofagos) y otros leucocitos



(células natural killer). La patogenicidad de los microorganismos depende en parte de
su habilidad para superar los mecanismos de inmunidad innata.

Pero existen otros mecanismos de defensa que son estimulados por la exposicion a un
agente especifico, y que aumentan en magnitud y en capacidad defensiva con cada
exposicion sucesiva al mismo. Se trata de la inmunidad adquirida o especifica, en la que
participan anticuerpos (moléculas responsables del reconocimiento especifico del
antigeno) y linfocitos. Las sustancias extrafias que inducen respuestas inmunes

especificas, o son el objetivo de dichas respuestas se denominan antigenos.

La respuesta inmune especifica normalmente se estimula cuando un individuo es
expuesto a un antigeno extrafio. La forma de inmunidad inducida por este proceso de
inmunizacion recibe el nombre de inmunidad activa porque el individuo inmunizado
juega un papel activo en la respuesta al antigeno. Se puede transferir la inmunidad
especifica a un individuo no inmunizado transfiriendo células o suero de un individuo
especificamente inmunizado. El individuo receptor se vuelve inmune al antigeno en
cuestion sin haber estado expuesto ni haber respondido nunca frente al antigeno. Este
tipo de inmunidad recibe el nombre de inmunidad pasiva. La inmunidad se mide
determinando si el individuo previamente expuesto a un antigeno manifiesta una
reaccion detectable cuando se vuelve a exponer al antigeno (challenge). La presencia de
respuesta es una indicacion de “sensibilidad” al challenge. Los individuos que han sido
previamente expuestos a un antigeno reciben el nombre de “sensibilizados”. Las
enfermedades que son consecuencia de reacciones inmunes anormales o excesivas se

denominan enfermedades de hipersensibilidad.

La respuesta inmune especifica puede ser de dos tipos, humoral (mediada por
anticuerpos) y mediada por células o celular (mediada por linfocitos T). La respuesta
inmune especifica se caracteriza por:

* Especificidad: la respuesta inmune especifica, como su nombre indica, es especifica
frente a antigenos distintos, e incluso frente a porciones especificas de un mismo
antigeno, denominadas epitopos, ya que los linfocitos B y T expresan receptores
especificos en su superficie.

* Diversidad: el sistema inmune de los mamiferos puede discriminar como minimo

entre 10° epitopos distintos.



* Memoria: la exposiciéon previa del sistema inmune a un antigeno aumenta su
capacidad para volver a responder frente al mismo antigeno debido a un fendémeno
denominado memoria inmunoldgica. El antigeno estimula la proliferacion de
linfocitos especificos y la produccion de células de memoria especificas que persisten
durante largos periodos de tiempo y que son mas eficientes en la eliminacion del
antigeno que los linfocitos estimulados en la respuesta primaria.

* Especializacion: el sistema inmune responde de forma distinta a los diferentes
antigenos.

* Autolimitacion: las respuestas inmunes normales disminuyen a lo largo del tiempo
tras la estimulacion por el antigeno, ya que con la progresiéon de la respuesta se
elimina el antigeno y por consiguiente el estimulo que activa los linfocitos.

* Discriminacion entre propio y extrafio: el sistema inmune individual normal es capaz
de reconocer, responder y eliminar los antigenos extrafios, mientras permanece
inactivo frente a sustancias propias con caracteristicas antigénicas. Esta no respuesta
inmunolégica recibe el nombre de tolerancia, y se mantiene parcialmente por la
eliminacion de los linfocitos que expresan receptores especificos frente a antigenos
propios, y parcialmente por la inactivacion funcional de los linfocitos auto-reactivos
después de encontrarse con el antigeno propio. Anormalidades en la induccion o el
mantenimiento de la tolerancia dan lugar a respuestas inmunes frente a antigenos

propios, originando enfermedades autoinmunes.

En la respuesta inmune especifica se diferencian las siguientes fases:

* Reconocimiento: consiste en la unioén del antigeno extrafio a receptores especificos de
los linfocitos maduros, que existen previamente a la exposicion al antigeno. Los
linfocitos B expresan en su superficie moléculas que se unen a antigenos de naturaleza
diversa (proteinas, polisacaridos, etc.), mientras que los receptores que expresan los
linfocitos T sélo reconocen antigenos peptidicos.

* Activacion: es la secuencia de acontecimientos inducida en los linfocitos como
consecuencia del reconocimiento especifico del antigeno. Los linfocitos antigeno
especificos proliferan, amplificando la respuesta protectora. Los linfocitos generados
se diferencian en células efectoras (destinadas a la eliminacion del antigeno) o en
células de memoria (preparadas para responder a la re-exposicion al antigeno). Los
diferentes tipos de linfocito se diferencian en células efectoras distintas. Los linfocitos

B se diferencian en células secretoras de anticuerpos especificos que reconocen el
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antigeno e inician los mecanismos de eliminacién. Los linfocitos T se diferencian en
células que activan los fagocitos que eliminan los microorganismos intracelulares, o
en linfocitos que lisan directamente las células que estin produciendo antigenos
extrafos como proteinas viricas. La activacion de los linfocitos requiere dos tipos de
sefiales, una es la proporcionada por el antigeno, y la otra procede de otras células,
que pueden ser linfocitos T colaboradores (helper) o células accesorias.

* Efectora: los linfocitos activados (células efectoras) desarrollan las funciones
destinadas a la eliminacion del antigeno. Estas funciones suelen requerir la
participacion de células no linfoides y mecanismos de defensa que son también
mediadores de la inmunidad innata. Por ejemplo: los anticuerpos unidos al antigeno
aumentan la fagocitosis por parte de macrofagos y neutréfilos, y activa el sistema de
complemento; los linfocitos T activados secretan citoquinas que aumentan las

funciones de los fagocitos y estimulan respuestas inflamatorias.

Varios factores influyen en el tipo de anticuerpos producidos:

* Tipos de citoquinas producidas por los linfocitos T activados: los linfocitos Thl
producen IFN-y, que inhibe la sintesis de IgEs dependiente de IL-4 en las células B,
promueve la fijacion del complemento y la fagocitosis por los macrofagos; por lo
tanto son importantes para la eliminacién de microorganismos intracelulares. Los
linfocitos Th2 producen IL-4, que promueve la sintesis de IgEs, IL-5, responsable de
la activacion de eosinofilos, e IL-10 e IL-13, que inhiben la activacion de macréfagos;
es decir, los linfocitos Th2 son importantes en la respuesta mediada por IgEs y
eosinodfilos y suprimen la inmunidad mediada por células y la hipersensibilidad de tipo
retardada.

* Lugar de exposicion al antigeno: los antigenos que alcanzan la circulacion general y
los o6rganos periféricos inducen la produccion de anticuerpos de multiples isotipos.
Los antigenos inhalados o administrados via oral tienden a estimular la produccion de
IgA.

* Naturaleza del estimulo antigénico: la administracion de dosis altas de antigeno via
sistémica y sin adyuvantes suele inhibir la produccion de anticuerpos, induciendo

tolerancia, o no respuesta, de los linfocitos B y linfocitos T.
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Estructura y funcion de la mucosa intestinal

La mucosa intestinal debe considerarse como un 6rgano sensitivo y de barrera que esta
en contacto inmediato con el contenido intestinal (medio externo), facilitando la
absorcion de nutrientes, al tiempo que protege frente la intrusion de agentes nocivos,
como toxinas y bacterias que entran en el tracto digestivo con la dieta, o que son
producidos por las bacterias que colonizan el intestino o que degradan los alimentos.

Tras el nacimiento, la funcién de barrera del epitelio intestinal estd todavia en
desarrollo. El desarrollo postnatal de la homeostasis inmunitaria en la mucosa depende
del establecimiento de una flora comensal normal y de la introduccion de los antigenos
de la dieta en las dosis y en los momentos oportunos. En general, el sistema inmune
intestinal estd normalmente preparado para la induccion de tolerancia frente a antigenos
inocuos. Ya en el afio 1963, Abrams (Abrams et al., 1963) defini6 la actividad
inmunitaria en ausencia de enfermedad como “inflamacion fisioldgica” del intestino.
Hoy en dia se desconoce todavia como el sistema inmune es capaz de reaccionar frente
a un agente patdgeno o sustancia nociva y permanecer inactivo frente a la flora normal y

los antigenos inocuos de la dieta.

La mucosa intestinal es continuamente bombardeada por gran variedad de
microorganismos y antigenos proteicos. Para hacer frente a estos agentes el sistema
inmune mucoso ha generado dos tipos de respuesta adaptativa:

- exclusion del agente mediante secrecion de inmunoglobulinas (A y M sobre todo):
modulan e inhiben la colonizacion bacteriana, impidiendo la entrada de agentes
luminales solubles.

- mecanismos de supresion para evitar una reaccion exagerada (hipersensibilidad) local
y periférica contra sustancias inocuas que bombardean la superficie de la mucosa: recibe

el nombre de tolerancia oral (Brandtzaeg, 1996).

La mucosa intestinal contiene tres tipos celulares con funcién de deteccidon: neuronas,
células endocrinas y células del sistema inmune (mastocitos, linfocitos, granulocitos,
etc.) (Furness et al., 1999).

Estos tres sistemas de deteccion estdn mucho mas desarrollados en el intestino que en
cualquier otro 6rgano. El SNE contiene alrededor de 10® neuronas, el sistema endocrino

gastrointestinal utiliza mas de 20 hormonas identificadas, y el sistema inmune intestinal
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contiene el 70-80% del total de células inmunitarias del organismo. Evidentemente, el
tracto gastrointestinal responde de forma integrada a los cambios en su contenido
luminal. Por lo tanto, es esencial la existencia de un completo entendimiento entre las
funciones sensitivas del intestino, el procesamiento y respuesta a la informacion, y la

interaccion entre las sefiales nerviosas, hormonales e inmunitarias.

Las neuronas que detectan el estado de los tejidos son neuronas aferentes primarias. Se
denominan primarias porque son las primeras neuronas de las vias reflejas, y aferentes
porque van hacia centros de control reflejos. Hay tres tipos de neuronas aferentes
primarias asociadas al intestino (Furness et al., 1998):
* Intrinsecas (IPANs): también llamadas neuronas sensitivas intrinsecas, que
contienen los cuerpos celulares y conexiones en la pared intestinal.
* Extrinsecas: con los cuerpos celulares en los ganglios espinales vagales y en
los ganglios de la raiz espinal dorsal.
* Intestinofugales: con cuerpos celulares en el intestino y proyecciones hacia

neuronas que estan fuera de la pared intestinal.

Cientos de miles de células endocrinas estan dispersas entre las células epiteliales del
intestino y reaccionan a los cambios en el contenido luminal liberando hormonas, que
en general se dirigen a otras zonas del sistema digestivo (Miller et al., 1978). Por
ejemplo, la CCK es liberada desde el duodeno en respuesta a una comida; las
principales sefiales quimicas para esta liberacion son los productos de digestion de las
grasas y las proteinas. La CCK actua sobre el pancreas, estimulando la liberacion de
enzimas digestivos y sobre la vesicula biliar, induciendo la liberacion de sales biliares al

duodeno.

Los tejidos diana de las hormonas intestinales también son las neuronas. Ejemplos: la
CCK estimula los terminales nerviosos aferentes vagales, resultando en un reflejo de
inhibicion del vaciamiento gastrico y la saciedad (Miller et al., 1978), y en la
interrupcion de los complejos motores migratorios (Rodriguez-Membrilla et al., 1995);
las neuronas aferentes vagales también son estimuladas por la serotonina (5-HT); la
motilina activa el SNE dando lugar a los complejos motores migratorios. Y a la inversa,

muchos tipos de células endocrinas estan sometidos a control nervioso. Por ejemplo, la
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liberacion de gastrina esta inducida por la actividad vagal y vias nerviosas intrinsecas, y

la estimulacion vagal también induce liberacion de 5-HT.

Para defender la membrana epitelial, el intestino delgado y el grueso han desarrollado
una serie de especializaciones llamadas colectivamente GALT (tejido linfoide asociado
al sistema gastrointestinal). Dentro de la pared, el GALT incluye células M, linfocitos y
células inmunitarias asociadas, como macréfagos, eosinofilos, mastocitos y neutrdfilos
(Blumberg et al., 1995). Los linfocitos se organizan en agregados: las placas de Peyer
en el intestino delgado, ganglios linfaticos mesentéricos, ganglios linfaticos aislados y
c¢lulas inmunitarias aisladas, que constituyen los elementos linfoides no organizados de
la mucosa e incluyen los linfocitos intraepiteliales y los linfocitos de la lamina propia.

Los antigenos son captados por células M, que son enterocitos modificados. El antigeno
transportado a través del epitelio por la célula M, es procesado por macrofagos y células
dendriticas y después presentado a los linfocitos T locales, que estimulan a su vez a
linfocitos B locales. Los linfocitos B migran y proliferan en la ldmina propia de la
mucosa y producen anticuerpos, IgA sobre todo. Cierta proporcion de linfocitos migran
hacia las placas de Peyer y hacia los ganglios linfaticos mesentéricos, desde donde
pasan a la circulacion y a localizarse en el MALT (tejido linfoide no intestinal asociado
a la mucosa) y en el GALT, utilizando receptores especificos y vénulas postcapilares
para guiar su localizacioén (Collins, 1996). El MALT y el GALT se caracterizan por el
predominio de produccion local de IgA y por la localizacion de sefiales a través de las
cuales linfocitos activados derivados de una superficie mucosa pueden recircular y
localizarse selectivamente en la misma o en otras superficies mucosas (Kantele et al.,
1999). La conexion entre las diferentes superficies mucosas permite que la inmunidad
que se inicia en un 6rgano proteja otras superficies mucosas. Este proceso se cree que es

importante en la generacion de tolerancia oral (Strobel & Mowat, 1998).

Durante mucho tiempo, cuando se estudiaban los fendmenos inmunoldgicos del
organismo, se enfocaban los estudios tomando el sistema inmune como el elemento
activo y los sistemas y tejidos del organismo no propiamente inmunitarios como el
elemento pasivo que s6lo actuaba o se alteraba en funcion de los efectos del primero.
Mas adelante se ha visto que éstos ultimos podrian tener un papel activo dentro de la
respuesta inmunitaria llegando a ser fundamentales. Asi pues, hay que entender la

respuesta inmune como un conjunto de interacciones bidireccionales entre los elementos
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inmunitarios propiamente dichos y el resto de tejidos y sistemas en los cuales se esta
dando.

Uno de los sistemas que tiene mas influencias sobre el sistema inmune es el sistema
nervioso. Un buen ejemplo de esto podrian ser las alteraciones que sobre las respuestas
inmunes producen los estados de estrés o el gran nimero de estudios que evidencian un
agravamiento de los procesos inflamatorios como consecuencia de la pérdida de la
inervacion sensitiva. Por todas estas razones se puede hablar de neuroinmunologia al

hacer referencia al 4rea que estudia las interrelaciones entre estos dos sistemas basicos.

En referencia al ambito de este trabajo, es decir el intestino, existen muchos estudios
que han demostrado las interrelaciones entre los dos sistemas. Anatdmicamente se ha
descrito una intima relacion entre las terminaciones nerviosas intestinales y diferentes
tipos celulares inflamatorio-inmunitarios (Stead, 1992a), entre ellos los mastocitos,
hecho que todavia se observa de forma mas evidente en los pacientes afectados por
enfermedad inflamatoria intestinal (Barbara et al., 2000). Los productos de las células
inmunitarias e inflamatorias sensibilizan los terminales nerviosos aferentes,
despolarizan las neuronas entéricas, y estimulan el musculo liso y las células epiteliales
de la mucosa; los neurotransmisores afectan a las células inmunitarias, al diametro de
las arteriolas, a la permeabilidad vascular, y al transporte de fluido epitelial; y los
productos de las células endocrinas afectan a los terminales nerviosos y a las células

inmunitarias (Bueno et al., 1997; Castro & Arntzen, 1993; Collins, 1996; Cooke, 1994).

Los mastocitos

Los mastocitos son una poblacion de células heterogénea que derivan de células
precursoras de la médula 6sea y migran a tejidos periféricos como células inmaduras,
diferenciandose in situ. Historicamente se clasificaron segun diferencias fenotipicas,
basicamente propiedades de tincion (Enerback, 1966a; Enerback, 1966b). Pero ademas
de las diferencias morfoldgicas e histoquimicas, también se diferencian en su desarrollo,
perfiles de activacion y bioquimica, en su contenido en mediadores y en sus respuestas a
secretagogos mastocitarios y a agentes estabilizadores (Lorentz et al., 2000; Metcalfe et
al., 1997; Pearce et al., 1982b; Pearce et al., 1982a; Shanahan et al., 1985; Theoharides
etal., 1982).
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Los mastocitos actian como células proinflamatorias en procesos patoldgicos como la
alergia, la inflamacidn cronica, las parasitosis por helmintos y los tumores, pero también
tienen funciones fisiologicas multiples, como la cicatrizacion de heridas (Artuc et al.,
1999; Iba et al., 2003), y la regulaciéon de la respuesta inmune del organismo,
especialmente frente a parasitos y bacterias (Malaviya et al., 1996). Los mastocitos, tras
la activacion inducida por mecanismos dependientes o independientes de IgEs, liberan
gran cantidad de mediadores proinflamatorios, inmunoreguladores y reguladores del

tejido.

Las células precursoras de los mastocitos llegan a través de la circulacion hasta los
tejidos periféricos, donde maduran. La localizacion final de los mastocitos depende de
receptores especificos, como por ejemplo la integrina B-7, que es critica para la
localizacion de las células precursoras de mastocitos en el intestino delgado (Gurish et
al., 2001). La presencia, in situ, de los mastocitos maduros requiere que la via SCF/c-kit
esté intacta.

Los mastocitos maduros son abundantes en los tejidos mucosos (principalmente cerca
de vasos sanguineos y nervios) que estan en contacto con el medio externo, como el
tracto respiratorio, el tracto intestinal y la piel (Schwartz, 1994). También se localizan
en organos linfoides. Mas del 40% del volumen total del mastocito estd ocupado por las
membranas de los granulos de secrecion. Los granulos de los mastocitos se originan en
el aparato de Golgi, que es responsable de la sintesis y organizacion de los mediadores

preformados (Caulfield et al., 1980).

En los roedores los mastocitos maduros son de dos tipos:

- Mastocitos de mucosa (MMC) (intestino, bronquios, timo, higado y submucosa
gastrica): contienen sulfato de condroitina como proteoglicano en los granulos
citoplasmaticos. Son dependientes de citoquinas producidas por linfocitos T.

- Mastocitos de tejido conjuntivo (CTMC) (piel, pulmoén y superficies serosas):
contienen heparina como proteoglicano. Estan implicados en la respuesta
inmune innata a las bacterias.

Los CTMC y los MMC son histoquimica, ultraestructural y funcionalmente distintos.
Los mecanismos reguladores de la liberacion de histamina también son diferentes,

mientras que la regulaciéon de TNF-a es similar.

16



En los roedores, a diferencia de los CTMC, que poseen numerosos granulos ricos en
histamina y serotonina, los mastocitos de mucosa intestinal (IMMC) tienen poco
contenido en histamina y serotonina (Heavey et al., 1988). Ambos tipos son ricos en
proteasas granulares de secrecion, que difieren segun el tipo de mastocito (Crowe &
Perdue, 1992b; Friend et al., 1996; Gurish & Austen, 2001). En la rata, los IMMC
expresan selectivamente RMCP 1I (del inglés Rat Mast Cell Protease I1), y los CTMC
expresan RMCP I (Befus et al., 1995; Lutzelschwab et al., 1997). Estas proteasas han
sido utilizadas ampliamente como marcadores especificos de la activacion de las dos
poblaciones mastocitarias (Miller et al., 1983).

Los mastocitos de mucosa y de tejido conjuntivo proliferan en respuesta a diferentes
estimulos (Enerback & Lowhagen, 1979; Enerback et al., 1981; Marshall et al., 1987a).
El tipo de mastocito no estd necesariamente predeterminado, pero si fuertemente

influenciado por el microambiente (Kobayashi et al., 1986; Otsu et al., 1987).

La activacion de los mastocitos da lugar a 2 tipos de respuesta:
- Secrecion del contenido pre-formado de los granulos por exocitosis:

* aminas bidgenas: histamina, serotonina (5-HT).

* proteoglicanos: heparina, sulfato de condroitina.

* proteasas

* TNF-a

- Sintesis de nuevos precursores:

* Sintesis enzimatica de mediadores lipidicos a partir de precursores
almacenados en las membranas celulares, y en algunos casos en los cuerpos
lipidicos. Son: prostaglandinas, leucotrienos, factor de agregacion plaquetaria.

* Inicio de la transcripcion, translacion y secrecion de citoquinas. Son: TNF-a,
IL-1, IL-3, IL-4, IL-5, IL-6, IL-8, IL-16, GM-CSF, MCP-1, IFN-y.

Algunos mediadores mastocitarios de nueva sintesis son factores quimiotacticos, de
crecimiento y reguladores, que reclutan y activan otras células pro-inflamatorias como
linfocitos, neutrofilos y eosinofilos. Algunas de estas células participan en el
mantenimiento de la permeabilidad intestinal aumentada, caracteristica de patologias
como la alergia alimentaria y la enfermedad inflamatoria intestinal (Wershil et al.,

1996).
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Activacion mastocitaria independiente de IgEs

Como ya hemos mencionado anteriormente, los mastocitos pueden ser activados via
IgEs o independientemente de IgEs. La respuesta a estimulacion independiente esta
condicionada por el fenotipo del mastocito. La activacion de mastocitos independiente
de IgEs no requiere la presencia de calcio externo, y se completa en menos de 1 minuto.
Son secretagogos independientes el compuesto 48/80 y la sustancia P. El compuesto
48/80 es considerado un degranulador de mastocitos de tejido conjuntivo. El
bromolasalocid es un secretagogo que actua tanto sobre mastocitos de tejido conjuntivo
como de mucosa. También los mediadores inflamatorios liberados por eosinodfilos

pueden estimular los mastocitos sin mediacion de IgEs.

Durante el destete hay niveles altos de RMCP II en el suero y aumento en el nimero de
IMMC, sugiriendo un papel de estas células durante esta fase del desarrollo intestinal.
La morfologia de los IMMC durante este periodo sugiere que estan activados (Cummins
et al., 1988). Tras el destete, los niveles séricos de RMCP II y el nimero de IMMC
vuelven a la normalidad. La activacion de los IMMC durante este periodo del desarrollo

no es neurogénica.

El SCF (del inglés stem cell factor) regula el desarrollo de los mastocitos humanos a
partir de las células precursoras (Galli et al., 1993), pero también regula las funciones
de los mastocitos humanos maduros. Ademas, también aumenta la liberacion de
histamina y la produccion de leucotrienos. A nivel gastrointestinal el SCF promueve la
supervivencia y proliferacion de los mastocitos (Bischoff et al., 1996a).

En los roedores, la IL-3 es el principal factor estimulador del desarrollo y regulador de

la funcidon mastocitaria.

El NO también regula la degranulacion de mastocitos (likura et al., 1998).

Los mastocitos poseen receptores para el NGF (del inglés nerve growth factor),
necesario para el crecimiento de las neuritas y para el mantenimiento de los nervios
periféricos. La concentracion de esta molécula estd aumentada en humanos con
enfermedad alérgica (Bonini et al., 1996), provocando un aumento en el nimero de

mastocitos y estimulando la liberacion de histamina (Marshall et al., 1999; Nilsson et
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al., 1997). De forma similar, el NGF produce proliferacion de mastocitos cuando se

inyecta a ratas (Bienenstock et al., 1987).

Activacion mastocitaria mediada por IgEs: reaccion alérgica

Uno de los mecanismos efectores mas poderosos del sistema inmune es la reaccion de
hipersensibilidad inmediata, iniciada por la estimulacion, dependiente de IgEs, de los
mastocitos titulares y basofilos circulantes. La secuencia de acontecimientos que tiene
lugar en la reaccidon de hipersensibilidad inmediata esta resumida en la figura 1. El
contacto inicial con un antigeno extraio conduce a la sintesis de IgEs especificas en las
células B. Las IgEs secretadas se unen a receptores Fc€RI de alta afinidad que se hallan
en la superficie celular de mastocitos y baséfilos. Una nueva exposicion al antigeno, que
se une cruzadamente a las moléculas de IgE especificas ancladas a la membrana celular
de mastocitos y basofilos, da lugar a la activacion de estas células, la exocitosis de los
granulos y a la sintesis de nuevos mediadores. La duracion de la activacion y los
mediadores liberados en la degranulacion mastocitaria estd determinada por el balance
entre estimulos de activacion y sefiales inhibitorias. Los mediadores liberados son
responsables de las manifestaciones clinicas y patoldgicas de la reaccion de
hipersensibilidad, ya que provocan aumento de la permeabilidad vascular,
vasodilatacion, contraccion del musculo liso visceral y bronquial e inflamacion local.
Esta activacion mediada por IgEs, que se inicia a los pocos minutos tras la exposicion al
antigeno, se considera el mecanismo bdasico de activacion de los mastocitos en la
reaccion alérgica. En la forma sistémica més extrema de la reaccion de
hipersensibilidad, llamada anafilaxis, los mediadores provocan broncoconstriccion y

colapso cardiovascular que puede conducir a la muerte del individuo.

La hipersensibilidad inmediata forma parte de una respuesta mayor, que tiene lugar
como consecuencia de la activacion y liberacion de mediadores mastocitarios, y que
recibe el nombre de reaccion de fase tardia. Los mediadores atraen numerosas células
inflamatorias, como eosinofilos, neutrofilos y linfocitos, que infiltran el tejido. Se inicia
entre 2 y 4 horas después de la reaccion de hipersensibilidad inmediata. La inflamacion
es maxima a las 24 horas y después desaparece gradualmente. La reaccion de fase tardia
es un mecanismo de defensa frente a infecciones helminticas y también estd implicada

en la lesion tisular caracteristica de enfermedades alérgicas como el asma. Los
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eosinofilos son las principales células inflamatorias de las reacciones alérgicas y
persisten durante la fase aguda y cuando la inflamacién se hace cronica, provocando
hiperplasia de las criptas, atrofia de vellosidades e infiltracion linfocitica a nivel del
tracto gastrointestinal (Ferguson & Sallam, 1992; Nagata et al., 1995; Piliponsky et al.,
2001).
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Figura 1. Reaccion de hipersensibilidad inmediata

21




Los alérgenos activan los mastocitos solo en individuos atopicos (predispuestos a las
reacciones alérgicas), no en individuos no sensibilizados. En los primeros, una gran
proporcion de las IgEs unidas a la membrana plasmatica de los mastocitos es especifica
contra un antigeno. En este caso, el contacto con el antigeno une cruzadamente
suficientes moléculas de IgE para desencadenar la activacion del mastocito. En los
individuos no sensibilizados, las IgEs unidas son especificas para varios antigenos
diferentes, y en consecuencia, no se une cruzadamente el numero suficiente de
moléculas de IgE especificas para un mismo antigeno, necesario para inducir la

activacion de los mastocitos.

Los individuos atopicos presentan mayor cantidad de IgEs circulantes (frente a gran
variedad de alérgenos ambientales) que los individuos no sensibilizados. Se ha visto que
los individuos atdpicos poseen mayor nimero de eosindfilos activados y mayor cantidad
de células T secretoras de IL-4 en sangre periférica que los individuos no sensibilizados.
Ademas, estas células T producen mayor cantidad de IL-4 por célula que los linfocitos
T de individuos no sensibilizados. Todos estos factores contribuyen a la mayor

produccion de IgEs asociada a la atopia.

La union de las moléculas de IgE a los receptores de alta afinidad presentes en la
membrana del mastocito, en ausencia de antigeno, puede generar sefiales que estimulan
la proliferacion mastocitaria sin desencadenar degranulacion (Kawakami & Galli,

2002).

Funciones de los mastocitos a nivel gastrointestinal

En el tracto gastrointestinal los mastocitos estan presentes en todas las capas, pero se
localizan predominantemente en la ldmina propia y en la submucosa. En la mucosa
gastrointestinal son abundantes los mastocitos de mucosa, sobre todo en estdmago,
duodeno e ileon (Metcalfe, 1984). Los mastocitos se encuentran en situacion de
equilibrio entre las funciones fisiologicas y los efectos patologicos en los individuos
normales. Una alteracion de este equilibrio conduce a reacciones patologicas (Stenton et

al., 1998).
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Los mastocitos, ademas de poder ser estimulados via IgE-dependiente (antigenos) e
IgE-independiente (toxinas bacterianas, neurotransmisores, mediadores inflamatorios
liberados por granulocitos, etc.), pueden responder incluso a la distensidon mecénica, o
simplemente a la manipulacion del intestino delgado, dando lugar a cierto grado de

activacion y degranulacion (Vermillion et al., 1993).

Los mastocitos son células claramente implicadas en la proteccion del tejido al dafio
inflamatorio y en la maduracion intestinal, liberando TNF-o y IL-10 (Stenton et al.,
1998). El TNF-o. aumenta la proliferacion y migracion de linfocitos intraepiteliales
(Ebert, 1998). La IL-10 también previene el dano de la mucosa intestinal. E1 NO, que
puede tener efectos protectores o adversos a nivel intestinal, es otro de los mediadores

que puede ser liberado por los mastocitos.

Se ha demostrado una asociacion muy estrecha entre mastocitos de mucosa y aferentes
vagales (Williams et al., 1995). Se ha visto que la degranulacion de los mastocitos esta
implicada en la disrupcidon de los complejos motores migratorios por la accion de la
colecistoquinina (CCK) enddgena, por lo tanto los mastocitos estan activamente
implicados en el control fisiologico de la motilidad intestinal. Ademas, la CCK
degranula los mastocitos de mucosa actuando sobre receptores de CCK tipo B (Juanola
et al., 1998). Sin embargo, la infusion exdgena de CCK-8 induce s6lo una ligera

degranulacion de mastocitos (Rodriguez-Membrilla et al., 1995; Vergara et al., 2002).

Los mastocitos de mucosa intestinal estan estratégicamente localizados debajo de la
membrana basal y en contacto con fibras nerviosas, indicando el potencial de estas
células como reguladoras de las propiedades de barrera y transporte del epitelio. De
hecho, la principal funcion de las B-quimasas solubles liberadas por los mastocitos es
promover la permeabilidad de la mucosa intestinal en las reacciones de
hipersensibilidad alérgica, ya que estas proteasas participan en la alteracion del
colageno tipo IV de la lamina basal (importante para el mantenimiento de la integridad

del epitelio) (King & Miller, 1984; Patrick et al., 1988).

Para estudiar el papel de los mastocitos en la regulacion de la fisiologia de la mucosa

intestinal se han utilizado basicamente dos tipos de modelos animales:
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- modelos de alergia alimentaria

- modelos de infeccion parasitaria

Mastocitos y patologia

Existen evidencias crecientes de que las enfermedades inflamatorias intestinales (IBD)
no alérgicas estan mediadas por mecanismos inmunoldgicos, como por ejemplo las
enfermedades autoinmunes y reacciones de hipersensibilidad desencadenadas por
antigenos exogenos (Crowe & Perdue, 1992b). Estos mecanismos implican la
infiltracion y activaciéon de mastocitos y eosinodfilos, que son fuentes potentes de
mediadores inflamatorios y son muy numerosos en la barrera gastrointestinal (Befus et
al., 1985; Metcalfe, 1984). Durante la inflamacion se producen cambios en los
mastocitos de la mucosa y en los nervios (Kraneveld et al., 1998). Estos cambios se
asocian a desordenes funcionales (permeabilidad, transporte y motilidad) e hiperalgesia

del intestino (Perdue et al., 1990).

Se ha observado un incremento en el niimero de mastocitos en la mucosa del ileon y el
colon de pacientes con IBD. En pacientes con enfermedad de Crohn existe aumento del
nimero de mastocitos y secrecion de histamina, acompanada de edema masivo de la
mucosa intestinal y dilatacion de los vasos linfaticos (Dvorak et al., 1988). La histamina
es responsable de la diarrea en la enfermedad inflamatoria intestinal y en la alergia
alimentaria. También en pacientes con colitis ulcerosa el nimero de mastocitos estd
aumentado (King et al., 1992; Nolte et al., 1990; O'Sullivan et al., 2000). En un mismo
paciente, el nimero de mastocitos en el tejido inflamado es mayor que en el tejido
normal.

Las diferentes acciones de los mediadores mastocitarios en la IBD sugieren que debe
existir un balance entre mediadores pro-IBD y mediadores anti-IBD. Si se altera este
equilibrio se desencadena enfermedad. Existen ademas mecanismos de amplificacion de
la sefial de degranulacion, que son el elemento clave en el proceso fisiopatoldgico de
respuesta local de larga duracion de los mastocitos, asociada con enfermedades como la
IBD, el asma y la rinitis alérgica (He, 2004). Hasta el momento se conocen dos vias de
amplificacion, la histamina y la triptasa, a través de las cuales los mastocitos amplifican
sus sefiales de degranulacion. Estas vias pueden actuar sobre mastocitos adyacentes de

forma autocrina o paracrina.
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El nimero de mastocitos estd también significativamente elevado en la mayoria de
pacientes con sindrome del intestino irritable (IBS) a nivel del ileon terminal
(O'Sullivan et al., 2000). No se sabe si las alteraciones en la percepcion visceral que
presentan estos pacientes se producen a nivel de las aferentes viscerales primarias, a
nivel central en el cerebro, o en ambas localizaciones. La localizacién proxima de los
mastocitos a fibras nerviosas sensitivas (Stead et al., 1989), y la red de comunicacion
bidireccional existente entre el SNC, el intestino y los mastocitos (Perdue et al., 1991),
hacen pensar que estos ultimos podrian ser responsables de las alteraciones en la
percepcion visceral de estos pacientes, pero no por alteraciones en su nimero, Sino por
un estado funcional determinado (Weston et al., 1993). Aunque no se descarta que
cambios sutiles en el sistema inmune mucoso puedan incrementar potencialmente la
excitabilidad de las neuronas implicadas en reflejos locales y vias centrales,
conduciendo a IBS (Collins et al., 1999).

Por otro lado, la histamina secretada por mastocitos, se ha visto que influye en los
patrones de motilidad del intestino delgado (Cooke, 1992; Konturek & Siebers, 1980).
Pero la histamina por si misma no puede ser responsable de todas las alteraciones
presentes en los pacientes con IBS. Varias sustancias secretadas por los mastocitos son
nociceptivas, como los fosfatos de adenosina, la bradiquinina, la histamina, las
citoquinas, el potasio, los leucotrienos y el TNF (Theoharides & Sant, 1991), y podrian
actuar directamente sobre fibras nociceptivas y también causar dolor abdominal
alterando el umbral de sensibilidad de neuronas entéricas aferentes primarias.

Ademas, los mastocitos liberan varias sustancias (incluyendo la 5-HT) capaces de
afectar a la liberacion de neurotransmisores desde neuronas aferentes (Skaper et al.,
2001). La 5-HT también influye sobre vias eferentes dando lugar a contraccion

muscular local via interneuronas, que puede darse lejos del lugar de inflamacion.

El estrés, factor considerado agente causal de la perpetuacion de patologia intestinal,
también induce cambios en la funcionalidad de la mucosa por mediacion de nervios
colinérgicos (Saunders et al., 1997) y esta relacionado con la degranulacion de
mastocitos. El estrés activa los mastocitos intestinales, que liberan mediadores que
pueden aumentar la permeabilidad vascular y la secrecion intestinal, debido a la accion
directa de los mediadores sobre receptores epiteliales y/o a la accion indirecta via

nervios/neurotransmisores (Collins, 2001; Castagliuolo et al., 1996; Yu & Perdue,
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2001). El estrés ambiental que se puede considerar de baja intensidad, como por
ejemplo el cambio de habitacion en el estabulario, afecta a la mucosa intestinal
induciendo aumento de la degranulacion de los mastocitos, activacion de las globet
cells, separacion de células epiteliales y alteracion de la ultraestructura del endotelio
capilar. Estos cambios incrementan la permeabilidad de los capilares de la mucosa
intestinal (Wilson & Baldwin, 1999). Ya que algunos mediadores como la histamina se
ha visto que dan lugar a poros en el endotelio de las vénulas (Wu & Baldwin, 1992), es
probable que el estrés de baja intensidad selectivamente comprometa la barrera de
intercambio sangre-tejido. También se ha visto, que en condiciones de estrés el nimero

de mastocitos en la mucosa de la vejiga urinaria esta incrementado (Ercan et al., 1999).

Los mastocitos en el tracto respiratorio juegan también un papel importante en las
reacciones alérgicas y en una serie de desordenes inflamatorios liberando gran variedad
de sustancias bioldgicamente activas. Estan ademas implicados en la patogénesis del
asma bronquial. Se localizan en los tejidos vascular, mucoso y conjuntivo. El niimero

esta elevado en zonas con inflamacion cronica.

Captacion de antigenos a nivel intestinal

La presencia del glicocalix en la zona apical del epitelio intestinal restringe el tamafio de
las particulas que pueden ser internalizadas por los enterocitos, favoreciendo la
captacion de antigeno por las células M. Las células M facilitan el transporte de
macromoléculas sin un procesamiento celular significativo, y mediante las células
presentadoras de antigeno (sobre todo células dendriticas y células B), hacia el tejido
linfoide subyacente de las placas de Peyer (Neutra, 1998). Sin embargo, los antigenos
administrados oralmente estan sujetos a varios factores fisiologicos que pueden alterar
dramaticamente sus propiedades quimicas (bajo pH, pepsina, tripsina y bilis). Este
procesamiento puede alterar la antigenicidad y puede dar lugar a exposicion o
destruccion de epitopos especificos previamente al procesamiento del antigeno por las
células presentadoras de antigeno. La cantidad de proteina intacta inmunologicamente

que llega a la circulacion es menos del 0.01 % de la ingerida.

La principal funcion de los enterocitos epiteliales es la absorcion de nutrientes. Aunque

también tienen funcion inmunorreguladora, ya que expresan en su superficie apical

26



varias moléculas que, en situacion de inflamacion, podrian actuar como receptores de
antigenos, lo que aumentaria la internalizacion por endocitosis (Hershberg & Mayer,
2000). Otras funciones de los enterocitos son la secrecion de citoquinas, expresion de
moléculas de adhesion, liberacion de eicosanoides y produccion de NO. Se ha visto que
el procesamiento intracelular de las proteinas antigénicas en el interior de los enterocitos
es importante para el mantenimiento de la tolerancia oral. Sin embargo, algunas de estas
proteinas son degradadas por los enzimas intracelulares, eliminando asi sus propiedades
antigénicas. Por otro lado, aunque la via transcelular puede ser beneficiosa en la
mayoria de los casos, resultando en tolerancia oral, éste puede no ser el caso si el
fenotipo epitelial esta alterado, como por ejemplo en individuos con hipersensibilidad.
Tedricamente, los antigenos que cruzan el epitelio intercelularmente (regulado por los
mastocitos), se saltan el procesamiento intracelular necesario para la tolerancia oral y
activan las células inmunitarias residentes en la lamina propia. Este fendmeno a veces
da lugar a un aumento de la permeabilidad de forma aguda sin consecuencias a largo
plazo. Por lo tanto, es necesaria una desregulacion cronica de la barrera epitelial para el
desarrollo de la enfermedad. Por otro lado, la invasion de los enterocitos por patdgenos
entéricos también resulta en wuna respuesta inflamatoria/inmune mediada por
quimioquinas que reclutan células (Kagnoff & Eckmann, 1997). Se ha visto que ciertas
citoquinas, como el TGF-B (del inglés transforming growth factor beta) estan
claramente implicadas en la generacion de tolerancia oral (Strobel & Mowat, 1998), ya
que inhibe la proliferacion de linfocitos y aumenta la funcién de barrera del epitelio
(Planchon et al., 1994). En conclusion, diversas variables mas o menos definidas
influyen en el desarrollo de la inmunidad mucosa y la tolerancia oral, constituyendo un
mecanismo complejo y bastante enigmadtico que es basico para la defensa inmunitaria

adaptativa y las reacciones inmunoldgicas adversas a la comida.

Tolerancia oral

La tolerancia oral consiste en la supresion de la respuesta inmune humoral y mediada
por células a la inmunizaciéon con un antigeno proteico, inducida por la administracion
oral previa del mismo antigeno (Husby et al., 1994; Chase, 1946; Wells, 1911). La
tolerancia oral previene las respuestas inmunes contra bacterias que normalmente
residen como comensales en la luz intestinal y que son necesarias para la digestion y la

absorcion de los nutrientes.
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La induccion de tolerancia oral frente a un antigeno de la dieta depende de diversos
factores:

- genéticos

- dosis y edad en la primera exposicion al antigeno

- frecuencia en la exposicion al antigeno

- estructura y composicion del antigeno proteico

- integridad de la barrera epitelial

- grado de activacidon inmunitaria local, que viene reflejado por el perfil de citoquinas y
la expresion de moléculas coestimuladoras en las células presentadoras de antigeno de

la mucosa.

Para la induccion de tolerancia, es necesario que receptores antigeno especificos de
linfocitos T (receptor TCR) y/o linfocitos B (inmunoglobulinas) reconozcan el antigeno.
Estos receptores son los mismos que reconocen el antigeno en el caso de induccion de

respuesta inmune. La tolerancia puede ser central o periférica.

La tolerancia central se induce en linfocitos inmaduros localizados en el interior de los
organos linfoides durante la fase de maduraciéon. Durante la maduracion, el
reconocimiento del antigeno conduce a la muerte o inactivacion del linfocito. Algunos
de estos linfocitos inmaduros contactan con autoantigenos, y se vuelven tolerantes hacia
ellos. La tolerancia central es importante para el mantenimiento de la no respuesta hacia
antigenos que estdn presentes a altas concentraciones en los o6rganos linfoides, pero no

en el caso de antigenos extrafios administrados en la periferia.

La tolerancia periférica frente a antigenos extrafios se induce en linfocitos maduros
cuando son expuestos al antigeno en determinadas condiciones. Como minimo tres
mecanismos diferentes participan en la induccion de tolerancia periférica: la delecion
clonal (o muerte celular), la anergia clonal (o inactivacion funcional sin muerte celular)
y la supresion activa del crecimiento y diferenciacion de linfocitos inmunocompetentes
(llevada a cabo por células supresoras). Se desconoce si estos mecanismos representan
diferentes fases secuenciales del mecanismo de induccién de tolerancia, o si la
inducciéon de uno u otro estd determinada por el antigeno y las condiciones de

presentacion del mismo. Por lo tanto, un fallo en el sistema inmune del individuo para
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responder frente a un antigeno puede ser debido a cualquier combinaciéon de los
siguientes fendémenos: ausencia (delecion), inactivacion (anergia) de linfocitos T y/o B,

y efectos inhibitorios de las células supresoras.

Todavia no estd claro si los eventos inmunorreguladores mas importantes para la
induccién de tolerancia oral frente a antigenos de la dieta tienen lugar en las placas de
Peyer, en la lamina propia, o en organos linfaticos sistémicos. Algunos estudios
demuestran que las proteinas administradas via oral inducen anergia clonal de linfocitos
T. Sin embargo, se desconoce qué tipo de células presentadoras de antigeno presentan
los antigenos administrados via entérica para inducir tolerancia de células T y como la
anergia inducida por el antigeno oral puede suprimir la respuesta sistémica. Otra
hipotesis es que los antigenos orales podrian estimular la producciéon de citoquinas
como el TGF-f, que inhibe la proliferacion de linfocitos, resultando en la supresion de
la respuesta inmune. Las células productoras de TGF-B podrian migrar a lugares
distantes al lugar de entrada del antigeno, e incluso inhibir la respuesta inmune en la

periferia.

Elson y colaboradores (Elson et al., 2001) postulan que algunas de las bacterias
comensales del intestino que entran a través de las placas de Peyer y foliculos linfoides
intestinales promueven una respuesta anti-inflamatoria que impide la maduraciéon y
activacion de células dendriticas, cuya funcidon es procesar y presentar antigenos.
Entonces las células dendriticas inmaduras estimulan preferentemente el desarrollo de
células T reguladoras, induciendo asi tolerancia. Perturbaciones en el balance entre
células T reguladoras y efectoras proinflamatorias favorece que ¢éstas ultimas
promuevan el desarrollo de inflamacion patoldgica intestinal. Una vez establecido, este
desequilibrio tiende a reforzarse debido a la presencia de citoquinas proinflamatorias en

el medio y a la estabilidad fenotipica de las células T efectoras diferenciadas.

Tampoco esté claro por qué la administracion oral de algunos antigenos, como proteinas
solubles en grandes dosis, inducen tolerancia sistémica de células T, mientras que la
administracion de otros antigenos, como las vacunas atenuadas de la polio, inducen la
secrecion de anticuerpos en las mucosas dependiente de células T y a células de
memoria de larga duracion (Garside & Mowat, 1997; Weiner, 1997). Una posible

explicacion es que los microorganismos, contrariamente a las proteinas solubles,
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infectan o activan las células presentadoras de antigeno en el epitelio intestinal e
inducen inmunidad local especifica. La inmunizacidon via oral supondria una vacuna
facil de administrar, mas barata, y evitaria la utilizacion de agujas, pero normalmente, la
administracion oral de un antigeno induce tolerancia. Cualquiera que sea el mecanismo,
el fenomeno de la tolerancia oral supone un tratamiento potencial de las enfermedades
autoinmunes en las que el autoantigeno es conocido, y otros procesos clinicos en los que

sea beneficioso inhibir respuestas inmunes especificas hacia un antigeno proteico.

Bystander suppression

La administraciéon via oral de un antigeno soluble a un animal generalmente causa
tolerancia frente al antigeno. Si el antigeno se administra junto con otro antigeno en el
momento de la inmunizacién, disminuye la respuesta inmune frente al nuevo antigeno.

Este fenomeno recibe el nombre de bystander suppression (Groux et al., 1997).

Numerosos estudios destinados al desarrollo de nuevos tratamientos de enfermedades
autoinmunes se basan en este fenomeno. Por ejemplo, si se administra ovoalbumina via
oral a ratas, y posteriormente son inmunizadas con ovoalbumina y la proteina basica
mielina, quedan protegidas frente a encefalomielitis autoinmune (Miller et al., 1991). La
bystander suppression también podria ser importante en el tratamiento de enfermedades
alérgicas y de enfermedades inflamatorias como la artritis (Yoshino et al., 1995),
especialmente si el antigeno inductor de la enfermedad es desconocido o si varios
antigenos estan actuando sinérgicamente en la patogénesis de la enfermedad (Pullerits et

al., 1998).

Los mecanismos implicados en la generacion de bystander suppression tras la
administracion oral de un antigeno suelen estar mediados por células Thl (Friedman &
Weiner, 1994; Melamed & Friedman, 1994). Sin embargo, en individuos jovenes,
también las células Th2 pueden verse implicadas (Dahlman-Hoglund et al., 1995;
Dahlman-Hoglund et al., 1997). En modelos de generacion de bystander suppression
mediante administracion intraperitoneal de un antigeno soluble, la tolerancia también
esta mediada por células Thl (Burstein et al., 1992; de Wit et al., 1992; Lundin et al.,
1996). Se ha sugerido que esto podria ser debido a la eliminacion fisioldgica rapida, por

filtracion glomerular, de la proteina o fragmentos proteicos de la circulacion, de manera
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que el antigeno no permanece el tiempo suficiente para la induccién de tolerancia
dependiente de células Th2. Ademads, los linfocitos Th2 son mas resistentes a la
tolerancia que los linfocitos Thl (Peterson et al., 1993). Se ha visto que la
administracion de una unica dosis de ovoalbiimina induce tolerancia Thl (Melamed &
Friedman, 1994), pudiendo llegar a conseguir una respuesta también tipo Th2 si se
incrementa la duracion de la administracion del antigeno soluble a 20 dias (Melamed et
al., 1996). En el caso de los roedores, se ha visto que las respuestas mediadas por

células a la ovoalbumina pueden ser tolerizadas de por vida (Strobel & Ferguson, 1987).

Mastocitos e hipersensibilidad intestinal (alergia alimentaria)

Las reacciones de hipersensibilidad intestinal se producen tras la ingestion de antigenos
de la dieta o la infeccion con ciertos parasitos entéricos. A pesar de que tales reacciones
son beneficiosas para eliminar los parasitos, las reacciones frente a proteinas inocuas de
la dieta son inapropiadas. La prevalencia actual de la alergia alimentaria ha aumentado
sustancialmente en la ultima década, de forma similar al aumento en la prevalencia de
otras condiciones atopicas como el asma y la rinitis alérgica. Se cree que la alergia
alimentaria es el resultado de la sensibilizaciéon a proteinas de la dieta durante la
infancia temprana, debido posiblemente a un sistema imune inmaduro o a una barrera
gastrointestinal incompleta. Con el paso de los afios muchos de estos nifios se vuelven
tolerantes, pero unos pocos desarrollan alergias que se mantienen durante toda su vida

(Bischoff et al., 2000).

Una reaccion adversa a la comida hace referencia a cualquier reaccion anormal después
de la ingestion de los alimentos o aditivos alimentarios. Las reacciones adversas a la
comida pueden ser consecuencia de deficiencias enzimaticas como la intolerancia a la
lactosa, de respuestas farmacologicas exageradas a agentes naturales o quimicos como
las aminas vasoactivas en los vinos, o de respuestas inmunes.

Las respuestas inmunes a la comida pueden definirse mecanicamente como mediadas y
no mediadas por IgEs, aunque las mas caracterizadas son las reacciones de
hipersensibilidad tipo I (mediadas por IgEs) (Gleich, 1980). En los pacientes
genéticamente predispuestos (atdpicos), la alergia alimentaria estd generalmente
producida por una sobreproduccion de IgEs contra proteinas normales de la dieta

(Sutton & Gould, 1993). Los pacientes normalmente tienen molestias gastrointestinales
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mas que sistémicas, y raramente presentan niveles plasmaticos detectables de proteasas
mastocitarias, que normalmente estan elevados en otras formas de anafilaxis sistémicas
(Lin et al., 2000; Santos et al., 1999; Schwartz et al., 1987). Pero el espectro de la
alergia alimentaria va desde sintomas cutaneos, como la dermatitis atopica, apareciendo
varias horas tras la ingestion del alimento responsable, hasta sintomas que ponen en
peligro la vida y que aparecen inmediatamente tras la ingestion. Adicionalmente,
algunos individuos experimentan sintomas de alergia s6lo si la comida es ingerida
previamente a un estimulo fisico especifico (por ejemplo, el ejercicio vigoroso) o si el

individuo tiene alergias estacionales concomitantes (Kagan, 2003).

La reaccion de hipersensibilidad se inicia por la union del antigeno a moléculas de IgE
especificas unidas a los mastocitos de la ldmina propia, que son las células efectoras
clave en la reaccion de hipersensibilidad (Berin et al., 1998). Los mediadores bioactivos
liberados por los mastocitos activados act@ian sobre receptores de otros tipos celulares,
dando lugar a secrecion de iones, la fuerza conductora para la secrecion de agua que da
lugar a diarrea, y aumento de la permeabilidad paracelular (Crowe & Perdue, 1992a;
Scott et al., 1988). En los roedores, la secrecion de iones empieza a los 3 min tras el
estimulo antigénico, lo que sugiere que la sensibilizacion altera el transporte
transepitelial del antigeno (Berin et al., 1997). Varios estudios sugieren que los
mediadores mastocitarios (posiblemente interactuando con nervios para la liberacion de
neurotransmisores) actuan sobre receptores epiteliales, debilitando las tight junctions
(uniones intercelulares de los enterocitos) y facilitando el paso de macromoléculas entre

las células epiteliales.

Los mediadores mastocitarios también alteran la actividad mioeléctrica y motora (Scott
et al., 1988; Scott & Tan, 1996), interrumpiendo la motilidad normal en situacion de
ayuno y tras la ingesta, iniciando una serie de agrupaciones de contracciones que se
propagan en sentido aboral, y que se asocian con un incremento de la velocidad del
transito intestinal y que tiene como objetivo la eliminacion de los antigenos del tracto
gastrointestinal (Diamant et al., 1989; Maric et al., 1989; Scott et al., 1988). Estos
mediadores reclutan otras células inflamatorias que contribuyen a las reacciones de
hipersensibilidad de fase tardia liberando una segunda tanda de mediadores que

amplifican la respuesta.
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Los principales problemas en el diagndstico de la alergia alimentaria son la dificultad en
la visualizacion de las manifestaciones y la no existencia de métodos fiables para la

confirmacion del diagnostico.

El cromoglicato disodico (DSCG) y el doxantrazol, inhibidores de la degranulacion de
mastocitos, inhiben los cambios en la motilidad inducidos por el antigeno (Perdue &
Gall, 1985; Perdue & Gall, 1986), mientras que el compuesto 48/80 y la concavalina A
(secretagogos) inducen cambios en la motilidad, confirmando la implicacion de los
mastocitos en los cambios en la motilidad durante la reaccién de hipersensibilidad
(Scott et al., 1990; Scott & Maric, 1993). La atropina y el hexametonio bloquean las
alteraciones de motilidad inducidas por el antigeno, lo que sugiere que las alteraciones
dependen de la activacion neuronal de los mastocitos (Fargeas et al., 1992; Scott & Tan,
1996). Esto concuerda con la disminucion de las alteraciones debida al pretratamiento
sistémico con capsaicina y antagonistas de la sustancia P (Fargeas et al., 1993). Todos
estos hallazgos sugieren que las aferentes vagales controlan la respuesta de anafilaxis

intestinal inducida por proteinas de la dieta.

Se sabe poco sobre la patofisiologia de las reacciones de hipersensibilidad intestinal, y
la mayor parte de la informacion disponible deriva de estudios en animales (Crowe &
Perdue, 1992b). En la rata y en los humanos, la activacion de mastocitos da lugar a
liberacion de mediadores mastocitarios especificos que actian sobre nervios que
amplifican la respuesta de hipersensibilidad (McKay & Bienenstock, 1994). La
hiperplasia de mastocitos puede ser uno de los mecanismos mediante los cuales el
intestino puede hacerse mas reactivo a los antigenos ambientales o de la dieta. Ademas
del aumento en el nimero de mastocitos gastrointestinales, con frecuencia se observa
aumento en el nimero de eosindfilos en estos pacientes, incluso previo a la hiperplasia
mastocitaria (Bischoff et al., 1996b). Por otro lado, algunas proteinas de los granulos de

los eosinofilos pueden inducir degranulacion de mastocitos (Piliponsky et al., 2002).

Alergia alimentaria y enfermedad intestinal (sindrome del intestino irritable)

El sindrome del intestino irritable (IBS) es una enfermedad multifactorial, que afecta
aproximadamente al 15-20 % de la poblacion general. Se define como una alteracion de

la funcidén gastrointestinal sensitiva y motora, caracterizada por hipersensibilidad
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visceral a estimulos mecéanicos y quimicos. Los sintomas asociados son dolor
abdominal y alteraciones en la defecacion, que pueden manifestarse como diarrea o

estrefiimiento.

Los factores mas frecuentemente relacionados con la aparicién de IBS son los episodios
previos de enteritis infecciosa (Gwee et al., 1999) y las alergias alimentarias no
diagnosticadas (Smout et al., 2000; Zar et al., 2002). De hecho, tras un proceso
inflamatorio agudo gastrointestinal, el 30 % de los individuos desarrolla sintomas
persistentes. También pacientes en fase de remision de enfermedad inflamatoria
intestinal presentan sintomas compatibles con IBS. Otros factores implicados
recientemente en la etiopatologia del IBS son: psicosociales (MacQueen et al., 1989;
Monnikes et al., 2001; Santos et al., 1998), disminucion de la capacidad de eliminacion
del gas intestinal, alteraciones en el procesamiento de sefiales aferentes, cambios en la
microflora intestinal y en el metabolismo de la serotonina y factores genéticos (Barbara

et al., 2004a).

Varios mecanismos estan implicados en la hipersensibilidad visceral: el efecto
modulador del SNC en respuesta a la informacién que le llega del intestino, la
hiperexcitabilidad de las neuronas de la raiz dorsal, y la sensibilizacion de los terminales
nerviosos sensitivos a nivel del 6rgano. Esta sensibilizacion podria ser debida a una
reaccion inflamatoria leve a nivel de la pared intestinal, ya que numerosos estudios han
demostrado la existencia de un niimero elevado de mastocitos en la mucosa del ileon
terminal, ciego, colon y recto de pacientes con IBS (O'Sullivan et al., 2000; Bauer &
Razin, 2000; Dong et al., 2004). Algunos de estos estudios también han demostrado un
aumento en el grado de activacion de los mismos (Barbara et al., 2004b; Park et al.,
2003). Estas observaciones, similares a las observadas en la alergia alimentaria, junto
con el hecho de que una proporcion significativa de pacientes con IBS atribuyen sus
sintomas a reacciones adversas a la comida, postulan una relacion directa entre las dos
patologias.

Este aumento en el nimero de mastocitos, su localizacion proxima a la inervacién de la
mucosa (Stead et al., 1987; Stead et al., 1989), y la demostracion, tanto en modelos
animales como en pacientes, que la activacion de los mastocitos y liberacion de sus
mediadores incrementa la excitabilidad de las neuronas entéricas y de las aferentes

primarias (Gao et al., 2002; Reed et al., 2003) reafirman la implicacion de los
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mastocitos en las alteraciones funcionales, sensitivas y motoras del IBS (Bueno et al.,

1997; Castex et al., 1994).

En resumen, la activacion de los mastocitos intestinales, resultante de una infeccion
entérica previa o de alergia intestinal, podria jugar un papel central en las
manifestaciones de la hipersensibilidad intestinal tanto a nivel de la respuesta motora

como en las alteraciones de la percepcion visceral caracteristicas de esta enfermedad.

Modelos experimentales de sensibilizacion

Las industrias, antes de lanzar nuevas proteinas dietéticas al mercado, deben definir su
alergenicidad potencial. La identidad seroldgica de proteinas nuevas con alérgenos
humanos conocidos, la similitud estructural o la homologia en secuencias de
aminoacidos con proteinas alergénicas, y la resistencia a la digestion proteolitica en un
fluido similar al fluido gastrico, no son suficientes para predecir el poder sensibilizante
de las proteinas (Kimber et al., 2003). Las proteinas inmunogénicas inducen la
produccion de IgGs especificas, pero no IgEs. Las proteinas potencialmente alergénicas
inducen produccion de IgGs e IgEs especificas. Caracteristicas proteicas como el
tamafio, la estabilidad proteolitica, la funcién bioldgica, el estado de glucosilacion, la
inmunogenicidad y las vias de procesamiento para la subsiguiente presentacion al
sistema inmune, influyen en la respuesta inmune inducida por la proteina (Kimber &
Dearman, 2001). La habilidad de una proteina para estimular respuestas de IgEs no
necesariamente representa un riesgo para la salud humana; por ejemplo, puede no
causar sensibilizacion cuando se administra con la dieta o si los niveles de exposicion
son insuficientes. Para que una proteina induzca sensibilizacion tras la ingestion oral,
tiene que tener cierto nivel de estabilidad en el ambiente géstrico para interaccionar
efectivamente con el sistema inmune mucoso. Sin embargo, tras la administracion por
sonda, incluso proteinas inestables son capaces de inducir respuestas inmunes en

ratones (Dearman et al., 2002).
Los modelos animales son una herramienta valiosa para identificar el potencial de

sensibilizacion de las proteinas. Para el estudio de las reacciones de hipersensibilidad, se

han desarrollado basicamente dos tipos de modelos animales, que difieren en la
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utilizacion de pardsitos entéricos o proteinas de la dieta como agentes sensibilizantes
(Baird et al., 1985; Byars & Ferraresi, 1976; Lake, 1983).

Los criterios a considerar para la eleccion del modelo animal para el estudio de la
alergenicidad de un producto son: especie y cepa, produccion de respuesta tipo Th2 (da
lugar a produccion de IgEs), capacidad de desarrollar tolerancia oral, ruta de
administracion del antigeno durante la sensibilizacion y el challenge (exposicion al
antigeno), y el uso de adyuvantes (Penninks & Knippels, 2001; Taylor & Lehrer, 1996).
En general, para la evaluaciéon del potencial alergénico intrinseco de las nuevas
proteinas, se prefiere la administracion oral y si es posible evitando la utilizacion de
adyuvantes, que es la forma en la que el individuo sera expuesto a la proteina. Un factor
critico que afecta al resultado de los estudios de sensibilizacion oral es la pre-exposicion
de los animales o de su generacion parental al antigeno a investigar. Cuando se hacen
estudios de sensibilizacion oral a proteinas, hay que asegurarse que como minimo dos
generaciones de animales hayan sido alimentadas con dieta libre del antigeno (Knippels
et al., 1998b). La dosis de alérgeno influye también en el desarrollo de sensibilizacion

oral (Mowat et al., 1987; Peng et al., 1989).

Varios modelos animales roedores y no roedores se han utilizado como modelos de
sensibilizacion: raton, rata, perro, cerdo y cobaya (Tryphonas et al., 2003). Algunos de
estos estudios se han realizado utilizando la sensibilizacion parenteral y el challenge
enteral (Byars & Ferraresi, 1976; Curtis et al., 1990; Turner et al., 1990). A pesar de
que los efectos del challenge oral en estos modelos de hipersensibilidad mediada por
IgEs se han investigado, la ruta natural de administraciéon durante el periodo de

sensibilizacion no se ha tenido en cuenta.

En el caso del raton se utiliza sobre todo la cepa BALB/c, que se caracteriza por el
desarrollo de respuestas inmunes tipo Th2 y produccion de IgEs. La sensibilizacion oral
(incluso en combinaciéon con adyuvantes) en esta especie se asocia al desarrollo de
tolerancia (Li et al., 1999; Li et al., 2000), por lo que normalmente se utiliza la
sensibilizacion sistémica (normalmente intraperitoneal) (Dearman et al., 2000; Kimber

et al., 2000).

Las ventajas del perro atépico como modelo es su mayor tamafio, que permite la

realizacién de procedimientos mas complejos a nivel gastrointestinal, como la toma de
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muestras de mucosa por endoscopia sin sacrificar al animal. Aunque presenta también
limitaciones: es mds caro de mantener, y su respuesta inmune no estd tan bien
caracterizada como en modelos de roedores; ademas la sensibilizacién es un proceso
largo (mas de 18 meses) y requiere la utilizacion de adyuvantes (Ermel et al., 1997).
También se ha descrito la alergia espontanea en el perro (afecta al 8% de la poblacion,
(Helm et al., 2003)), que se manifiesta por dermatitis alérgica (similar a lo que ocurre en

los humanos).

El cerdo se ha utilizado como modelo debido a la similitud con la especie humana en
cuanto a la anatomia de la piel y del tracto digestivo, la fisiologia y la inmunulogia.
Pero presenta el inconveniente que no existen anticuerpos especificos para la deteccion
de IgEs de cerdo en el mercado, y por lo tanto no se puede confirmar la presencia de

IgEs antigeno-especificas en los animales sensibilizados (Helm, 2002).

En la rata, animal en el que se ha estudiado ampliamente la sensibilizacion a proteinas
de la dieta en presencia de adyuvantes (Atkinson & Miller, 1994; Atkinson et al., 1996),
también se ha estudiado la sensibilizacion oral a proteinas administradas a través de la
dieta o por administracion intragastrica (Atkinson et al., 1996; Bazin & Platteau, 1976;
Jarrett et al., 1976). La conclusion de estos estudios fue que aunque la sensibilizacion a
las proteinas administradas via oral era posible, a veces se inducia tolerancia
(Steinmann et al., 1990).

Posteriormente, la cepa de rata Brown Norway (BN), que se caracteriza por respuestas
tipo Th2, ha sido descrita como la cepa mas adecuada para la induccion de sintesis de
IgEs especificas comparada con otras cepas de rata (Wistar, PVG, Hooded Lister)
(Knippels et al., 1998b; Knippels et al., 1999¢c; Knippels & Penninks, 2002), ya que
comparte con los humanos atopicos la predisposicion genética a desarrollar alergias
(Holt & Turner, 1985).

En estudios relativamente recientes se ha utilizado la rata BN para el estudio de la
sensibilizacion oral a proteinas tras la administracion a través de la dieta o por sonda
intragastrica en presencia (Atkinson et al., 1996) y en ausencia de adyuvantes (Knippels
et al., 1998b; Knippels et al., 1998a; Knippels et al., 1999¢; Knippels et al., 1999b;
Knippels et al., 2000). Se ha descrito como un modelo animal adecuado para inducir
respuestas IgGs e IgEs especificas a la administracion diaria intragastrica de OVA sin la

utilizacion de adyuvantes (Knippels et al., 1999a). Ademas, el perfil de alérgenos
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reconocidos por el sistema inmune de la rata BN parece ser comparable con el perfil de
alérgenos reconocidos por los pacientes humanos alérgicos (Knippels & Penninks,
2003; Knippels et al., 2000). Falta investigar si los anticuerpos especificos inducidos en
la rata reaccionan con los mismos epitopos que reaccionan los anticuerpos del suero de
pacientes humanos.

La cepa de rata Sprague-Dawley (SD), ampliamente utilizada en todo tipo de estudios,
no se caracteriza por estar predispuesta a presentar respuestas tipo Thl o Th2 (Hylkema
et al., 2000; Renzi, 1996). Sin embargo, se ha utilizado como modelo de sensibilizacion
a nematodos intestinales (Marzio et al., 1992), y como modelo de sensibilizacion via
sistémica con utilizacion de adyuvantes en numerosos estudios sobre la reaccidon
alérgica intestinal (Crowe et al., 1990; Turner et al., 1988; Yang et al., 2001) y sobre el
asma (Careau et al., 2002; Hylkema et al., 2002a; Hylkema et al., 2002b).

La ovoalbumina (OVA) es una proteina del huevo de gallina que se ha utilizado
ampliamente como modelo de alérgeno (Knippels et al., 1998b). La sensibilizacion a la
OVA aumenta la permeabilidad intestinal en condiciones basales y en respuesta al
challenge. En condicines basales no hay grandes cambios estructurales, pero en cambio,
tras el challenge, el aumento de permeabilidad estd asociado a la activacion de

mastocitos y a la reduccion de la altura de las vellosidades en ratas sensibilizadas

(Crowe et al., 1993).

Los adyuvantes son sustancias que se administran junto con el antigeno para aumentar
la intensidad de la respuesta inmunitaria, ya sea con objetivo preventivo (vacunacion) o
para inducir sensibilizacion (Scott et al., 1988). El reconocimiento inmunitario de
antigenos en ausencia de adyuvantes tiende a inducir tolerancia mas que
inmunogenicidad. Dos de los adyuvantes mas utilizados en los modelos de
sensibilizacion son la toxina pertusica y el hidroxido de aluminio (Crowe et al., 1990;

Lindsay et al., 1994; Pauwels et al., 1983; Sestini et al., 1989).

Las diversas rutas de sensibilizacion inducen perfiles de sensibilizacion diferentes
aunque tienen algunos factores en comun. Por otro lado, se ha demostrado que la
sensibilizacion por si misma altera las propiedades de barrera del intestino (Berin et al.,

1997). La presencia de IL-4, que es producida en exceso por los linfocitos T de la
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mucosa intestinal después de la sensibilizacion en modelos animales, estd también

presente en individuos atopicos.

Modelo experimental de hiperplasia mastocitaria: infeccion intestinal con Trichinella

spiralis

T. spiralis es un nematodo que pertenece a la familia Trichinellidae, que presenta un
unico género, Trichinella. Este género solo contempla cuatro especies: T. spiralis, T.
nelson, T. nativa y T. pseudospiralis; y se caracteriza por tener una fase adulta parasita
en la mucosa intestinal y una fase larvaria que parasita las fibras musculares.

T. spiralis presenta un tipo de ciclo llamado auto-heteroxeno. Asi pues, a pesar de la
necesidad de pasar por dos hospedadores sucesivos, el ciclo se desarrolla
completamente en uno solo. En otras palabras, el parasito realiza todo el ciclo en el
mismo hospedador, en el que permanece a la espera de ser transferido a otro

hospedador, donde hara otro ciclo completo, y asi sucesivamente.

El ciclo de este parasito se puede dividir en dos fases: la intestinal y la muscular. La fase
intestinal empieza con la ingestion por, parte del nuevo hospedador, de carne que
contiene las larvas del parasito encapsuladas dentro de sus fibras musculares. Cuando
llega al estomago, y por accion de la pepsina y el acido clorhidrico, se produce la
digestion de la musculatura y las larvas quedan libres. En pocas horas estas larvas
invaden la mucosa de las zonas més proximales del intestino delgado y penetran dentro
de las células epiteliales de la mucosa, dando lugar a la formacion de grandes sincitios
(Wright, 1979). En el interior de los enterocitos se desarrollan las distintas etapas
larvarias (de L1 a L4) hasta la forma adulta. Seguidamente, estos adultos copulan y las
hembras, después de un periodo de embriogénesis, liberan las nuevas larvas.

A partir de aqui, las larvas atraviesan la ldmina propia del intestino y por via linfatica y
sanguinea migran hacia la musculatura estriada. Por su parte los adultos permanecen en
el intestino durante un periodo de tiempo variable dependiendo de la especie utilizada
como hospedador y finalmente son expulsados con las heces. En el caso de la rata este
periodo es de aproximadamente 20-23 dias (Castro & Fairbairn, 1969).

La fase muscular empieza con la entrada de las larvas en las fibras musculares. Dentro
de la fibra muscular, la larva aumenta de tamafio y experimenta varias transformaciones

entre las que hay que destacar la formacion de la cépsula, considerada la fase final del
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ciclo. Esta capsula, después de un periodo de tiempo muy variable que puede ser desde
algunos meses a dos afios, puede sufrir un proceso de calcificacion que no afecta a la
viabilidad de las larvas. Asi pues, estas larvas pueden mantenerse en este estado durante
el resto de la vida del hospedador parasitado a la espera de ser ingeridas por un nuevo

hospedador y poder reiniciar el ciclo nuevamente.

La infestacion con larvas de este pardsito es un modelo de inflamacion intestinal
ampliamente utilizado en diferentes especies animales. Este modelo, aparte de su baja
complejidad técnica y bajo coste economico, presenta un amplio abanico de
posibilidades experimentales. Asi, ademas de ser un buen modelo de inflamacion
intestinal y puesto que la fase intestinal del parasito es transitoria y la inflamaciéon que
produce es reversible, permite utilizarlo también como un buen modelo para el estudio
del sindrome del intestino irritable (IBS), ya que, aunque existe reversibilidad
morfologica, ciertos parametros fisiologicos pueden permanecer alterados después de
superada la fase intestinal del parasito y revertido el proceso inflamatorio (Barbara et
al., 1997).

El hecho de que el proceso inflamatorio afecte solo a la parte mas proximal del intestino
delgado y que el ileon no se vea morfoldégicamente alterado, nos permite también
utilizar este modelo para el estudio de los posibles efectos remotos que puede tener la
inflamacion sobre segmentos intestinales alejados del mismo proceso inflamatorio.
Estos efectos, tal y como se ha apuntado en otros estudios, estarian producidos por la
interaccion del proceso inflamatorio con uno o varios mecanismos de control sistémicos

que actuarian provocando estas alteraciones remotas (Marzio et al., 1990).

La activacion de los mastocitos y liberacion de mediadores durante la fase aguda de la
inflamacién provoca dafios en la mucosa, destinados a aumentar la permeabilidad y la
motilidad para facilitar la expulsion del parasito (Perdue et al., 1989). La degranulacion
mastocitaria actlia como estimulo para la expansion de la poblacion mastocitaria en el
intestino (Marshall et al., 1987b; Marshall et al., 1990) provocando hiperplasia
transitoria de mastocitos de mucosa dependiente de células T, que comienza el dia 6 y
es maxima el dia 12 post-infeccion (Woodbury et al., 1984). Tras la expulsion del
parasito, el transporte epitelial de iones y los niveles séricos de RMCP II vuelven a la
normalidad (Perdue et al., 1990). Sin embargo, persiste durante algin tiempo un

incremento considerable (8-10 veces) en el numero de mastocitos de la mucosa (Perdue
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et al., 1990). Después las ratas se vuelven inmunes a la reinfeccion, ya que el parasito
actla como un antigeno provocando sensibilizacion, y se produce una respuesta
anafilactica si vuelve a haber exposicion al pardsito via oral, lo que conduce a su rapida

expulsion. Es por tanto también til como modelo de alergia alimentaria.

En el raton, la proteasa especifica mMCP-1 (andloga a la RMCP II de la rata) esta
implicada en la eliminacion de T. spiralis (Knight et al., 2000). En estudios realizados
en ratones deficientes en mMCP-1 se ha visto que esta proteasa participa en la
regulacion de la hiperplasia mastocitaria durante la infestacion por nematodos y su
ausencia se asocia con alteraciones en el tamafio y la estructura interna de los granulos
de los IMMC (Wastling et al., 1998). Mas del 95% de los IMMC en el raton y entre el
40 y 50% de los IMMC en la rata se localizan intraepitelialmente durante la expulsion

del parasito (Miller, 1996; Scudamore et al., 1995).
El SNE a través de neurotransmisores como el VIP, la sustancia P, la somatostatina y la

B-endorfina, que actian sobre los mastocitos, estd también implicado en la regulacion

del parasitismo intestinal (Stead et al., 1987).

41



La regulacion neuroendocrina de los mastocitos de la mucosa intestinal de la rata en

condiciones fisioldgicas

De lo explicado anteriormente se deduce que los mastocitos estan implicados en la
regulacion de la funcién de la mucosa intestinal tanto en situacidon fisiologica como
patoldgica. Previamente a esta tesis consideramos la realizacion del estudio de la
regulacion de los mastocitos en condiciones fisiologicas (Véase anexo). Nuestros
objetivos fueron determinar en qué grado los mastocitos estan controlados por el
sistema nervioso y por estimulos endocrinos que habitualmente controlan las respuestas
a la comida en el sistema gastrointestinal. Utilizamos un modelo in vivo en el que el
intestino fue perfundido con una peptona (ovoalbumina hidrolizada, OVH) con el
objetivo de estudiar: el papel del nervio vago en el control de los mastocitos, el papel de
las fibras aferentes sensitivas sensibles a la capsaicina, la implicaciéon de las vias
adrenérgicas, y el efecto de los péptidos relacionados con la colecistoquinina (CCK) en
la actividad mastocitaria. En el siguiente parrafo se resumen los resultados que

obtuvimos.

La perfusion duodenal de OVH incremento la liberacion de Rat Mast Cell Protease 11
(RMCP I, proteasa especifica de los mastocitos de la mucosa) respecto a la liberacion
basal. Las ratas vagotomizadas presentaban una liberaciéon de RMCP II basal inferior a
las no vagotomizadas, indicando que existe un tono vagal que regula la actividad
mastocitaria basal. La vagotomia tras la perfusion de OVH redujo nuevamente los
niveles de RMCP II hasta valores basales, indicando que la activacion de los mastocitos
inducida por el OVH estd mediada, en parte, por vias vagales. En las ratas
vagotomizadas, el OVH también incremento la liberacion de RMCP 11, es decir, que la
activacion de los mastocitos por el OVH no estd iinicamente sometida a control vagal,
sino que el OVH podria estar actuando también por otros mecanismos, como podrian
ser mecanismos endocrinos, o la accion directa sobre los mastocitos. Todo esto
demuestra que tras la ingesta se origina una respuesta neuroendocrina que implica una
modulacion del sistema inmune gastrointestinal por mediacion de la activacion
mastocitaria.

La aplicacion de capsaicina indujo una importante disminucion de la concentracion de
RMCP II. La administracion posterior de OVH indujo un incremento en los niveles de

RMCEP II, pero inferior a la respuesta inducida por la OVH en los animales controles.
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De todo esto se deduce que la activacion basal de los mastocitos y la respuesta al OVH
estan mediadas también por la estimulacion de aferentes de la mucosa.

Las vias simpaticas son también moduladoras de la actividad mastocitaria basal, ya que
la administracion de antagonistas adrenérgicos (fentolamina y propanolol) indujo una
disminucién de la concentracion basal de RMCP 11, més evidente cuanto mayor era la
concentracion de RMCP 11 basal, lo cual indica la existencia de una correlacion entre el
tono de las vias adrenérgicas y el nivel de activacion de los mastocitos. Las vias
adrenérgicas acttian ademas como mediadoras en la respuesta al OVH, ya que la
perfusion de OVH posterior a la infusion de antagonistas no indujo ningun cambio en
los niveles de RMCP I1.

La infusion intravenosa de CCK-8 increment6 ligeramente la liberacion de RMCP 11,
mientras que la infusion de CCK-33 y gastrina indujeron una disminuciéon en la
concentracion de RMCP II. Las peptonas, productos de la degradacion enzimatica de las
proteinas, son capaces de estimular reflejos neuroendocrinos en la luz intestinal, como
por ejemplo la estimulacion de la secrecion pancreatica mediante la liberacion de CCK,
y de inducir cambios motores en estdémago e intestino mediante la liberacion de
hormonas y la activacion de reflejos nerviosos. La CCK podria estar implicada en la
respuesta de los mastocitos al OVH por mediacion de receptores CCK-B.

Nuestros resultados indicaron que en condiciones fisiologicas, los mastocitos de la
mucosa intestinal estdn regulados tanto por reflejos nerviosos como por respuestas

endocrinas inducidas por estimulos intraluminales.

A partir de aqui nos propusimos como objetivo profundizar en el estudio del control
neuroendocrino de la respuesta de los mastocitos durante la inflamacion intestinal

inducida por T. spiralis y durante la hipersensibilidad.
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OBJETIVOS

El estudio previo llevo a la realizacion de esta tesis, que se ha centrado en profundizar
en el conocimiento de las interrelaciones celulares que tienen lugar durante los procesos

de hipersensibilidad del intestino. Concretamente, los principales objetivos han sido:

1. Determinar el posible efecto de la somatostatina sobre la actividad mastocitaria
de la mucosa intestinal en estado fisiologico y de inflamacion.

2. Determinar el efecto de la sensibilizacion sobre la poblacion mastocitaria, en dos
cepas de rata, una de ellas predispuesta a la hipersensibilidad.

3. Describir las posibles alteraciones motoras cronicas intestinales observadas en
este modelo de hipersensibilidad.

4. Establecer en nuestro laboratorio un modelo adecuado de hipersensibilidad
alimentaria.

5. Comparar la respuesta mastocitaria y sus implicaciones en dos cepas diferentes

de rata, una de ellas predispuesta a la hipersensibilidad.

En resumen, el objetivo final es entender los mecanismos de comunicacion
neuroinmunoldgica tanto en situacion fisioldgica como patologica, actualmente uno de
los campos de investigacion mas activos dentro de la fisiopatologia intestinal. El
descifrado y la comprension de las interrelaciones celulares que tienen lugar durante los
procesos de hipersensibilidad en el intestino son claves para avanzar en el estudio de
patologias intestinales tan importantes en la clinica humana como el IBS, y en la
busqueda de nuevas y mas eficaces terapéuticas. La comprension de estas
interrelaciones es fundamental para el desarrollo de la prevencion y terapia de las

patologias inflamatorias intestinales.
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Abstract

Several studies demonstrate that intestinal mucosal mast cells (IMMC) are modulated by nervous reflexes as well as by intraluminal
content. We recently demonstrated that peptones, such as ovalbumin hydrolysate (OVH), induce the release of rat mast cell protease II
(RMCP 1I), indicating IMMC degranulation. The response is due to complex neuroendocrine reflexes. Somatostatin (SS) and its analogues
have been used as potential treatments for inflammation in other body systems with contradictory results. The aim of this study was to
evaluate if somatostatin could contribute to the reduction of intestinal mucosal mast cell degranulation.

Anesthetized rats were prepared for duodenal perfusion and mast cell activation was measured by analysis of RMCP II concentration in
the duodenal perfusate. Somatostatin significantly decreased RMCP II concentration in both nonstimulated conditions and after ovalbumin
hydrolysate perfusion. However, when somatostatin was given previously to OVH, the peptone still induced a slight increase of RMCP 1I.
Similar effects were observed in animals previously treated with capsaicin. These protocols were repeated in animals infected with
Trichinella spiralis, which induces mucosal mast cell hyperplasia. In these cases, somatostatin blocked the effect of OVH, thus, preventing an
increase in RMCP II concentration. Fresh frozen tissue sections from the duodenum were processed in an attempt to demonstrate the presence
of SS receptors in mast cells using immunofluorescence and Fluo-peptide labeling techniques. Confocal images from duodenum specimens
demonstrate the existence of SS receptors in positive cells for RMCP II.

Taken together, these results indicate that somatostatin diminishes mast cell activity and in consequence could prevent the intestinal

responses to mast cell hyperplasia.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Octreotide; RMCP II; Vagal afferents; Visceral sensitivity

1. Introduction

Mast cell-mediated events play a role in functional
disorders associated with allergic and inflammatory gastro-
intestinal responses [1]. The fact that these cells are present
in the intestinal wall in healthy conditions establishes the
possibility not only of a defensive function, but also of a
regulatory function under physiological gastrointestinal con-
ditions [2—4]. Mucosal mast cells (IMMC) are abundant
along the whole gastrointestinal tract, but the duodenum
shows a higher concentration of cells, together with the
stomach and ileum [5,6].

* Corresponding author. Unitat de Fisiologia, Facultat de Veterinaria,
Universitat Autonoma de Barcelona, 08193 Bellaterra, Spain. Tel.: +34-93-
5811848; fax: +34-93-5812006.

E-mail address: patri.vergara@uab.es (P. Vergara).

Alteration of intestinal epithelial secretion and motility
by immune activation of intestinal mast cells is a well-
studied phenomenon [7,8]. However, in addition to their
essential role in gastrointestinal hypersensitivity reactions,
mast cells may be activated by several non-immunological
stimuli including neurotransmitters, neuropeptides [9], and
nerve stimulation [10]. Recently, it has been demonstrated
that IMMC from the small intestine of nonsensitized ani-
mals can be activated by physiological stimuli including the
presence of peptones in the lumen [3]. The response is due
to complex neuroendocrine reflexes in which sensitive
afferents and the vagus nerves play an important role [4].

Activated mast cells release large quantities of both
preformed and newly generated, biologically active mole-
cules. Among them, rat mast cell protease II (RMCP II) is
an abundant specific neutral protease of rat mucosal mast
cells that can be measured and serve as a useful marker of
mast cell activation [11,12].

0167-0115/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Previous studies on the distribution of mast cells in the
gut of nematode-infected animals have focused on mast
cells in the mucosa and lamina propria. Such studies have
demonstrated an increase in mast cell numbers in the
mucosa between days 10 and 14 after infection, suggesting
that systemic factors influence the proliferation of IMMC in
the sensitized intestine [13,14].

Somatostatin (SS) is present throughout the gastroenter-
opancreatic system. It is not only released from peripheral
nerve endings of intrinsic and extrinsic neurons in the
submucosal and muscular layers, but also synthesized in
specialized neuroendocrine cells in the mucosa [15,16]. An
antagonist effect of SS on the release of several neuro-
peptides has been described [17]. Specific receptors for
neurotransmitters have been identified in many immune
cells [18]. However, there is some controversy regarding
the effect of SS during inflammation. Heiman and Crews
[19] described SS as a proinflammatory agent that stimu-
lated the release of arachidonic acid-derived mediators from
mast cells. Conversely, SS has been described as immuno-
suppressive and anti-inflammatory [20,21]. Furthermore, SS
and its analogue octreotide have been used as potential
treatments for inflammation in several body systems
[22,23]. This indicates either different actions in different
immune cells or different responses of different mast cell
population to somatostatin.

We previously demonstrated that degranulation of IMMC
in the rat can be induced by perfusing OVH intraduodenally
[4]. This model has proved useful in the study of IMMC
neuroendocrine regulation [2,4].

The objectives of our study were as follows: (1) to
evaluate if SS could contribute to reduce IMMC secretion
(i) under nonstimulated conditions, (ii) after mast cell
stimulation with a peptone, and (iii) during mast cell hyper-
plasia; (2) to demonstrate the existence of surface receptors
for SS in IMMC.

2. Materials and methods
2.1. Animals

All experimental protocols were carried out under the
supervision and regulations of the ethical committee of the
Universitat Autonoma de Barcelona. In this study, male
Sprague—Dawley rats (Iffa-Credo, France), 8—10 weeks
old and weighing 300—350 g, were used. Animals had free
access to water and a standard pellet diet containing (percent
total weight) 17.6% protein, 43.3% starch, and 2.5% fat (A-
04 Panlab, Barcelona, Spain). This diet does not contain any
trace of ovalbumin or any other egg derivative. Rats were
specific pathogen-free when purchased, and from reception
to their use in a protocol (between 7 and 21 days), they were
kept in clean standard conditions. The absence of intestinal
parasites was systematically checked. They were maintained
in an environmentally controlled room (temperature, 20—

21°C; humidity, 60%; photoperiod, 12-h light/dark) in
groups of three to four animals. The night before the experi-
ment, food was removed and each animal caged individually.

2.2. Trichinella infection

Rats were infected administering 1 ml of 0.9% saline
solution containing 7.500 7. spiralis larvae by gavage. The
larvae were obtained from CD1 mice infected for 30—90
days before as described by Castro and Fairbairn [24].

2.3. Animal preparation

Experiments were performed in healthy rats as well as in
infected rats after 12—14 days post infection (PI). Animals
were fasted for 16—18 h before experiments. Rats were
anaesthetized by inhalation of halothane to allow canulation
with a polyethylene tubing of the right jugular vein. Stage
III anesthesia was maintained with Pentothal Sodium bolus
infusions in the jugular vein as required. Body temperature
was maintained at 37 °C by placing the rat on a heating pad.
A tracheotomy was performed in order to avoid respiratory
problems due to the anesthesia. The intestine was exposed
through an abdominal midline incision, and a polyvinyl tube
was inserted in the duodenal lumen by an incision in the
stomach wall and passed through the pylorus. Another
plastic tube was inserted at the end of the duodenum next
to Treitz ligament, to allow drainage and perfusate collec-
tion. The total length of the duodenum exposed to perfusion
was 7—8 cm. After surgery, the abdomen was covered with
gauze soaked in liquid Vaseline to avoid tissue dryness and
loss of heat. Animals were killed at the end of the experi-
ment with an overdose of anaesthetic. Duodenum was
continuously perfused with phosphate-buffered saline
(PBS) at a speed of 12 ml/h and the perfusate collected at
15-min intervals for RMCP II evaluation. The methodology
as well as the assessment of RMCP II values was validated
in previous studies [3.,4].

2.4. Measurement of rat mast cell protease Il (RMCP II)

Perfusate samples for RMCP II were frozen and stored
at— 80 °C until assayed. RMCP II concentration in the
duodenal perfusate was measured by ELISA. A monoclonal
antibody against RMCP 1I raised in mice was diluted to a
concentration of 2 pg/mlin a 0.1 M carbonate buffer (pH 9.6).
Coated plates were incubated with the antibody at 4 °C for
21-24 h before use. A 30-min incubation with 4% (w/v) BSA
at 37 °C was done before loading standard and unknown
samples to avoid unspecific reaction. The sample incubation
was at 37 °C for 30 min. A sheep antiRMCP II antibody and a
horseradish peroxidase conjugate were added afterwards and
incubated for 1 h at 37 °C. Plates were developed using o-
phenylenediamine as substrate and read at 450 nm after
reaction was stopped with 0.25 M sulphuric acid solution.
RMCP 1II concentration was quantified against RMCP II
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standard curve. All these products were obtained from
Moredun Animal Health (Edinburgh, UK).

2.5. Substances

Albumin chicken egg hydrolysate (OVH) was dissolved
in phosphate-buffered saline solution (PBS) (5% w/v).
Somatostatin (SS) was diluted in saline solution for intra-
venous infusion. Capsaicin was dissolved in 5% DMSO and
5% Tween 80, and then diluted in PBS. All these products
were purchased from Sigma (St. Louis, MO).

2.6. Experimental protocols

In all these experiments, mast cell activation was meas-
ured through RMCP II concentration analysis in the perfu-
sate. After an equilibration period of 30 min, intestinal
perfusate was collected in ice-chilled tubes until the end
of the experiment. The volumes collected were carefully
measured. However, no significant changes in volume due
to experimental protocols were observed. In all experiments,
samples from the first 45 min were used to evaluate basal
RMCP 1II concentration. SS was intravenously infused for
45 min into the jugular vein at a rate of | ml/h. OVH was
intraduodenally perfused for 45 min. If both substances (SS
and OVH) had to be given, the procedure was as follows:
first, OVH alone for 45 min followed by OVH and SS for
45 min. This protocol was also used in a reverse way: first,
SS for 45 min followed by SS and OVH for 45 min.
Samples were collected for 45 min after stopping the treat-
ment to evaluate recovery of the response. The rats were
then killed. In a previous study [4], we had already
demonstrated that in these experimental conditions, RMCP
II concentration remains stable for 4 h.

2.7. Experimental groups and rationale of the experiments

(1) Effect of somatostatin in nonstimulated conditions. SS
(310 % mol/kg/h) was intravenously infused and
RMCP 1II concentration compared to basal levels
previous to SS infusion (n=06). Before selecting this
SS dose, the effect of SS at 3 x 10~ "' mol/kg/h was
evaluated. As a result of the absence of any valuable
change in RMCP II concentration at this low dose (data
not shown), we continued our experiments with the dose
of 3 x 10~ % mol/kg/h.

(2) OVH stimulation. Three groups of animals were used:
(a) a control group where only OVH was perfused
intraduodenally (n=9); (b) a group where SS was
infused during OVH stimulation (n=5); and (c) a group
(n="7) where the protocol was reversed, SS infusion
started previously to OVH perfusion.

(3) Effect of capsaicin on SS response. In two groups (n=4
each), animals were treated with the selective neurotoxin
capsaicin. Capsaicin (600 mol/l) was perfused intra-
duodenally for 1 h. Following this, PBS perfusion con-

tinued for 45 min, and then SS was infused. In one
group, duodenal perfusate was changed to OVH
perfusion.

(4) SS effect during mucosal mast cell hyperplasia. Mas-
tocytosis was induced by oral T spiralis infection. Four
groups of animals were established: (a) control infected
group (n=4) where saline was perfused continuously
(this group was necessary to establish stability of RMCP
II levels); (b) control infected group where OVH was
infused (n=4); (c) infected animals treated with
capsaicin and OVH perfusion (n=4); and (d) infected
animals treated with somatostatin and OVH perfusion
(n="17).

2.8. Statistics

All data are expressed as mean * S.E. of ng/ml of RMCP
II. Statistical analysis for significant differences was per-
formed according to #-test for paired or unpaired data,
ordinary or repeated measures ANOVA, followed by a post
hoc Bonferroni test as appropriate.

2.9. Tissue collection for Fluo-peptide-receptor-binding and

for immunofluorescence

Rats, fasted overnight (18 h) but allowed ad libitum
access to water, were killed by decapitation and bled. The
duodenum was then removed and small (<1 cm) samples
were then embedded in Tissue-Tek optimum cutting temper-
ature (OCT) 4583 compound (Miles, Diagnostics Division,
Elkhart, IN) and quick-frozen in isopentane, cooled in liquid
nitrogen, and stored at — 80 °C until freeze sectioning.

2.10. Fluo-peptide-receptor-binding

Fresh frozen sections (20 pum) of the duodenum samples
were preincubated in isotonic buffer (50 mM Tris—HCI
buffer, pH 7.4, 10 mM MgCl,, 1% bovine serum albumin,
and 1 mg/ml bacitracin) containing peptidase inhibitors (800
uM 1,10-phenanthroline, 8 mM leupeptin, and 0.5 mM
phenylmethylsulfonyl fluoride, all purchased from Sigma)
at room temperature for 10 min, followed by incubation
with 40 nM Fluo-somatostatin (SS labeled with the fluo-
rophore fluorescein) (NEN, Boston, MA) in preincubation
buffer at room temperature for 2 h. Direct exposure to light
during incubation period was avoided. Nonspecific binding
was assessed by including a 100-fold excess of unlabeled
somatostatin in parallel incubations. After incubation, sec-
tions were rapidly washed 4 X 60 s in rinsing buffer (50
mM Tris—HCI buffer, pH 7.4, 10 mM MgCl,) at 4 °C and
fixed with 4% paraformaldehyde for 20 min.

2.11. Mucosal mast cell identification

Fixed sections obtained from Fluo-somatostatin-receptor-
binding were incubated with 3% normal goat serum (NGS)
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in Tris-buffered saline (TBS) for 30 min, washed 2 X 5 min
in TBS, incubated in TBS with 1% NGS and 1% Triton-
X100 for 15 min, and washed in TBS for 10 min. The
sections were then incubated with monoclonal mouse
antiRMCP II antibody (Moredun) diluted 1:100 in TBS
with 0.5% NGS and 0.05% Triton-X100 overnight at 4 °C.
Negative controls were obtained by the primary antibody
omission from the staining protocol. Next day, after washing
2 X 10 min in TBS, the sections were finally incubated with
goat antimouse IgG (Fc specific) TRITC conjugate (Sigma)
diluted 1:64 in TBS for 45 min at room temperature. After
washing in TBS, the sections were mounted on glycerol
vinyl alcohol aqueous mounting solution (Zymed, CA). As
immunoreactivity was not completely abolished in negative
controls, two additional methods were tested in order to
ensure that the cells that we were examining were mucosal
mast cells. Firstly, polyclonal biotinylated sheep antisera to
RMCP 1II diluted 1:80 in PBS was used instead of the
sandwich technique with the primary and secondary anti-
bodies. Negative controls were obtained by incubation with
biotinylated sheep IgG diluted 1:40 in PBS. After washing
2 x 10 min in PBS, the sections where then incubated with
avidin—rodamine diluted 1:500 for 1 h at room temperature.
Secondly, sections were incubated with tris (2,2’ -bipyridine)
ruthenium (IT) (Rubipy), which induces a specific orange
fluorescence in mast cell granules [25]. In this case, fixed
sections were incubated with Rubipy 25 pg/ml for 5 min at
room temperature. After washing 2 X 10 min in TBS, the
sections were mounted as previously described. Fluores-
cence was visualized with a Leica TCS 4D confocal micro-
scope equipped with argon—krypton laser and appropriate
optics and filter modules for FITC, TRITC, and rodamine
detection.

3. Results

3.1. Effect of somatostatin on basal RMCP II concentration
(nonstimulated conditions)

Somatostatin infused intravenously (3 x 10~ ° mol/kg/h,
n=06) significantly reduced basal RMCP II concentration
from 2.68 £+ 1.05 to 0.52 &+ 0.09 ng/ml (Fig. 1).

The somatostatin effect was immediate and continued
even after SS infusion was stopped. RMCP II values had not
returned to basal levels when the experiment was stopped.

3.2. Effect of SS on OVH stimulated mast cell response

Duodenal perfusion of ovalbumin hydrolysate (OVH)
(n=9) significantly increased RMCP II concentration when
compared to RMCP 1I levels during phosphate-buffered
saline infusion (Fig. 2a). In basal conditions, RMCP II
concentration was 1.63 & 0.41 ng/ml and after an hour of
ovalbumin perfusion increased to 5.06 £ 1.75 ng/ml
(between two- and threefold increase compared to basal
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Fig. 1. RMCP II concentration (ng/ml) in the duodenal perfusate during
phosphate-buffered saline (PBS) duodenal perfusion. Arrows indicate the
start and the end of somatostatin (SS) (3 X 10~ ° mol/kg/h) intravenous
infusion (n=6). ¥*P<0.05 comparison vs. basal RMCP II concentration
before SS infusion. The control group is showed to discard a time effect on
RMCP II concentration.

level). Then SS i.v. infusion, simultaneous to OVH,
decreased RMCP II values back to basal levels (n=35; Fig.
2a). In order to clarify whether SS was acting specifically on
OVH response or just modifying basal mast cell activity, SS
was given previous to OVH in another group of animals. In
these conditions, when OVH was given after SS, OVH
increased RMCP 1I levels from 0.93 £ 0.36 (SS alone) to
2.85 £ 0.69 ng/ml (SS+OVH) (n=7; Fig. 2b). Although
RMCP II concentration was not different from basal RMCP
II concentration in the control group, the increase induced
by OVH was also two to three times greater.

3.3. Effect of somatostatin in capsaicin-treated animals

Capsaicin induced a similar response to the one observed
with SS: it decreased RMCP II basal levels and significantly
decreased OVH effect on RMCP II concentration. The
infusion of somatostatin in capsaicin-treated animals further
reduced RMCP II concentration, both in nonstimulated
conditions as well as during OVH perfusion (n=4; Fig. 3).

3.4. Effect of somatostatin during mast cell hyperplasia

In T spiralis-infected rats, basal RMCP II concentration
(32.78 £ 17.66 ng/ml) was significantly higher than in
healthy rats. However, there was a wide variation between
animals. In consequence, some variations can be seen
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Fig. 2. Bar diagram showing the effect of somatostatin (SS) infusion on
RMCP II concentration (ng/ml) during mast cell stimulation by OVH. (a)
SS infusion started 45 min after ovalbumin hydrolysate (OVH) stimulation
of RMCP Il release (n=75); *P<0.05 vs. PBS; “P<0.05 vs. OVH. (b) OVH
perfusion started 45 min after SS diminution of RMCP II release (n=7);
*P<0.05 vs. PBS.
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Fig. 3. Bar diagram comparing the effect of intraduodenal capsaicin (cap)
treatment on RMCP II concentration (ng/ml) with (n=4) or without (n=4)
simultaneous somatostatin (cap +SS) infusion. Ovalbumin hydrolysate
(OVH) was perfused for 1 h and 45 min after capsaicin treatment. Left
panel: capsaicin-treated group. Right panel: capsaicin+ SS-treated group.
#P<0.05 vs. capsaicin-treated group; *P<0.05 or **P<0.01 vs. basal.
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Fig. 4. Bar diagram showing the differences on RMCP II concentration (ng/
ml) in the duodenal perfusate between healthy controls (»=9) and animals
with mucosal mast cell hyperplasia (I. spiralis) (n=4), both during
phosphate-buffered saline (PBS) or ovalbumin hydrolysate (OVH)
perfusion. *P<0.05 or **P<0.01 vs. PBS in the same group; “P<0.01
vs. the same condition in healthy control.

between mean basal RMCP II concentration in the different
experiments. To avoid misinterpretation of the results, we
took the following precautions: (a) a control group was used
where only PBS was perfused (n=4) to evaluate the
stability of RMCP 1II concentration in relation to time (we
did not observe any significant variation in the RMCP II
concentration during a collecting period of 3 h (data not
shown)); (b) only paired data analysis was performed
comparing data from each individual (before and after
treatment) to avoid individual variation interference.
Accordingly, OVH perfusion significantly increased RMCP
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Fig. 5. RMCP 1I concentration (ng/ml) in the duodenal perfusate after
capsaicin intraduodenal treatment (cap; n =4) or after somatostatin infusion
(SS; n=7) in animals with mucosal mast cell hyperplasia (7. spiralis).
Ovalbumin hydrolysate (OVH) perfusion was performed for 1 h and 45 min
after treatment. Left panel: capsaicin-treated group. Right panel: SS-treated
group. Both treatments completely block response to OVH.
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II concentration in the perfusate to 74.25 + 19.18 ng/ml
(n=4; Fig. 4).

In the infected rats, SS infusion caused a slight decrease in
RMCP II concentration from 163.45 + 63.29 to 104.78 &
20.53 ng/ml without reaching statistical significance. How-
ever, SS completely blocked the effect of OVH perfusion. In
fact, a slight decrease of RMCP II concentration to
83.22 £ 11.34 ng/ml was observed (n=7; Fig. 5). The group
of animals treated with capsaicin showed a similar response:
capsaicin did not modify RMCP II concentration but com-
pletely blocked the response to OVH (n=4; Fig. 5).

3.5. Fluo-somatostatin-receptor-binding and immunofluor-
escence

To demonstrate the presence of SS receptors in mast cell
surface, fresh frozen duodenum sections were incubated
with Fluo-somatostatin. As shown in Fig. 6 (Fluo-SS), cells
showing green fluorescence are distributed scattered along
the length of the epithelium. In contrast, when sections were
incubated with a 100-fold excess of unlabeled SS, no
fluorescence was observed (Fig. 6, Fluo-SS + SS). To better
determine if the cells that showed SS receptors were mast
cells, immunofluorescence technique for the specific RMCP
IT was performed (Fig. 6, RMCP II). Confocal images
showed (Fig. 6, Fluo-SS+RMCP II) that somatostatin
labeling and RMCP 1I staining are coincident. RMCP 1I
immunoreactivity significantly faded in the negative con-
trols but it was not completely absent (Fig. 6, RMCP Il-ve).
This indicated the need to perform mast cell identification
using two other techniques. Both techniques—the staining
with the biotinylated antibody (to avoid the use of a
secondary antibody) (Fig. 6, RMCP II bio) and the incuba-
tion with Rubipy (Fig. 6, Rubipy)—corroborated that soma-
tostatin receptors are present in mucosal mast cells (Fig. 6,
Fluo-SS + RMCP 1II bio and Fluo-SS + Rubipy). We did not
observe staining in any other intestinal structure.

4. Discussion

This study demonstrates that somatostatin inhibits intes-
tinal mucosal mast cell degranulation. We propose that there
is a direct action of the peptide on mast cells since we
demonstrate that somatostatin selectively binds to mast
cells. This modulatory effect is also observed during mast
cell hyperplasia as a consequence of 7. spiralis infection. In
consequence, we hypothesize that somatostatin could be
involved in the physiological control of mast cells and has a
modulatory effect during the inflammatory response of the
intestine.

Previous studies have shown controversial effects of
somatostatin on inflammation [19,21]. One study demon-
strated that SS could be used as a proinflammatory agent
that stimulates release of inflammation mediators by peri-
toneal mast cells [19]. In contrast, our study demonstrates

that SS has a clear inhibitory effect on intestinal mucosal
mast cell degranulation. This contradiction is probably due
to a different response to somatostatin by different types of
mast cells as demonstrated in two previous studies: con-
nective and mucosal mast cell-type showed differentiated
responses to neuromodulators [9], and SS decreased intes-
tinal inflammation in mice infected with 7. spiralis [20].

Somatostatin in the GI tract is mainly located in the D
cells scattered along the GI mucosa but specially concen-
trated at the gastric and duodenal mucosa [16]. In addition,
somatostatin positive neurons are located in both the myen-
teric and submucous plexus of the enteric nervous system
[26]. In consequence, somatostatin action on IMMC could
be either (i) directly on mast cells, (ii) through other immune
cells also present in the mucosa, or (iii) through neurons
responding to somatostatin.

Supporting the hypothesis of a direct effect are our
results with confocal images showing SS receptors in mast
cells. Because of some technical problems due to an
unspecific reaction of the secondary antibody to mast cells
(probably due to the IgE receptor present in these cells), we
had to use two additional techniques (polyclonal biotiny-
lated antiRMCP II-avidin—rodamine fluorophore and the
specific granule staining with Rubipy), which did not
require the use of the secondary antibody. The results
obtained revealed that the cells that showed SS receptors
were mucosal mast cells. Furthermore, the distribution of
these immunoreactive cells correlated with the distribution
of mucosal mast cells described in a previous study [27].

SS receptors have been previously visualized on enter-
ocytes, other immune cell types and enteric neurons both by
in situ hybridization and immunocytochemistry [28—30]. In
contrast, we were unable to detect any staining in structures
other than IMMCs. The reason for this controversy is
probably a lower sensitivity of our technique, which is
based on the competitive union to somatostatin receptors,
requiring a higher concentration of receptors to produce a
positive staining. However, the clear fade-out of the labeling
by incubation of Fluo-somatostatin with a 100-fold excess
of unlabeled somatostatin corroborates specificity of the
staining. Therefore, our results do not discard that SS could
exert some effects on mast cells by indirectly acting on
either immune or nerve structures. However, the specific
intensive staining of mast cells we observed indicates that a
direct action is more likely.

We had previously demonstrated that in physiological
conditions, IMMCs are driven by a nervous reflex involving
vagal afferents and adrenergic innervation. In addition, the
intraluminal presence of OVH is able to further stimulate this
reflex [3.,4]. Several studies have also suggested a response of
mast cells through vagus nerves [2,31,32]. In consequence,
the rationale of the capsaicin experiments was to detect an
interaction between somatostatin and afferent innervation.
We had previously demonstrated that capsaicin had a similar
effect to vagotomy on IMMCs; it reduced basal levels of
RMCP II and reduced, but did not abolish, mast cell response
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Fluo-SS RMCPII Fluo-SS+RMCP 11

2

Fluo-SS RMCP II bio Fluo-SS+RMCP II bio

RMCPII -ve RMCP II bio -ve

Rubipy Fluo-S8% Rubipy

Fig. 6. Confocal microscope images of duodenum sections (20 pum) from healthy rats. Fresh frozen sections were incubated with Fluo-somatostatin (Fluo-SS;
40 nM). Nonspecific binding was assessed by including a 100-fold excess of unlabeled somatostatin in parallel incubations (Fluo-SS+SS); in this case, no
fluorescence was observed. After being incubated with Fluo-SS, fixed sections were processed for the specific RMCP II immunofluorescence with both a
monoclonal mouse antibody (RMCP II) and polyclonal biotinylated antisera (RMCP 11 bio) to identify the reactive cells as mast cells. Negative controls were
obtained by the primary antibody omission (RMCP II-ve) and by incubation with biotinylated IgG (RMCP II bio-ve), respectively. Confocal images (Fluo-
SS+RMCP II, Fluo-SS +RMCP II bio) show that SS labeling and RMCP II staining are coincident in both cases. Another set of fixed sections, after being
incubated with Fluo-SS, was incubated with Rubipy. The confocal image (Fluo-SS + Rubipy) corroborates that SS receptors are present in mucosal mast cells.
Images were captured by using different filters on a Leica TCS 4D confocal microscope with argon—krypton laser. Scale bar, 30 um.
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to OVH [4]. The results from the present study show that
somatostatin and capsaicin have similar effects, indicating the
involvement of afferent pathways in SS response. However,
the fact that SS in capsaicin-treated animals further decreased
RMCP II supports the hypothesis of a direct action of SS on
intestinal mucosal mast cells.

A recent study has demonstrated that vagal afferents can
be inhibited by somatostatin via sst, receptors [33]. However,
authors did not rule out the possibility that SS effect on vagal
afferents could be mediated by somatostatin acting in other
cells that are in close proximity to afferent nerve endings.
Moreover, both the response of vagal afferents to mast cell
mediators such as 5-HT and the close proximity between
vagal afferents and mast cells have been previously demon-
strated [34,35]. The fact that mast cell hyperplasia as well as
afferent vagal hypersensitivity could be the cause of abnor-
mal visceral sensitivity suggests somatostatin analogues as a
useful treatment for these disturbances as already suggested
[33].

The high RMCP 1I concentration observed in our 7.
spiralis-infected rats is consistent with previous studies that
revealed that the evolution of the number and distribution of
IMMCs are dependent on the phase of parasitic infection
studied [6,14,36]. By days 10—14 after 7. spiralis infection,
we observed a clear increase in the number of mast cells
(data not shown). For this reason, we chose 12—14 days PI
for our experiments. Animals with mast cell hyperplasia had
higher RMCP II concentration than healthy animals. Fur-
thermore, OVH induced a significant increase in RMCP II
concentration in the perfusate. This response, bigger in
magnitude than in healthy animals, represented, as in
healthy animals, a two- to threefold increase in relation to
RMCP 1I basal concentration. These observations provide
support to explain why inflammatory processes modify
responses mediated by mast cells and how inflammation
can aggravate pathologies such as food allergy.

Afferent nerve remodeling has been observed after mast
cell hyperplasia in parasite models [37]. In consequence, the
increased RMCP 1I concentration in these animals is in
accordance with the increased number of mast cells, but
could also be due to an increased sensitivity of the vagal
reflexes. Both somatostatin and capsaicin induced similar
effects, both slightly reduced RMCP II concentration but
more interestingly, both completely blocked OVH response.
This suggests that somatostatin or somatostatin analogues
could be used to diminish mucosal mast cell activity and
prevent anomalous responses of mast cells in either food
allergy, intestinal inflammation, or during visceral hyper-
sensitivity. However, we have to be careful when conclud-
ing that somatostatin could be used as a general mast cell
stabilizer, since other studies with connective type mast cells
demonstrate that somatostatin can activate this type of mast
cell [38,39]. Our study also corroborates that mast cell
differentiation (mucosal and connective types) is important
in determining responses to several stimuli as previously
suggested [9].

In summary, both in health and during mast cell hyper-
plasia, SS reduces mucosal mast cell activity and decreases
protease secretion, in both basal conditions as well as after
mast cell stimulation. This action raises the possibility that
SS and its analogues could be used in the treatment of
inflammatory and allergic intestinal processes.

Acknowledgements

We thank M. Marti for her knowledgeable assistance
with the confocal microscope, A. Acosta for his assistance
with the animals, and A.C. Hudson for editorial revision of
the manuscript.

This work was supported by Direccion General de
Investigacion en Ciencia y Tecnologia, grant PM98-0171 by
Comissionat per a Universitats i Recerca, Generalitat de
Catalunya, grants 1999SGR 00272 and 2001SGR 00214.

We are also grateful to Universitat Autonoma de
Barcelona for the financial support of Y. Saavedra.

References

[1] Wershil BK. Role of mast cells and basophils in gastrointestinal in-
flammation. In: Marone G, editor. Human basophils and mast cells:
clinical aspects. Chem Immunol 1995;62:187—-203.

[2] Santos J, Saperas E, Mourelle M, Antolin M, Malagelada JR. Regu-
lation of intestinal mast cells and luminal protein release by cerebral
thyrotropin-releasing hormone in rats. Gastroenterology 1996;111:
1465-73.

[3] Juanola C, Giralt M, Jiménez M, Mourelle M, Vergara P. Mucosal
mast cells are involved in CCK disruption of MMC in the rat intes-
tine. Am J Physiol 1998;275:G63-7.

[4] Vergara P, Saavedra Y, Juanola C. Neuroendocrine control of intesti-
nal mucosal mast cells under physiological conditions. Neurogas-
troenterol Motil 2002;14:1-8.

[5] Norris HT, Zamcheck N, Gottlieb LS. The presence and distribution
of mast cells in the human gastrointestinal tract. Gastroenterology
1963;44:448—54.

[6] Kim I, Im JA, Lee KJ, Ryang YS. Mucosal mast cell responses in the
small intestine of rats infected with Echistosoma hortense. Korean J
Parasitol 2000;38:139-43.

[7] Oliver MR, Daimen TM, Kirk DR, Rioux KP, Scott RB. Colonic and
jejunal motor disturbances after colonic antigen challenge of sensi-
tized rat. Gastroenterology 1997;112:1996—-2005.

[8] Pothoulakis C, Karmeli F, Kelly CP, Eliakim R, Joshi MA, O’Keane
CJ, et al. Ketotifen inhibits Clostridium difficile toxin A-induced
enteritis in rat ileum. Gastroenterology 1993;105:701-7.

[9] Shanahan F, Denburg JA, Fox J, Bienenstock J, Befus D. Mast cell
heterogeneity: effects of neuroenteric peptides on histamine release. J
Immunol 1985;135:1331-7.

[10] MacQueen G, Marshall J, Perdue MH, Siegel S, Bienenstock J. Pav-
lovian conditioning of rat mucosa mast cells to secrete rat mast cell
protease II. Science 1989;243:83-5.

[11] Miller HRP, Woodbury RG, Huntley JF, Newlands GFJ. Systemic
release of mucosal mast cell protease in primed rats challenged with
Nippostrongylus brasiliensis. Immunology 1983;49:471-9.

[12] Tsai M, Shih L, Newlands GFJ, Takeishi T, Langley KE, Zsebo KM,
et al. The rat c-kit ligand, stem cell factor, induces the development of
connective tissue-type and mucosal mast cells in vivo: analysis by
anatomical distribution, histochemistry and protease phenotype. J Exp
Med 1991;174:125-31.



[13]

[14]

[15]
[16]
[17]
(18]

[19]

[20]

(21]

[22]

(23]
[24]

[25]

[27]

(28]

Y. Saavedra, P. Vergara / Regulatory Peptides 111 (2003) 67-75 75

Pitts RM, Mayrhofer G. Local and systemic factors regulating mu-
cosal mast cells. Int Arch Allergy Appl Immunol 1983;71:309—16.
Woodbury RG, Miller HR, Huntley JE, Newlands GF, Palliser AC,
Wakelin D. Mucosal mast cells are functionally active during sponta-
neous expulsion of intestinal nematode infections in rat. Nature
1984;312:450-2.

Payan DG, Levine JD, Goetzl EJ. Modulation of immunity and hyper-
sensitivity by sensory neuropeptides. J Immunol 1984;132:1601—4.
Polak JM, Bloom SR. Somatostatin localization in tissues. Scand J
Gastroenterol 1986;21:115-215.

Foreman JC, Jordan CC. Neurogenic inflammation. Trends Pharma-
col Sci 1984;5:116-9.

Theodorou V, Fioramonti J, Bueno L. Integrative neuroimmunology
of the digestive tract. Vet Res 1996;27:427—42.

Heiman AS, Crews FT. Hydrocortisone selectively inhibits IgE-de-
pendent arachidonic acid release from rat peritoneal mast cells. Pros-
taglandins 1984;27:335—-43.

Kataeva G, Agro A, Stanisz AM. Substance-P-mediated intestinal
inflammation: inhibitory effects of CP 96,345 and SMS 201-995.
Neuroimmunomodulation 1994;1:350—6.

Takeba Y, Suzuki N, Takeno M, Asai T, Tsuboi S, Hoshino T, et al.
Modulation of synovial cell function by somatostatin in patients with
rheumatoid arthritis. Arthritis Rheum 1997;40:2128-38.

Venier A, De Simone C, Forni L, Ghirlanda G, Uccioli L, Serri F, et al.
Treatment of severe psoriasis with somatostatin: four years of experi-
ence. Arch Dermatol Res 1998;280:S51 -4 [Supplement].

Sakane T, Suzuki N. The role of somatostatin in the pathophysiology
of rheumatoid arthritis. Clin Exp Rheumatol 1998;16:745-9.

Castro GA, Fairbairn D. Carbohydrates and lipids in Trichinella spi-
ralis larvae and their utilization in vitro. J Parasitol 1969;51:51-8.
Bertolesi GE, Trigoso CI, Espada J, Stockert JC. Cytochemical ap-
plication of tris (2,2’-bipyridine) ruthenium (II): fluorescence reaction
with sulfated polyanions of mast cell granules. J Histochem Cyto-
chem 1995;43:537—-43.

Furness JB, Costa M, Franco R, Llewellyn-Smith JJ. Neural peptides
in the intestine: distribution and possible functions. Adv Biochem
Psychopharmacol 1980;22:601—17.

Metcalfe DD. Mast cell mediators with emphasis on intestinal mast
cell. Ann Allergy Asthma Immunol 1984;53:563-75.

O’Dorisio MS. Neuropeptide modulation of the immune response in
gut associated lymphoid tissue. Int J Neurosci 1988;38:189—-98.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Schifer J, Meyerhof W. sstl mRNA is the prominent somatostatin
receptor mRNA in the rat gastrointestinal tract: reverse transcription
polymerase chain reaction and in situ-hybridization study. Neuropep-
tides 1999;33:457-63.

Reubi JC, Laissue JA, Waser B, Steffen DL, Hipkin RW, Schonbrunn
A. Immunohistochemical detection of somatostatin sst2a receptors in
the lymphatic, smooth muscular, and peripheral nervous systems of
the human gastrointestinal tract: facts and artifacts. J Clin Endocrinol
Metab 1999;84:2942—50.

Gottwald TP, Lhotak S, Stead RH. Effect of truncal vagotomy and
capsaicin on mast cells and IgA-positive plasma cells in rat jejunal
mucosa. Neurogastroenterol Motil 1997;9:25-32.

Kiraly A, Siito G, Guth P, Taché Y. Ketotifen prevents gastric hyper-
emia induced by intracisternal thyrotropin-releasing hormone at a low
dose. Eur J Pharmacol 1997;334:241-7.

Booth CE, Kirkup AJ, Hicks GA, Humphrey PPA, Grundy D. Soma-
tostatin sst, receptor-mediated inhibition of mesenteric afferent nerves
of the jejunum in the anesthetized rat. Gastroenterology 2001;121:
358-69.

Blackshaw LA, Grundy D. Effects of 5-hidroxytryptamine on dis-
charge of vagal mucosal afferent fibres from the upper gastrointestinal
tract of the ferret. J Auton Nerv Syst 1993;45:41-50.

Williams RM, Stead RH, Berthoud H. Vagal afferent nerve fibres
contact mast cells in rat small intestinal mucosa. Neuroimmunomo-
dulation 1997;4:266—-70.

Woodbury RG, Miller HRP. Quantitative analysis of mucosal mast
cell protease in the intestines of Nippostrongylus-infected rats. Immu-
nology 1982;46:487-95.

Stead RH. Nerve remodelling during intestinal inflammation. Ann N
Y Acad Sci 1992;664:443 —55.

Theoharides TC, Singh LK, Boucher W, Pang X, Letourneau R,
Webster E, et al. Corticotropin-releasing hormone induces skin mast
cell degranulation and increased vascular permeability, a possible
explanation for its proinflammatory effects. Endocrinology 1998;
139:403-13.

Wershil BK, Vergara P, Lu L. Neuropeptides alter IgE-dependent mast
cell mediator release: a possible role for modulation of allergic re-
sponses by the nervous system in the gut. Gastroenterology 1999;
116:A845.



Neurogastroenterol Motil (2005) 17, 112-122,

doi: 10.1111/j.1365-2982.2004.00597.x

Hypersensitivity to ovalbumin induces chronic intestinal
dysmotility and increases the number of intestinal

mast cells

Y. SAAVEDRA & P. VERGARA

Department of Cell Biology, Physiology and Immunology, Universitat Autonoma de Barcelona, Bellaterra, Spain

Abstract Undiagnosed food allergies have been pro-
posed as possible causes of promoting and perpetuat-
ing irritable bowel syndrome . Our aim was to find out
if sensitization could induce chronic functional motor
disturbances in the intestine and the mechanisms
implicated. Rats were sensitized to ovalbumin (OVA)
following three hypersensitivity induction protocols,
two parenteral and one oral. Rat mast cell protease II
(RMCP II) release in response to OVA challenge and
immunoglobulin E (IgE) concentration were measured
in serum. At least 1 week after challenge, small
intestinal motility was evaluated using strain gauges.
Intestinal tissue samples from orally sensitized rats
were checked for in vitro stimulation with OVA.
Mucosal mast cells were counted from duodenum
sections. All sensitized rats showed intestinal hyper-
motility. Only rats sensitized by parenteral procedure
showed an increase in RMCP II after OVA challenge
in serum. IgEs increased only in the Bordetella per-
tussis sensitized group. Small intestine sections from
orally sensitized rats released more RMCP II than
sections from control rats. All sensitized rats showed
an increase in the number of mucosal mast cells in
duodenum. In conclusion, hypersensitivity to food
proteins induces chronic motor alteration that persists
long after antigen challenge and an excited/activated
state of sensitized mucosal mast cells.

Keywords hypersensitivity, intestinal motility,
irritable bowel syndrome, mucosal mast cells, rat
mast cell protease II.
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INTRODUCTION

The underlying cause of the physiopathological symp-
toms in irritable bowel syndrome (IBS) remains
unclear. In recent years, a number of factors have been
suggested as having a role in promoting and perpetu-
ating IBS: previous episodes of infectious enteritis,
genetic factors, changes in bacterial microflora and
undiagnosed food allergies or food intolerance.'?

Allergic reactions are known to evoke inflammatory
cell infiltration and activation at various mucosal sites,
including the gastrointestinal tract.>* Mucosal mast
cells lie in close proximity to enteric nerves ° and
release a wide array of inflammatory mediators that are
capable of affecting enteric nerve function ®® and
muscle contractility.?

Animal models of intestinal allergy, using food pro-
teins or enteric parasites as sensitizing agents, demon-
strate alterations of gut function, including changes in
intestinal ion transport, permeability and motility.>’

However, because of the fact that allergy is consid-
ered a systemic response rather than a localized
response, most animal models of food allergy research
have been conducted using parenteral sensitization
(with the use of adjuvants) and enteral challenges.!®!?
Sensitization to food proteins administered through
the diet or by gavage has only been used in high-
immunoglobulin E (IgE) responders such as the Brown
Norway rat.'!4

Intestinal motility alterations have been associated
with mucosal mast cell degranulation after antigen
challenge in sensitized rats.”!>"'7 However, there are
no long-term studies evaluating chronic changes
induced by food sensitization.

The aim of our study was to find out if sensitization
could induce chronic functional motor changes and to
assess the involvement of mucosal mast cells. Both par-
enteral and oral hypersensitivity induction protocols
were used, and the motor activity of the intestine

© 2004 Blackwell Publishing Ltd
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including intestinal mucosal mast cell number and
activity were evaluated. Parts of this study were
communicated previously in abstract form.'®

MATERIALS AND METHODS

Animals

In this study, 59 male Sprague-Dawley rats (Charles
River, Les Oucius, France) were used. Animals had free
access to water and a standard pellet diet that did not
contain any trace of ovalbumin (OVA) or any other egg
derivative. Rats were pathogen free when purchased
and they were kept in clean conventional conditions
(between 1 and 10 weeks). They were maintained in an
environmentally controlled room in groups of three to
four animals. The night before the experiment, food
was removed and each animal was caged individually.
Control animals were handled the same way as treated
animals. Rats were purchased at different ages accord-
ing to the duration of sensitization protocol. In conse-
quence, all animals had similar ages and weight at the
time of the experiment.

Substances

Ovalbumin Grade V (Sigma, St Louis, MO, USA) was
diluted in sterile saline to induce sensitization and in
non-sterile saline for challenge. CCK-8, sulphated form
(Peptide Institute, Osaka, Japan), was diluted in 1%
sodium bicarbonate to 107 mol L™} and sterile saline
to work concentration. Atropine (Merck, Darmstadt,
Germany) and N,-nitro-L-arginine (.-NNA) (Sigma)
were diluted in sterile saline. Compound 48/80 (Sigma)
was diluted in Krebs buffer. Bovine serum albumin
(BSA) Grade V (Sigma) was diluted in sterile saline.

Hypersensitivity to ovalbumin: induction
protocols

Several protocols for inducing sensitivity to OVA were
used. All of them have been previously reported by
several authors.!%18

Bordetella pertussis protocol Rats (n = 9) 8-10 weeks
old were sensitized as described previously '°© with
1 mg of OVA and 25 mg of Al{OH)z in 1 mL of sterile
saline injected subcutaneously (s.c) and 0.5 mL of
B. pertussis vaccine (2 x 10'° organisms; Berna Insti-
tute, Madrid, Spain) injected intraperitoneally (i.p).

11-day protocol Rats (n = 9) 8-10 weeks old were in-
traperitoneally (i. p) sensitized as described previously '*

© 2004 Blackwell Publishing Ltd
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with 0.5 mL of 0.2 mg mL™" OVA solution in sterile
saline injected on days 0, 2, 4, 7, 9 and 11. To potentiate
the immune response, 0.2 mL of 25 mg mL™* Al{OH),
adjuvant suspension in sterile saline mixed with 0.5 mL
of OVA was injected on day 0.

Oral protocol Following Knippels,'® 6-week-old rats
(n = 12) were orally exposed to OVA by gavage (1 mg
OVA mL™!' saline solution, 1 mL/animal). Gavage
dosing was performed daily during 6 weeks.

Controls

A group of rats (n = 11) not exposed to OVA was used
as control (unsensitized control group). Three sham
groups, B. pertussis sham (n = 6), 11-day sham (n = 6)
and oral sham (n = 6), in which induction protocols
were conducted as described before but replacing OVA
by saline solution were used as control groups of the
B. pertussis, 11-day and orally sensitized groups
respectively.

Challenges and blood samples

After the sensitization period, animals were submit-
ted to either saline (0.5 mL of saline solution 0.9%
NaCl) or OVA (0.5 mL of 0.2 g mL™' OVA solution)
challenge by gavage. Unsensitized control and sham
animals were also challenged as described for sensi-
tized animals. As a control of the specific response to
OVA, two rats sensitized after the 11-day induction
protocol were submitted to BSA challenge (0.5 mL of
0.2 g mL™" BSA solution). Following previous stud-
ies,”?0 challenge in the B. pertussis sensitized group
was performed 14 days after hypersensitivity induc-
tion, 28 days after the first injection in the 11-day
sensitized group and 7 days after the end of the
induction period in the orally sensitized group.
The night before the challenge, food was removed
and the animal was caged individually. Blood sam-
ples from the saphenous vein were taken before (7))
and 3 h after (Ty) challenge. Animals did not have
access to food until the two blood samples had been
taken. Serum obtained was kept at —30 °C until Rat
mast cell protease II analysis was performed.

Motility experiments: animal preparation

A week after challenge each animal was fasted for
16-18 h before experiments. Anaesthesia was induced
by inhalation of halothane to allow cannulation with
polyethylene tubing of the right jugular vein. Stage
III of anaesthesia was maintained with thiopental
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sodium bolus infusion in the jugular vein as required.
Body temperature was maintained at 37 °C by
placing the rat on a heating pad. Rats were tracheo-
tomized to facilitate spontaneous breathing. The abdo-
men was opened through a midline incision and the
intestine was exposed. Three strain gauges (3 x 5 mm;
Hugo Sachs Elektronik, March-Hugstetten, Germany)
were placed to record circular muscle activity and
sutured to the intestinal wall of duodenum (at 2 cm
from the pylorus), proximal jejunum (at 2 cm from
Treitz’s ligament), and ileum (10 cm from cecum).
Strain gauges were connected to high-gain amplifiers
(Lectromed MTPS8, Lectromed, New Jersey, UK) and
amplified signals were sent to a recording unit (Pow-
erLab/800; ADI Instruments, Sydney, Australia). Two
electrode holders, with two platinum electrodes each
were inserted into the intestinal lumen through a
small incision of the intestinal wall to induce ascend-
ing excitation of the peristaltic reflex by stimulating of
intestinal mucosa, as previously described.?! Electrode
holders were placed 1 cm distally to the strain gauge of
the duodenum and the ileum. Animals were killed at
the end of the experiment with an overdose of anaes-
thesia. All experimental procedures were approved by
the Ethical Committee of the Universitat Autdonoma
de Barcelona.

Experimental protocol for motor response
evaluation

Before starting the protocol, a sample of blood from the
jugular vein was taken for IgE analysis. After an
equilibration period of 30 min, spontaneous motor
activity was recorded during 60 min. Afterwards,
CCK-8 (3 x 107 mol kg™! min~!) was intravenously
infused. After at least 1 h to allow a return to basal
conditions, mucosal electrical stimulation of the duo-
denum and ileum to elicit ascending excitation was
applied at 30V, 0.6ms and 2, 4 and 6 Hz. An
intravenous bolus of L-NNA (107° mol kg™!) was
administered 10 min after electrical stimulation. After
at least 30 min to allow motility normalization, the
pattern of electrical stimulation was repeated. After-
wards, atropine (0.3 mg kg™') was also intravenously
infused as a bolus and 10 min later the electrical
stimulus was repeated. The area under the curve (AUC
in mm?) was measured during the first 60 min-period
of the protocol, during electrical stimulation and for
the 10 min of CCK-8 infusion. Inhibitory tone was
evaluated comparing the AUC taken for 10 min before
L.-NNA infusion with the AUC taken for 10 min
starting 10 min after -NNA infusion. Frequency
expressed as contractions/minute was also measured
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during spontaneous motility recording and after
L-NNA infusion. This protocol has been previously
validated.>

Measurement of RMCP II

Rat mast cell protease II concentration in the serum
was measured by enzyme-linked immunosorbent assay
(ELISA) using a commercial kit (Moredun Animal
Health, Edinburgh, UK) as previously described.>***

Measurement of total IgE

Serum samples for IgE detection were frozen and stored
at —30 °C until assayed. IgE concentration in the serum
was measured by ELISA using a commercial kit
(Crystal Chem Inc., Chicago, IL, USA).

In vitro stimulation of small intestine sections

Unsensitized control (n =5) and orally sensitized
(n = 6) rats were killed by decapitation and the
abdominal cavity was opened to remove the small
intestine. Three centimetre segments were taken
from the duodenum, jejunum (beginning 10 cm distal
to the Treitz’s ligament) and ileum and placed in
Krebs buffer bubbled with a mixture of 5% CO, and
95% O, (pH 7.35 and 37°C) containing (in
mmol L7!): NaCl, 115; MgCl,, 1.2; KH,PO, 2;
NaHCO;, 25; glucose, 11.1; CaCl,, 1.25. The tissue
was then opened along the mesenteric border and
sectioned into pieces of 1 cm? approximately. Each
piece was placed in a tube with 2 mL of oxygenated
Krebs buffer. After an equilibration period of 10 min,
a 200 puL sample was taken from each tube (initial
sample) and the volume was replaced by Krebs buffer
(control) or OVA solution (1 mg mL™!) or compound
48/80 (2 mg mL™') at each small bowel segment.
Three hours later, 200 uL. samples were taken from
the tubes (poststimulation sample) and the tissue
segments were weighed and placed in 2 mL of fresh
Krebs buffer, ground and submitted to three cycles of
freezing/thawing in order to break mucosal mast cell
membranes and release cellular contents. After 5 min
centrifugation at 3220 g, 200 uL samples from sup-
ernatants were taken (pellet sample). All the samples
were frozen and stored at —30 °C until assayed for
RMCP 1II analysis by ELISA as described. Rat
mast cell protease II concentrations were standard-
ized by the weight of the respective specimen. The
sum of initial, poststimulation and pellet RMCP II
was considered as the total RMCP II for each
specimen.
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RMCP II immunohistochemistry and mucosal
mast cell count

Immunodetection of RMCP II was carried out on
paraformaldehyde-fixed duodenum sections using a
monoclonal antibody (Moredun). Detection was per-
formed with avidin/peroxidase (Vectastain ABC Kkit;
Vector Laboratories, Burlingame, CA, USA). Sections
were counterstained with haematoxylin and counted at
x400 magnification. Positively stained mast cells were
counted in three to five sections per animal. Seven to 10
well-oriented villus-crypt units (VCU) were examined
per section using an Olympus CH2 microscope (Olym-
pus, Barcelona, Spain). Analysis of all morphological
data was performed blinded to prevent observer bias.

Statistics

All data are expressed as mean + SEM. Statistical ana-
lysis of the results was performed with ordinary anova
followed by a post hoc Bonferroni test for the motility
studies and mast cell counts between control and sham
groups. Unpaired student’s t-test was used for compar-
ison of each sensitized group with its respective sham
group. Statistical analysis of results for the challenge
was performed with two-way anova followed by post
hoc Bonferroni test. Statistical analysis of results for the
in vitro stimulation was performed with unpaired
student’s t-test. Differences between groups were con-
sidered statistically significant when P < 0.05.

RESULTS

Spontaneous activity

Control unsensitized rats showed spontaneous activity
consisting of isolated contractions with a frequency of
0.2-0.8 contractions min™' in the duodenum (67% of
the experiments), jejunum (34%) and ileum (50%). In
sensitized rats, these contractions were substituted by
intense bursts of clustered contractions followed by
periods of inactivity. However, these changes varied
according to the intestinal segment and the hypersen-
sitivity induction protocol followed (Fig. 1). No differ-
ences were found in intestinal motility between
control rats and sham groups.

The duodenum was the section of the small intes-
tine most affected by sensitization. Frequency (con-
traction/min) and magnitude of contractions
(mm? min~!) significantly increased in all the three
sensitized groups (Fig. 2). Motor alterations in the
jejunum and ileum were not as evident as in the
duodenum. Only the 11-day sensitized group showed a
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significant increase in magnitude of contractions when
compared with controls (Table 1).

CCK motor response

In control rats, intravenous infusion of CCK-8
[3 x 10 mol kg™! (10 min)™!] induced an increase of
both tonic and phasic contractions in the duodenum
and an inhibition of spontaneous mechanical activity
in the jejunum. No difference was found between
unsensitized controls [AUC (mm?) (10 min)™},
(550.3 £ 91.49 , n = 6)] and sham groups (B. pertussis
566.2 + 126.6, n = 6; 11-day 458.1 = 82.32, n = 6; oral
669.5 + 141.6, n = 6; P = 0.61). The response to CCK
was slightly greater in sensitized groups (B. pertussis
1017 £ 267.9, n=7, P=021; 1ll-day sensitized
635.7 £ 1169, n=7, P=0.26; oral sensitized
960.6 + 172.7, n = 6, P = 0.22) when compared with
its respective sham group. However, the great variab-
ility in the responses prevented a statistical signifi-
cance. Inhibitory response to CCK remained
unchanged in all the sensitized groups.

Inhibitory tone

The magnitude of contractions in the jejunum in-
creased after .-NNA both in control rats and in sham
groups when compared with their respective sponta-
neous motility before L-NNA administration. This
increase of magnitude was slightly higher at the
animals receiving adjuvants. Similar results were
found in the duodenum and ileum. In contrast, in the
sensitized groups L-NNA induced no further increase
in intestinal spontaneous motility (Fig. 3).

Effect of sensitization on the ascending
contraction

Electrical stimulation on the intestinal mucosa always
induced an ascending contraction recorded at the oral
strain gauge. This response was increased by L-NNA
and reduced by atropine. Table 2 shows responses
obtained in both unsensitized and sensitized groups
after electrical field stimulation at 2 and 6 Hz in
duodenum and ileum (4 Hz data were omitted to
simplify presentation of the results). In general,
ascending contraction was not modified in any OVA-
sensitized group.

Total IgE concentration

No difference was observed in IgE concentration
between unsensitized rats (13.41 = 4.32, n = 15) and
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sham groups (B. pertussis 8.84 + 2.7, n=5; 11-day
15.32 + 2.22, n = 5; oral 15.05 + 1.56, n = 6). Serum
total IgE concentration significantly increased only in
the B. pertussis sensitized group (180.9 =
58.43ng mL™!, n = 9; P < 0.001) when compared with
B. pertussis sham group. Neither the 11-day sensitized
(12.23 + 5.6, n = 9) nor orally sensitized (8.37 = 4.45,
n = 8) groups showed any significant increase of IgE.

Systemic mucosal mast cell activation
(RMCP II release)

Serum RMCP II concentrations, a marker of mucosal
mast cell activation, were similar at prechallenge (To)
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D
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1 min
J
|1g
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|
|26
1 min
B pertussis
D
1'min
J
1mn
| |29
srna NNy
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Neurogastroenterology and Motility

in all groups. No difference was observed in RMCP II
concentration after sham challenge (T;) with saline
solution. In contrast, OVA challenge resulted in
significantly high levels of serum RMCP II both in
the B. pertussis sensitized group and in the 11-day
sensitized group postchallenge (Ty) when compared
with unsensitized groups (Fig. 4) (no difference was
observed between pre- and postchallenge RMCP I
concentration between unsensitized control and
sham groups). No changes in RMCP II concentration
were observed in the orally sensitized group after
OVA challenge. Challenge with BSA in the 11-day
sensitized rats did not modify RMCP II concentra-
tion.

11 Day
D
1En
J
|19
1 min
|
__AMMMM«MWPQ
1mn
Oral
D

1mn

Figure 1 Representative recordings of mechanical activity showing the spontaneous motor events in duodenum (D), jejunum (J)
and ileum (I) in unsensitized control (unsens) group and after OVA hypersensitivity induction by three different protocols
(Bordetella pertussis, 11-day and oral). Similar recordings were obtained in all the rats of each group.
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Figure 2 Quantification of the sponta-
neous motility (frequency and magnitude
of the contraction) in the duodenum of
unsensitized control (n = 6), sham sensi-
tized [Bordetella pertussis (n = 6), 11 day
(n = 6), and oral (n = 6)] and ovalbumin-
sensitized rats [B. pertussis (n = 9), 11-day
(n = 9) and oral (n = 6)]. *P < 0.05,

**P < 0.01 or ***P < 0.001, respectively,
vs respective sham sensitized group.
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Table 1 Spontaneous motility in jejunum and ileum of unsensitized control, sham sensitized groups, Bordetella pertussis sensi-
tized, 11-day sensitized and orally sensitized rats

B. pertussis 11-day Oral
Unsens B. pertussis sham 11-day sham Oral sham sensitized sensitized sensitized

Jejunum

Freq 0.18 = 0.096 0.13 £ 0.074 0.35 +0.19 0.18 £ 0.11 0.77 £ 0.41 0.89 + 0.45 0.27 £ 0.14
Magn 2.15 £ 0.37 2.92 +0.43 1.73 £ 0.39 2.07 £ 0.62 11.46 £ 4.74 18.06 + 5.02* 3.3+0.77
Ileum

Freq 0.21 + 0.09 0.39 +0.11 0.34 £ 0.11 0.12 + 0.07 0.28 + 0.15 0.74 £ 0.21 0.4 +£0.14
Magn 2.39 £ 0.71 4.14 £ 0.69 4.52 £ 0.79 2.69 £ 0.98 3.48 £ 0.83 17.4 +£2.08*** 4.26 £1.23

Freq, frequency is expressed as contractions min~}; Magn, magnitude of contraction AUC (mm?) min~! (mean + SEM). *P < 0.05 or
***P < 0.001 in relation to spontaneous motility of its respective sham group (B. pertussis sham, 11-day sham or oral sham).
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3 10 A ok Figure 3 Effect of L.-NNA infusion on
magnitude of contractions in the jejunum
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54 sensitized [Bordetella pertussis (n = 6),
11-day (n = 6) and oral (n = 6], and oval-
bumin sensitized rats [B. pertussis (n = 9),
0 - 11 day (n = 9), and oral (n = 6)]. *P < 0.05,
Unsens B pertus 11day  Oral Bpertus 11day  Oral **P < 0.01 or ***P < 0.001, respectively,
! . - I vs spontaneous motility before L-NNA in
Sham OVA sensitized the same group.

Local mucosal mast cell activation (RMCP II
release from intestinal sections)

Spontaneous mucosal mast cell release of RMCP II in
orally sensitized rats was higher than in unsensitized
control rats in duodenum, jejunum and ileum (Fig. 5A).
Rat mast cell protease II release was significantly
higher in sensitized animals in relation to control
unsensitized animals after OVA and 48/80 incubation
(Fig. 5B).

RMCP II immunohistochemistry and mucosal
mast cell count

Unsensitized control rats and sham groups showed
similar number of mucosal mast cells (expressed per
VCU). However, the number of mucosal mast cells
increased significantly in all the three sensitized
groups of rats compared with their respective sham
groups (Fig. 6).

DISCUSSION

The results of this study demonstrate that food sensi-
tized rats show chronic alterations in small intestine
motility. These motor alterations are not due to an
immediate OVA challenge, but are concurrent with
increased number and activity of intestinal mast cells
upon antigen challenge.

Allergy response to food is generally considered as a
systemic response and, in consequence, most allergy
studies are conducted using parenteral sensitization
models. However, our results clearly show two

118

important facts: (i) that IgE increase due to OVA
sensitization is not always present. Only the use of
B. pertussis, a known IgE-selective adjuvant,?® is able
to increase IgE, and (ii) that it is possible to induce
sensitization to food proteins, OVA in this case,
without any detectable systemic increase of RMCP II.
Our study corroborates that food sensitivity is very
difficult to detect by conventional methods (IgE and
mast cell mediators in serum), as previously pro-
posed.2®

The results from the in vitro experiments clearly
demonstrate that mucosal mast cells from orally
sensitized animals release more RMCP II than those
from unsensitized rats, even in the absence of any
exogenous stimulus. Furthermore, the oral sensitized
group showed an increase in the number of mast cells
present in the intestinal mucosa. These results corro-
borate enteral sensitization to OVA and the implica-
tion of mast cells in the sensitization process.
Moreover, the IgE and RMCP 1II increase observed in
the serum after parenteral sensitization vs the absence
of any detectable increase after enteral sensitization
suggests that some allergic responses could be restric-
ted to the intestine making them difficult to diagnose.
Intestinal mucosal mast cells only represent 2-3% of
the total lamina propria cells and RMCP 1I released by
this relatively small number of cells could be non-
detectable in the serum.

We previously demonstrated that intestinal mucosal
mast cells from rats previously unexposed to OVA
respond to OVA hydrolysate with an increase of RMCP
II, modify nervous reflexes and modulate endocrine

responses induced by intraluminal stimulus.?®**

© 2004 Blackwell Publishing Ltd
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Table 2 Magnitude of ascending contrac-
tion expressed as AUC[mm? min~!

(mean + SEM)] after electrical stimulation
at 2 and 6 Hz in duodenum and ileum
before L-NNA infusion (control), after -
NNA infusion (L-NNA) and after atropine
infusion (atropine)

Figure 4 Rat mast cell protease II (RMCP
II) concentration (ng mL™!) in serum from
unsensitized and ovalbumin (OVA) sensi-
tized rats before (Ty) and after gavage
challenge (T¢). All rats received OVA
solution challenge (0.2 g mL™, 0.5 mL/
rat). Bars represent mean + SEM from
unsensitized control (n = 4), Bordetella
pertussis sensitized (n = 4), 11-day
sensitized (n = 4), and orally sensitized
(n = 6) rats. ***P < 0.001 compared with
unsensitized controls; +++P < 0.001 com-
pared with Ty values of the same group.

© 2004 Blackwell Publishing Ltd
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Control L-NNA Atropine

Duodenum

2 Hz
Unsensitized 18.27 + 7.62 56.89 + 8.8 3.83 +1.98
B. pertussis sham 18.31 + 7.89 44.73 + 13.3 1.66 £ 0.95
11-day sham 14.45 + 7.43 28.54 + 6.36 6.02 = 1.77
Oral sham 21.5 +13.79 52.99 + 6.47 8.15 = 3.44
B. pertussis sensitized 46.8 + 16.76 78.37 + 27.07 0.39 + 0.23
11-day sensitized 10.96 + 3.21 57.42 + 17.03 0.93 = 0.547%7
Oral sensitized 18.13 + 8.26 37.55 +7.97 2.6 +1.16

6 Hz
Unsensitized 32.76 + 7.24 48.42 + 15.81 3.41 +1.81
B. pertussis sham 21.49 £ 3.89 57.46 £ 14.46 1.86 +1.17
11-day sham 14.36 + 3.63* 40.75 £ 9.72 2.2 + 0.87
Oral sham 29.75 + 5.63 38.96 + 7.48 3.7 +£2.16
B. pertussis sensitized 44.24 + 16.39 94.43 + 21.85 3.3+0.5
11-day sensitized 18.33 + 3.67 50.07 + 9.73 1.81 = 1.45
Oral sensitized 26.25 + 7.63 66.02 = 10.65F 1.53 + 1.23

Ileum

2 Hz
Unsensitized 3.68 1.1 5.06 = 1.5 0.41 +£0.23
B. pertussis sham 3.15 + 2.025 30.01 +11.7 7.31 +4.94
11-day sham 0.37 = 0.3 16.5 + 14.03 8.91 = 5.06
Oral sham 5.68 5.6 9.89 + 7.33 18.7 =+ 8.37
B. pertussis sensitized 6.12 + 3.36 15.24 =+ 7.76 12.06 + 5.14
11-day sensitized 8.16 = 6.36 19.05 = 6.96 19.92 + 6.18
Oral sensitized 1.39 = 0.48 2.31 = 0.62 7.49 = 3.9

6 Hz
Unsensitized 39.85 + 8.14 51.71 + 14.72 13.27 + 4.83
B. pertussis sham 47.49 + 12.85 61.12 + 16.12 24.28 + 7.68
11-day sham 61.64 + 13.59 93.42 + 12.74 49.61 + 7.87**
Oral sham 19.16 + 6.25 28.44 + 8.62 15.88 £ 5.74
B. pertussis sensitized 30.44 + 6.83 107.1 + 33.27 29.69 + 12.32
11-day sensitized 56.52 + 20.43 113 + 24.55 34.16 + 8.56
Oral sensitized 26 + 7.68 39.9 +12.9 15.64 + 7.51

*P < 0.05, **P < 0.01 in relation to unsensitized control rats.

+P < 0.05, TP < 0.01 in relation to respective sham sensitized group.

800 -
—Tp +++
mmm T; ovalbumin faied
— 6001 +++
I_I *kk
£
o
£
= 400 -
o
(@]
=
14
200 -
SRR
Unsens B pertus 11day
119

Oral



Y. Saavedra & P. Vergara

A

% RMCP Il released % RMCP Il released

Mast cell number/VCU

60 +
1 unsens
I oral sensitized
50 A
40 1
* *
30 A
20 1
N j
0
duodenum jejunum ileum
60 +
1 unsens
N oral
50 4 *kk
40 A *%
30 -
20 4
10 4
0
OVA 48/80
20 -
1 unsens *
18 ~
I B pertus
16 4 722 11day
L0 oral
14 - ke
*%
12 A
10 A
8 .
6 .
4 .
2 .
0
Sham OVA sensitized
120

Neurogastroenterology and Motility

Figure 5 (A) Percentage of rat mast cell
protease II (RMCP 1II) spontaneously
released from duodenum, jejunum and
ileum sections of unsensitized controls
(unsens) and orally sensitized (oral sensi-
tized) rats in basal conditions without
stimulus. *P < 0.05 vs unsensitized con-
trol rats in the same intestinal section.
(B) Percentage of RMCP II released from
duodenum sections of unsensitized con-
trols (unsens) and orally sensitized (oral)
rats after stimulation with ovalbumin
(OVA) and compound 48/80. **P < 0.01 or
***P < 0.001, respectively, vs unsensi-
tized control rats stimulated with the
same secretagogue.

Figure 6 Duodenal mucosal mast cell
number expressed per villus-crypt unit
(VCU) counted in 7-10 units per section.
Three to five sections were counted per
rat. Bars represent mean + SEM from four
to six rats from each hypersensitivity
induction protocol (sham and sensitized).
*P < 0.05 or **P < 0.01, respectively,
compared with its respective sham group.
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Therefore, it is possible that mast cell response to OVA
in orally sensitized rats could be the consequence of
the repeated exposure to OVA rather than a reaction of
hypersensitivity. This hypothesis could also explain
the absence of IgE or systemic RMCP II response to
challenge. However, due either to allergic sensitization
or continuous stimulation, the results of our study
clearly show that animals with chronic intestinal
motor disturbances have increased number of mast
cells in the intestinal mucosa. There is a significant
number of studies that demonstrate a correlation
between mast cell activation and stimulation of the
enteric nervous system located in close proximity to
mast cells.2’2 The higher release of RMCP II even in
basal conditions in orally sensitized animals also
suggests that mucosal mast cells in these animals are
in a continuous excited-activated state that maintains
an increased excitability of the nervous structures of
the intestine. Similarly, motility alterations observed
in parenterally sensitized groups (B. pertussis and 11-
day sensitized) could be related to an excited-activated
state of their mast cells rather than due to the increase
on mast cell numbers.

The proximity of mast cells to afferent nerve endings °
implies that mast cell mediator release could increase
afferent sensitivity, explaining the alterations in vis-
ceral perception observed in IBS patients. Some sub-
stances released by mast cells are nociceptive
molecules that not only decrease the threshold of
sensitivity in mucosal sensitive afferent fibres, but also
produce pain due to their action on nociceptive nerve
pathways. Moreover, some substances released by mast
cells can alter small intestine motility patterns®®! and
also contribute to IBS symptoms.

Our protocol was designed to evaluate the different
structures controlling motility, therefore we briefly
discussed each parameter. Concerning spontaneous
motility, motor changes were observed in all sensitized
animals but differ depending on the intestinal segment
and the induction protocol considered. The three
hypersensitivity induction protocols induced altera-
tions in spontaneous motility in the duodenum. In
contrast, alterations in jejunum and ileum motility
were only evident in the 11-day protocol. Thus,
hypersensitivity to OVA induces hypermotility mainly
in the proximal areas of the intestine. The fact that 11-
day protocol involved intraperitoneal injections could
explain the wider reaction of the intestine in this
model.

With respect to CCK response, an abnormal response
to CCK has been suggested in patients with IBS.2° We
previously characterized the motor effects of CCK
using the same experimental protocol as in the current
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study.®? In addition, we also showed that inflammation
induced by nematode infection increases the excitatory
component of this response both at the duodenum and
jejunum because of an increase of vagal sensitivity.2>33
In the present study, CCK response of sensitized
animals, although of a larger magnitude, did not show
a significant difference in relation to CCK response in
unsensitized and sham animals. In consequence, while
our results suggest a change in vagal afferent sensitiv-
ity induced by OVA sensitization, they do not actually
confirm it.

L-NNA infusion blocks the tonic release of NO at
the intestine and it is commonly used as a tool to
evaluate functionality of the intestinal inhibitory tone.
In a previous study, the jejunum showed the greatest
response to L-NNA.*2 However, in the present study,
L-NNA did not increase motor activity in OVA sensi-
tized rats, indicating that inhibitory tone in these
animals is altered and that hypermotility observed
after OVA sensitization could be, at least in part, a
consequence of a decreased inhibitory tone.

Finally, regarding ascending contraction, distal elec-
trical stimulation has been used extensively to induce
ascending excitation, a well-characterized component
of the peristaltic reflex.>* The response to electrical
stimulation observed in sensitized animals indicates
that there is no significant effect of OVA sensitization
at the nerve-muscle level.

In conclusion, both parenteral and enteral sensitiza-
tions to OVA induce chronic changes in mucosal mast
cell sensitivity. Sensitized mucosal mast cells predis-
pose the small intestine to overreact to intercurrent
non-IgE-mediated stimulus. Chronic mast cell activa-
tion could be responsible for chronic changes in motor
activity and could explain some of the clinical signs
observed in IBS patients. This study demonstrates that
enteral hypersensitivities to food could be a contribu-
tory factor of IBS symptoms and that such hypersen-
sitivity is difficult to diagnose.
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ABSTRACT

Sensitization to luminal antigens has been suggested as a possible cause of several disorders
of difficult diagnosis. The aim of this work was to study the functional consequences of orally
induced sensitization to OVA in atopy predisposed rats (BN) versus normal responder rats
(SD). OVA had opposite effects in BN and SD rats. OVA-specific IgEs were detected only
in sensitized BN rats. Sensitized SD rats did not show any significant increase of RMCP 1l
but showed higher number of mast cells in the intestine. In contrast, RMCP 1l release was
lower in the serum and in the duodenum after orally induced sensitization in BN rats. Number
of mast cells was also lower in the intestine of orally sensitized BN rats. However, challenge
to OVA had similar effects in both rat strains: increase of RMCP Il in parenterally sensitized
but not in orally sensitized animals. After sensitization, SD rats showed intestinal
hypermotility. In contrast, the excitatory response to L-NNA decreased as a result of
sensitization in BN rats. In conclusion, only atopy genetically predisposed rats showed
specific IgE in response to food allergens. The immune response to orally induced
sensitization to OVA was restricted to the intestine in both BN and SD rats. Mast cell number

and mast cell activity showed a clear correlation to intestinal dysmotility.

66



INTRODUCTION

Sensitization to luminal antigens has been established as the main cause of several disorders
such as food allergy, eosinophilic gastroenteritis, celiac disease, cow’s-milk protein
enteropathy. Immune response to luminal antigens has also been suggested as a possible cause
of other gastrointestinal pathologies of unknown etiology, such as inflammatory bowel
disease (IBD) and irritable bowel syndrome (IBS) (4; 9; 22), as well as in other pathological
processes affecting organs outside the gastrointestinal system such as asthma and arthritis (2;
15).

Several studies in humans show that it is not always possible to determine sensitization to
luminal antigens (1). It is generally accepted that responses to food allergens are mediated by
IgE and the activation of mast cells. In consequence, both specific anti IgE molecules and
mast cell mediators are used to establish a diagnosis of allergy. However, clinically diagnosed
food allergies often fail to show significant increases of IgE or mast cell mediators in serum
samples. In addition, although allergy is more frequent in genetically predisposed individuals
(the so called atopic genotype), allergies have also been diagnosed in non predisposed
individuals (27).

Several animal models have been extensively used to study food allergy. Some of these
studies use genetically predisposed animals. One of the most commonly used is the Brown
Norway (BN) rat, a rat strain considered a Th2-type responder (high IgE producer) that
resembles atopic humans in their genetic predisposition to react with an overproduction of IgE
(11). In addition, other animals, including many different rat strains with no predisposition to
show a clear Thl or Th2 profile, such as the Sprague-Dawley (SD) rat strain used in our study
(13), have been also used for allergen sensitization using adjuvants.

Several intestinal anaphylactic induction protocols have been developed using enteric
parasites or food proteins as sensitizing agents by parenteral sensitization (4; 23). However,
the development of well validated enteral allergen models to study food allergy and the
allergenicity of food proteins is still in process. Knippels et al. (17-20) reported that BN rats
may provide a suitable model for enteral sensitization to food proteins.

In a previous study we used oral Knippels’ protocol to induce ovalbumin (OVA)
hypersensitivity in SD rats and evaluated chronic functional motor changes and mucosal mast
cell activity induced by sensitization. Although we could not demonstrate any significant
increase of IgE concentration or significant increases of mast cell mediators in serum, we

found increased number of intestinal mucosal mast cells, as well as an increased mast cell

67



activity at the intestine accompanied by intestinal hypermotility (29).

These results showing clear functional alterations in the intestine but with an absence of an
IgE response indicated a need for further study. The aim of this work was to further study
sensitization to OVA and to evaluate if the genetic background could determine the type of
immune response and the functional consequences of sensitization. We used both BN and SD
rats that were orally sensitized to OVA. To compare these results with others, we also used
two well established systemic sensitization protocols using adjuvants (6; 7; 36). The
parameters studied were: 1) presence of specific anti-OVA IgE; 2) Rat mast cell protease Il
(RMCP 1) in blood before and in response to OVA challenge; 3) Evaluation of the chronic
consequences of sensitization by a) counting the number of intestinal mucosal mast cells; b)
measuring release of RMCP |1 in the intestine and c) recording the intestinal motor activity.

Parts of this study have been presented in abstract form (28).
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MATERIALS AND METHODS

Animals. In this study, two different strains of rats were used, 87 Sprague-Dawley (SD) rats
(non-genetically predisposed to develop allergy), and 66 Brown Norway (BN) rats (high-IgE
responder rats) (Charles River Laboratories, Les Oncins, France). Animals had free access to
water and a standard pellet diet that did not contain any trace of ovalbumin or any other egg
derivative. Rats were specific pathogen free when purchased and from reception to their use
in a protocol (between 1 and 10 weeks) they were kept in clean conventional conditions. They
were maintained in an environmentally controlled room in groups of 3-4 animals. The night
before the experiment, food was removed and each animal caged individually. Rats were
purchased at different ages according to the duration of sensitization protocol. In
consequence, all animals were of similar age and weight at the time of the experiment. All
experimental procedures were approved by the Ethical Committee of the Universitat

Autonoma de Barcelona.

Substances. Ovalbumin Grade V (Sigma, St. Louis, MO) was diluted in sterile saline solution
for sensitization and in non-sterile saline solution for oral challenge. Bovine serum albumin
(BSA) Grade V (Sigma, St. Louis, MO) was diluted in sterile saline.

Hypersensitivity to ovalbumin. Induction protocols. Induction protocols used in previous
studies differ in the way of application and whether adjuvants are used or not. In order to
differentiate the effect of adjuvants and to compare orally induced sensitization with other
methods, the following protocols were used:

Bordetella pertussis protocol. Rats (SD n=15, BN n=10) 8-10 weeks old were sensitized as
described previously (6) with 1 mg of ovalbumin and 25 mg of AI(OH); in 1 ml of sterile
saline injected subcutaneously (s. ¢) and 0.5 ml of Bordetella pertussis vaccine (2x10™°
organisms; Berna Institute, Madrid, Spain) injected intraperitoneally (i. p). Bordetella
pertussis toxin is a well known adjuvant that induces IgE production, priming mast cells that
degranulate in response to antigen (5).

11 day protocol. Rats (SD n=21, BN n=18) 8-10 weeks old were intraperitoneally (i. p)
sensitized as described previously (18) with 0.5 ml of a 0.2 mg mI™* OVA solution in sterile
saline injected on days 0, 2, 4, 7, 9 and 11. To potentiate the immune response, 0.2 ml of a 25
mg ml™ AI(OH); adjuvant suspension in sterile saline mixed with the 0.5 ml of OVA was
injected on day O.
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Oral protocol. Following previous studies (18; 29), six-week-old rats (SD n=12, BN n=10),
were orally exposed to OVA by gavage (1 mg OVA ml™ saline solution, 1 ml/animal).
Gavage dosing was performed daily during 6 weeks.

Controls. Two groups of rats (SD n=21, BN n=16) not exposed to ovalbumin were used as
controls (unsensitized control group). Three sham sensitized groups for each strain, B
pertussis sham (SD n=6, BN n=4), 11 day sham (SD n=6, BN n=4) and oral sham (SD n=6,
BN n=4), in which induction protocols were conducted as described before but replacing
OVA by saline solution, were used as control groups of the B pertussis, 11 day and orally

sensitized groups, respectively.

Challenges. After the sensitization period, animals were submitted to either saline (0.5 ml of
saline solution 0.9 % NaCl) or OVA (0.5 ml of 0.2 g mlI* OVA solution) challenge by
gavage. Unsensitized control and sham animals were also challenged as described for
sensitized animals. Following previous studies (6; 19), challenge in the B. pertussis sensitized
group was performed 14 days after hypersensitivity induction; 28 days after the first injection
in the 11 day sensitized group; and 7 days after the end of the induction period in the orally
sensitized group. The night before the challenge, food was removed and the animal caged
individually. Blood samples from the saphenous vein were taken before (T,) and 3 hours after
(Ts) challenge. Animals did not have access to food until the two blood samples had been
taken. Serum obtained was kept at —30°C until Rat Mast Cell Protease Il (RMCP I1) analysis

was performed.

Experimental procedures. At least 8 days after the challenge, animals from all groups were
submitted to one of the following experimental procedures to evaluate the chronic
consequences of OVA sensitization: 1) Duodenal perfusion and determination of RMCP 11 in

the perfusate or 2) Recording of intestinal motor activity.

Animal preparation for perfusion experiments. Animals were fasted for 16-18 h before
experiments. Rats were anesthetized by inhalation of halothane to allow cannulation with
polyethylene tubing of the right jugular vein. Stage Il anesthesia was maintained with
Pentothal Sodium bolus infusions in the jugular vein as required. Body temperature was
maintained at 37°C by placing the rat on a heating pad. A tracheotomy was performed in
order to avoid respiratory problems due to the anesthesia. A sample of blood from the jugular

vein was taken for IgE and RMCP Il analysis. The intestine was exposed through an
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abdominal midline incision, and a polyvinyl tube was inserted in the duodenal lumen by an
incision in the stomach wall and passed through the pylorus. Another plastic tube was inserted
at the end of the duodenum next to Treitz’s ligament, to allow drainage and perfusate
collection. The total length of the duodenum exposed to perfusion was 7-8 cm. After surgery,
the abdomen was covered with gauze soaked in liquid Vaseline to avoid tissue dryness and
loss of heat. Duodenum was continuously perfused with phosphate buffer saline (PBS) at a
speed of 12 ml/h. After a resting period of 30 minutes, the perfusate was collected at 15-min
intervals in ice-chilled tubes for RMCP |1 evaluation. Animals were killed at the end of the
experiment with an overdose of anesthetic. The methodology as well as the assessment of

RMCP 11 values was validated in previous studies (14; 37).

Animal preparation for motility experiments. Rats were prepared for surgery as in the
previous procedure and a sample of blood from the jugular vein was also taken for IgE and
RMCP Il analysis. The abdomen was opened through a midline incision, and the intestine was
exposed. Three strain gauges (3x5 mm; Hugo Sachs Elektronik, March-Hugstetten, Germany)
were placed to record circular muscle activity and sutured to the intestinal wall of duodenum
(at 2 cm from the pylorus), proximal jejunum (at 2 cm from Treitz’s ligament), and ileum (10
cm from cecum), respectively. Strain gauges were connected to high-gain amplifiers
(Lectromed MTP8, Lectromed, St Peter, Jersey, UK), and amplified signals were sent to a

recording unit (PowerLab/800, ADI Instruments, Sydney, Australia).

Motor response evaluation. After a resting period of 30 min, spontaneous motor activity of
the intestine was recorded during 60 min and the area under the curve (AUC) of the recording
estimated. To further evaluate the two components of the motor response: inhibitory (mainly
nitrergic) and excitatory (cholinergic and tachykininergic), intestinal motility was also
recorded after administration of an intravenous bolus of Nw-nitro-L-arginine (L-NNA) (10”
mol kg™), a blocker of nitric oxide synthase. The AUC recorded during 10 min before L-NNA
infusion and the AUC during 10 min starting 10 min after L-NNA infusion were compared.
The difference between these two AUCs indicates the magnitude of inhibitory tone while the
motor activity of the intestine during L-NNA infusion indicates the excitatory tone of the
intestine. These parameters were selected from a protocol previously validated (35) because

they were the most affected by sensitization in our previous study (29).

Measurement of total IgE. Serum samples for IgE detection were frozen and stored at -30°C
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until assayed. IgE concentration in the serum was measured by ELISA using a commercial kit
(Crystal Chem Inc. (Chicago, IL)).

Measurement of anti OVA-specific IgE. Anti OVA-specific IgE was measured as described by
Hylkema and colleagues (12) with some modifications. Wells were coated overnight at 4°C
with a mouse mADb to rat IgE (B41-1, Pharmingen, San Diego, CA, USA) at 2 ug/ml, 100
ul/well. After washing the plates three times with PBS/0.05% Tween-20, 300 ul/well each
time, plates were blocked with 4% BSA/PBS/0.05% T20 for 2 h at room temperature. After
washing the plates three times, serum samples were added to the wells at 1:4 dilutions in 2%
BSA/PBS/0.05% T20. Serum samples were titrated and plates were incubated for 1 h at 37°C.
After washing the plates three times as described, biotinylated OVA (10 pg/ml in 2%
BSA/PBS/0.05% T20) was added for 1 h at 37°C and plates were washed again. As a second
step, streptavidin-peroxidase polymer ultrasensitive (S2438 Sigma, Saint Louis, MO, USA)
1:500 in PBS/T20 was added for 15 min at 37°C. After washing, plates were developed for 15
min at room temperature after addition of 3, 5, 3’, 5’-tetramethylbenzidin (T0440 Sigma,
Saint Louis, MO, USA). Color development was stopped with 2 M H,SO, and absorption was
measured at 405 nm. Serum samples from unsensitized control SD and BN rats were used as
negative controls. Negative control serums were measured at a 1:4 dilution, providing the
reference value taken to determine the titer of the test sera. Each test serum was titrated
starting at a 1:4 dilution and the reciprocal of the furthest serum dilution giving an extinction
>0.1 units above the reference value was read as the titer. All analyses were performed in
duplicate. Inter-assay variation was prevented to interfere in the results by including samples

from control, sham and sensitized rats in each 96-well plate.

Measurement of Rat Mast Cell Protease Il (RMCP II). RMCP Il concentration in the serum
and in the perfusate was measured by ELISA using a commercial kit (Moredun Animal
Health (Edinburgh, UK)) as previously described (14; 29; 37).

RMCP 1l immunohistochemistry and mucosal mast cell counts. Tissue samples from animals
submitted to either saline or OVA challenge were taken for mucosal mast cell counts.
Immunodetection of RMCP Il was carried out on paraformaldehyde-fixed duodenum,
jejunum and ileum sections using a monoclonal antibody (Moredun, UK). Detection was

performed with avidin/peroxidase (Vectastain ABC Kkit, Vector Laboratories, Burlingame,
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CA, USA). Sections were counterstained with hematoxylin and counted at x400
magnification. Positively stained mast cells were counted in three to five sections per
intestinal segment and animal. Seven to ten well-oriented villus-crypt units (VCU) were
examined per section using an Olympus CH2 microscope (Olympus, Barcelona, Spain).

Analysis of all morphological data was performed blind to prevent observer bias.

Statistics. All data are expressed as mean += SEM. Statistical analysis of the results was
performed with ordinary ANOVA followed by a post hoc Bonferroni test for the comparison
of unsensitized control and sham sensitized groups. Unpaired student’s t-test was used for
comparison of each sensitized group with its respective sham group. Statistical analysis of
results for the challenge and perfusion studies was performed with two-way ANOVA
followed by post hoc Bonferroni test. Unpaired student’s t-test was used for comparison of
intestinal segments motility in BN rats with its respective in SD rats. Differences between
groups were considered statistically significant at p<0.05.
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RESULTS

Total IgE concentration. BN rats showed higher total IgE concentration in serum than SD
rats. Furthermore, the adjuvant B pertussis significantly increased IgE in BN rats. All
sensitized BN groups showed a significant increase of IgE. In contrast, in SD rats only the

group that received B. pertussis plus OVA showed an increase on IgE concentration (Fig. 1).

E‘: 3000 c:i //
? 2000 1 7 /
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" 1000 A % / i -

sham OVA sensitized

Fig. 1.- Total IgE concentration (ng/ml) in serum from BN and SD rats. Bars represent mean
+ SEM from unsensitized control (BN n=11, SD n=16), sham sensitized (Bordetella pertussis,
11 day and oral; n=4-6 each group), and ovalbumin (OVA) sensitized (Bordetella pertussis,
11 day and oral; n=5-12 each group). *P<0.05, **P<0.01 or ***P<0.001, respectively,
compared with its respective sham group. +++P<0.001 compared with unsensitized control
rats.

74



Anti OVA-specific IgE concentration. Anti OVA-specific IgEs were only detected in OVA-
sensitized BN rats (Fig. 2). In SD rats, all OVA-sensitized groups gave negative results,

independently of the sensitization protocol used.

BN rats

10 4

2Iog IgE titer

unsens B pertussis 11 day oral

Fig. 2.- Anti ovalbumin (OVA)-specific IgE on B pertussis sensitized, 11 day sensitized and
orally sensitized BN rats (n=4 each). The data are presented as mean 2log IgE titer + SEM of
responding rats. Anti OVA-specific IgE could not be detected in SD exposed animals.

Spontaneous mucosal mast cell systemic release of RMCP Il. BN rats showed higher RMCP
Il concentration in blood than SD rats. Furthermore, sham sensitized BN rats showed a further
slight increase of RMCP Il while no effect of sham sensitization was observed in SD rats. In
contrast, RMCP 1l concentration was very significantly decreased in BN OVA-sensitized

groups while it remained unchanged in SD OV A-sensitized groups (Fig. 3).
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Fig. 3.- Rat Mast Cell Protease Il (RMCP I1) concentration (ng/ml) in serum from BN and SD

rats. Bars represent mean

SEM from unsensitized control (BN n=10, SD n=7), sham

sensitized (Bordetella pertussis, 11 day and oral; n=4-5 each group), and ovalbumin
sensitized rats (Bordetella pertussis, 11 day and oral (n=6-10 each group). **P<0.01 or
***pP<0.001 compared with its respective sham group; +P<0.05 compared with unsensitized

control rats.
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Mucosal mast cell activation. In contrast to basal RMCP Il concentration results, challenge
with OVA had the same effect on the two rat strains. OVA challenge resulted in a significant
increase of serum RMCP Il concentration only in B pertussis and in 11 day sensitized groups
in both BN and SD strains. No changes in RMCP Il concentration was observed in orally

sensitized groups after OVA challenge in either BN or SD rats (Table 1).

Table 1.- Rat Mast Cell Protease Il (RMCP IlI) concentration (ng/ml) in serum from
unsensitized and OVA-sensitized rats before (To) and after (T, 3-h post-challenge values)
gavage challenge. Rats received ovalbumin solution challenge (0.2 g/ml, 0.5 ml/rat).

BN RATS To Ts
Unsensitized 250.14 +27.21 220.41 +£50.49
B pertussis sensitized 212.46 +29.76 919.54 £ 94.2 ** ++
11 day sensitized 197.51 + 20.58 916.67 £ 56.95 ** ++
Orally sensitized 268.67 +£19.35 256.82 + 46.84
SD RATS To Ts
Unsensitized 58.39 + 8.62 4218 £3.12
B pertussis sensitized 52.92 +14.77 461.48 + 20.14 ** ++
11 day sensitized 66.82 +9.32 524.67 £ 116.45 *** ++
Orally sensitized 90.01 £ 19.25 69.95 + 13.84

Expressed as mean + SEM from unsensitized control (n=4), B pertussis sensitized (n=4), 11
day sensitized (n=6) and orally sensitized (n=6) BN rats; means + SEM from unsensitized
control (n=4), B pertussis sensitized (n=4), 11 day sensitized (n=4) and orally sensitized (n=6)
SD rats. **P<0.01 or ***P<0.001, respectively, compared with unsensitized controls; ++
P<0.01 compared with Ty values of the same group.
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RMCP Il immunohistochemistry and mucosal mast cell count. BN control and sham
sensitized rats showed a higher number of mucosal mast cells in the duodenum than SD rats
(Fig. 4). Similar results were found in jejunum and ileum (data not shown). Consequences of
OVA sensitization were different in BN and SD rats. While OVA sensitization significantly
increased mucosal mast cell numbers independently of the protocol of sensitization used in
SD rats, BN rats did not show such a clear effect. Systemic sensitization seems to increase
mast cell number while orally induced sensitization did not. In fact, there was a slight
decrease in the number of mast cells located at the mucosa of BN orally sensitized rats. In
order to discard the possibility that this apparent lower number was a consequence of a long-
lasting degranulation due to the OV A challenge performed earlier, the animals were split into
two groups: 1) those that the interval between the challenge and the experiment had been 28
days or more, and 2) those that the interval was 7-10 days. Both subgroups showed a similar
number of MMC (7.61 = 0.95 in group 7-10 days (n=3); 8.54 + 0.65 in group >28 days

(n=3)), and in consequence a possible effect of the challenge was discarded.

78



BN rats

20 -

[/ unsens

5 181 | ez B pertussis
2 = :
SR
[
T 0
o 61
0

5

0

SD rats
20 -
[ unsens

181z B pertussis
3 16 | ==m 11 day *
z 14 | | EEEE oral
2 12 - * *
E 10- =
% 1T %
0

O _

sham OVA sensitized

Fig. 4.- Duodenal mucosal mast cell number expressed per villus-crypt unit (VCU) counted in
7-10 units per section. Three to five sections were counted per rat. Bars represent mean +
SEM from 5-9 rats from each hypersensitivity induction protocol (sham and sensitized) of BN
or SD rats. *P<0.05, compared with its respective sham group.
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Intestinal mucosal mast cell activity. As with mast cell number results, mast cell activity was
also different in BN and SD rats. BN rats also showed a higher spontaneous RMCP 11 release
in the duodenum. Mast cell activity was not modified by OVA sensitization, except in orally
sensitized BN rats, in which there was a significant decrease of the RMCP 11 released. In
contrast, all groups of sensitized SD rats showed a similar increase of mast cell activity. This

effect was of greater magnitude in the B. pertussis group (Fig. 5).
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Fig. 5.- Rat Mast Cell Protease Il (RMCP IlI) concentration (ng/ml) in duodenum perfusate
from BN and SD rats. Mean + SEM are presented for unsensitized control (BN n=11, SD
n=14), Bordetella pertussis sensitized (BN n=5, SD n=15), 11 day sensitized (BN n=10, SD
n=5) and orally sensitized (BN n=5, SD n=6) rats. **P<0.01 or ***P<0.001, respectively,
compared with unsensitized control rats of the same strain; +++P<0.001 compared with SD
rats.
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Intestinal motor evaluation: spontaneous motility. The duodenum was the section of the small
intestine most affected by sensitization. Motor alterations in the jejunum and ileum were
similar but of less magnitude than in the duodenum.

No differences were observed in the spontaneous motor activity of the duodenum between BN
and SD rats. However, their response to sensitization was very different. Spontaneous activity
of the intestine in BN rats was significantly increased in sham sensitized groups. The effect
was similar in the 3 sham groups, independently of both the way of OVA administration or
the use or not of adjuvants. Sensitization to OVA in BN rats did not further modify intestinal
motor activity (Fig. 6).

In contrast, SD sham sensitized groups showed an intestinal activity similar to unsensitized
control animals. Furthermore, OVA-sensitized SD rats showed a significant increase of motor

activity. No differences were observed due to the protocol of sensitization (Fig. 6).
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Fig. 6.- Quantification of the spontaneous motility (magnitude of the contraction) in the
duodenum of BN and SD rats. Mean + SEM are presented for unsensitized control (BN n=6,
SD n=6), sham sensitized (Bordetella pertussis, 11 day and oral; n=4-6 each group), and
ovalbumin sensitized rats (Bordetella pertussis, 11 day and oral (n=4-9 each group).
**P<0.01 or ***P<0.001 compared with its respective sham group; +P<0.05 compared with
unsensitized control rats.
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Intestinal motor evaluation: inhibitory and excitatory tone.

In unsensitized control animals, L-NNA increased motor activity. The motor activity after L-
NNA was of greater magnitude in BN than in SD rats, indicating that although inhibitory tone
is present in both rat strains, the excitatory component of the motor response seems to be
increased in BN rats. Sham sensitization showed a slight increase of AUC after L-NNA in
both rat strains in comparison to unsensitized control rats. This effect was of bigger
magnitude in sham sensitized BN groups. In contrast, orally sensitization to OVA had an
opposite effect in BN and SD rats. While in SD rats sensitization abolished inhibitory tone
(AUC before and after L-NNA was of the same magnitude), sensitization in BN rats did not

abolish inhibitory tone but decreased the abnormal excitatory response (Fig. 7).
Different consequences of orally induced OVA sensitization. Orally sensitization to OVA had

opposite effects in BN and SD rats in most of the parameters studied. Table 2 summarizes

responses to orally induced OVA sensitization in both rat strains as a summary.

Table 2.- Summary of effects of orally induced sensitization to OVA in BN and SD rats.

BN SD
Anti OVA-specific IgE Present Absent
Basal systemic RMCP Il Decreased Unchanged
RMCP Il (challenge) Unchanged Unchanged
RMCP Il in perfusate Decreased Unchanged
IMMC number Unchanged Increased
Spontaneous motility Unchanged Increased
Inhibitory tone Unchanged Abolished
Excitatory tone Diminished Unchanged
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Figure 7.- Effect of L-NNA infusion on magnitude of contractions in the jejunum of BN and
SD rats. Bars represent mean + SEM from unsensitized control (U) (BN n=6, SD n=6), sham
sensitized (Bordetella pertussis (Bp), 11 day (11d) and oral (O); n=4-6 each group), and
ovalbumin sensitized rats (Bordetella pertussis (Bp), 11 day (11d) and oral (O); n=4-9 each
group). *P<0.05, **P<0.01 or ***P<0.001, respectively, compared with spontaneous motility
before L-NNA in the same group; +P<0.05 or +++P<0.001, respectively, compared with its
respective sham group in the same moment; #P<0.05 or ##P<0.01, respectively, compared
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with unsensitized control rats in the same moment.
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DISCUSSION

This study shows that food sensitization occurs in both genetically predisposed and non
predisposed animals. However, the mechanisms implicated and their consequences differ. In
addition, orally induced sensitization to OVA in high-IgE responders seems to diminish mast
cell activity and to reduce altered contractility of the intestine.

BN rats are well known to be high-1gE responders (11). Our results show that these animals
have a higher concentration of IgE previous to sensitization. This result was expected due to
the facility of these animals to respond to all sorts of potential antigens in the environment
(38), but our results also demonstrate that BN rats show a higher number of mucosal mast
cells and an increased mast cell activity.

Several studies have demonstrated a correlation between the response to stress and mast cell
activity (30; 34). Sham groups included in our study allowed us to discriminate between the
effect due to the experimental manipulation and the effect of the sensitization to OVA. Our
study corroborates that stress (in this case induced by manipulation during sensitization
protocol) can modify intestinal motor function. This effect was more evident in BN rats,
which also showed a higher number of mast cells and of mast cell activity. These results show
the high correlation between an abnormal mast cell response and the intestinal exacerbated
motor response. The BN rat is a good model for human atopy and our results indicate that an
exacerbated mast cell response could also derivate into abnormal motor responses of the
intestine in humans. In fact, atopy in humans has been associated with irritable bowel disease
(IBD) (26), a functional disorder characterized by increased motor response of the intestine
(3).

Our results also corroborate the difficulty of identifying food allergies. Several clinical studies
report that in patients with clinical diagnoses of food allergy, skin prick testing and even IgE
analysis are quite often negative (1; 10). We demonstrate here that, especially in non-
predisposed individuals, sensitization to ovalbumin does not induce specific IgE production,
while sensitized animals show clear signs of response to OVA such as increased number of
intestinal mast cells and increased mast cell activity. Production of OVA specific IgE seems
to be independent of the induction protocol and whether adjuvants are used or not. It seems to
be a genetically determined feature. However, the fact that response to challenge was similar
in the two rat strains is very interesting. Only those animals that had been sensitized via
parenteral showed a significant increase of RMCP Il in serum. Neither BN nor SD rats orally

sensitized to OVA did so. Our hypothesis is that immune response to orally induced
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sensitization is a locally limited response as already suggested in humans (21). The intestine
is the biggest entrance for all sorts of noxious agents and the GALT (gut associated lymphoid
tissue) stops the majority of these agents crossing the gut barrier. Most of the immune
responses induced in the intestine remain local. Our results indicate that in a similar way
hypersensitivity reactions can be limited to the intestine. However, this does not imply that
the gastrointestinal functional consequences of sensitization to food are not severe at least in
relation to gastrointestinal function. Our results show the opposite. SD rats sensitized to
ovalbumin presented higher mast cell number and higher mast cell activity. A consequence of
this could be the motor alterations observed. But mast cell activity has also been associated
with alterations of mucosa permeability and with a higher susceptibility to suffer from
inflammatory intestinal disease (IBD) (24; 25).

Allergies have been associated with mast cell activation. The proposed mechanism is that
mast cells are activated by specific IgE. We have already discussed above the possible
association between a higher production of IgE and a higher mast cell activity. However, we
did not anticipate that sensitization to OVA (independently of the protocol used) in BN rats
could cause a decrease of mast cell activity. However, several studies have demonstrated that
chronic exposure to OVA ameliorates asthma symptoms (31). This phenomenon is known as
bystander suppression and could serve to ameliorate consequences of allergic disease. We
hypothesize that BN rats are already responding to environmental stimuli with a higher mast
cell activity. The administration of OVA could induce in these conditions bystander
suppression for those antigens, reducing the total RMCP Il concentration. The results we
observed on the improvement of intestinal motor parameters in these animals indicate the
need for further study. OVA sensitization could ameliorate those allergic responses in atopic
humans and maybe indirectly improve other associated syndromes. However, the opposite
results we observed in SD rats imply the need for a thorough diagnosis of the genetic
background before implementing such a treatment.

We previously demonstrated that sensitization to OVA alters intestinal motor activity in SD
rats (29). The main alteration is the suppression of inhibitory tone which would be responsible
for the increased spontaneous activity observed. Inhibitory tone is essential for the intestine
function. Suppression of inhibitory tone causes sustained contraction of the intestine (8).
Patients with irritable bowel syndrome show an increase in the force of contraction both
spontaneously and in response to neuroendocrine stimuli (16). Our results indicate that food
sensitivity in non-atopic individuals could be a primary cause of IBS.

BN rats showed a motor activity that did not differ from control SD rats. However, when L-
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NNA was applied a higher excitatory tone was observed. In accordance with the results
observed in mast cell activity, sham sensitization increased intestinal motor activity,
particularly the excitatory tone. Several mast cell mediators have been associated with smooth
muscle contraction (32; 33). However, OVA sensitization in BN rats, in accordance with the
observed decreased mast cell activity, did not induce a blockade of inhibitory tone but
reduced the excitatory tone. In other words, OVA sensitization normalized intestinal motility
in BN rats.

In conclusion, our study demonstrates that only atopy genetically predisposed rats show
specific IgE in response to food allergens. Hypersensitivity to food allergens can also occur in
non predisposed animals with important functional consequences. The response to orally
induced sensitization to ovalbumin in both BN and SD rats was restricted to the intestine
making it difficult to be diagnosed. Mast cell number and mast cell activity show a clear
correlation to intestinal motor activity. Orally induced sensitization to OVA in atopy

predisposed individuals could be used to ameliorate functional consequences of allergy.
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DISCUSION

El funcionamiento del sistema gastrointestinal tanto en situacion fisioldgica como
patologica viene determinado por la respuesta integrada de tres sistemas ampliamente
distribuidos por todo el organismo: sistema nervioso, sistema inmune y sistema
endocrino. Estos sistemas se hallan en continua comunicacién entre si a través de
mecanismos complejos.

Numerosos estudios han descrito como los estimulos intraluminales pueden inducir
respuestas nerviosas y endocrinas. Recientemente se ha considerado que también el

sistema inmune podria influir en las respuestas a nivel gastrointestinal.

Los mastocitos, aunque son considerados células del sistema inmune, responden a
estimulos no s6lo inmunoldgicos, sino a otros tipos de estimulo que pueden ser de
naturaleza diversa, como neurotransmisores, estimulos nerviosos, hormonas, peptonas y
cambios fisicos.

Muchos estudios han descrito la implicacién de los mastocitos en la patogénesis de la
alergia alimentaria y en procesos inflamatorios del tracto gastrointestinal. Pero la
presencia de mastocitos en los tejidos en condiciones fisiologicas hace intuir que estas

células tienen también funcion defensiva y reguladora.

Segtin los resultados obtenidos en nuestro trabajo, y a pesar de la existencia de estudios
que lo contradicen (Shanahan et al., 1985; Heiman & Crews, 1984), la somatostatina
tiene un claro efecto inhibidor sobre la degranulacion de los mastocitos de la mucosa
intestinal, tanto en condiciones de normalidad como de hiperplasia mastocitaria como
consecuencia de la infeccion con T. spiralis. Esta contradiccion en las acciones de la
somatostatina se debe probablemente a diferentes respuestas a la somatostatina segun el
tipo de mastocito, tal y como demuestran estudios previos sobre la respuesta a
sustancias neuromoduladoras de los diferentes tipos de mastocitos y el efecto supresor
de la inflamacion de la somatostatina en ratones infectados con T. spiralis (Kataeva et

al., 1994).

Aunque en este trabajo no hemos definido concretamente el mecanismo mediante el

cual la somatostatina influye en la actividad mastocitaria, la presencia de receptores de
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superficie para la somatostatina en los mastocitos refuerza la hipdtesis de una accioén
directa, aunque no podemos descartar acciones a través de otras células inmunes o a
través de neuronas sensibles a la somatostatina.

En cuanto a los resultados obtenidos en los experimentos con capsaicina, todo hace
pensar que la accion de la somatostatina sobre los mastocitos de mucosa intestinal esta
mediada, por lo menos en parte, por vias aferentes vagales. Sin embargo, la disminucién
en la liberacion de RMCP II observada por efecto de la somatostatina en ratas tratadas
con capsaicina, apoya también la hipotesis de una accion directa de la somatostatina

sobre los mastocitos.

Tal y como se describe en otros estudios (Stead, 1992b), en modelos de parasitosis
intestinal existe remodelacion nerviosa aferente tras la hiperplasia mastocitaria.
También en nuestro caso, el aumento de la sensibilidad aferente vagal, ademéas de la
hiperplasia, podria ser uno de los factores responsables de la mayor liberacion de

RMCP II observada en el modelo de T. spiralis.

Se ha demostrado que la somatostatina puede inhibir vias nerviosas aferentes vagales a
través de receptores especificos (Booth et al., 2001). Sin embargo, no se descarta la
posibilidad de que esta respuesta pueda estar mediada por la accion de la somatostatina
sobre otras células que se localicen proximas a terminales nerviosos aferentes, como por
ejemplo los mastocitos. Ademads, se ha visto que algunos mediadores mastocitarios
modifican la actividad de las vias aferentes vagales (Blackshaw & Grundy, 1993;
Williams et al., 1995).

Estudios preliminares en nuestro laboratorio han demostrado que en condiciones
fisiologicas los mastocitos de la mucosa intestinal estan regulados por un reflejo
nervioso que implica vias aferentes vagales e inervacion adrenérgica. Hay que destacar
también, que la presencia intraluminal de hidrolizado de ovoalbimina es capaz de

estimular este reflejo (Juanola et al., 1998; Vergara et al., 2002).

Asi pues, y segun nuestros resultados, la somatostatina y sus analogos podrian utilizarse
para disminuir la actividad mastocitaria y prevenir las respuestas andmalas de los
mastocitos en procesos inflamatorios y alérgicos del intestino o que cursen con

hipersensibilidad visceral, como por ejemplo el sindrome del intestino irritable (IBS).
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Existen numerosos estudios sobre la implicacion de los mastocitos en la respuesta
alérgica y las alteraciones de los mecanismos fisiologicos que conlleva tanto a nivel
gastrointestinal como en otros sistemas del organismo. Dichos estudios utilizan
mayoritariamente animales sensibilizados experimentalmente via sistémica. La mayoria
de ellos dejan a un lado las posibles alteraciones inducidas por el proceso de
sensibilizacién en si mismo a largo plazo, y se centran en los cambios que induce la
exposicion al antigeno en el transporte i6nico, la permeabilidad y la motilidad

intestinales (Scott et al., 1990; Vermillion et al., 1988).

En la realizaciéon de este trabajo hemos utilizado tres modelos de sensibilizacion
previamente descritos (Crowe et al., 1993; Knippels et al., 1999a) en rata, dos de ellos
via parenteral y el ultimo via oral. De estos tres modelos de sensibilizacion, el modelo
oral es el mas parecido al proceso de sensibilizacion natural, ya que no se administran
adyuvantes junto con el antigeno, y éste es siempre administrado via oral (Knippels et

al., 1998b).

En los individuos genéticamente predispuestos (atopicos), la respuesta alérgica a
proteinas de la dieta se debe generalmente a una sobreproduccion de IgEs (Sutton &
Gould, 1993). Esta predisposicion al desarrollo de alergias se ha descrito también en la
cepa de rata Brown Norway (BN) (Holt & Turner, 1985). Con el objetivo de comparar
si el proceso de sensibilizacion tenia consecuencias diferentes segun la predisposicion

genética, hemos utilizado dos cepas de rata: Sprague-Dawley (SD) y BN.

Los resultados obtenidos en nuestro trabajo hacen pensar que la sensibilizacion sélo
induce produccién de IgEs especificas en individuos predispuestos genéticamente.
Aunque no podemos descartar que la respuesta a la ovoalbimina en las ratas SD sea una
respuesta independiente de IgEs, es probable que se trate de una respuesta local mediada
por IgEs, como se ha descrito en humanos (Lin et al., 2002). Tampoco podemos
descartar diferencias en la captacion y procesamiento del antigeno entre las dos cepas,
que podrian determinar el grado de alergenicidad del mismo, tal y como se ha descrito
previamente (Kimber & Dearman, 2001).

La utilizacion de toxina de Bordetella pertussis como adyuvante favorece la produccion
de IgEs, aunque solo en individuos predispuestos en los que existe una mayor

produccion de IgEs es detectable la proporcion especifica frente a un antigeno concreto.
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Aparte de los niveles de IgEs, otro de los pardmetros valorados es la concentracion
sérica basal de RMCP II, indicador del grado de activacion de la poblacion mastocitaria
mucosa. En las ratas BN esta concentracion es mas alta que en las ratas SD,
probablemente debido a una poblaciéon mastocitaria mas activa, ya sea por mayor
proporcion de IgEs unidas a su membrana, por mayor nimero de mastocitos de mucosa
0 por otros mecanismos mds complejos. Paraddjicamente, tras la sensibilizacion la
concentracion de RMCP II se mantiene en las ratas SD, mientras que disminuye
considerablemente en las ratas BN. La respuesta natural basal de las ratas BN a
antigenos ambientales y la posterior sensibilizacion experimental a la ovoalbimina
podria inducir bystander suppression para esos antigenos, reduciendo la liberacion de
RMCP II como consecuencia de una menor activacion mastocitaria. En este caso la
ovoalbumina tendria claramente un efecto estabilizador sobre los mastocitos de las ratas

BN.

De las diferencias entre las dos cepas en los niveles séricos de IgEs y RMCP II en
respuesta a la sensibilizacion, se deduce que estos dos parametros no son siempre Utiles

en el diagnoéstico de la alergia alimentaria.

En relacion con el efecto de la sensibilizacion sobre la actividad mastocitaria, esta el
numero de mastocitos de la mucosa intestinal. En las ratas BN el nimero de mastocitos
de mucosa intestinal es ligeramente superior que en las ratas SD. Parad6jicamente, tras
la sensibilizacion el niimero de mastocitos aumenta en las ratas no predispuestas,
mientras que en las predispuestas se mantiene e incluso disminuye en el modelo de via
oral. A pesar de estas diferencias en el numero de mastocitos, no creemos que éste sea el
unico factor que determina las diferencias observadas en la actividad mastocitaria entre

cepas.

Los resultados obtenidos en los experimentos de perfusion confirman la hipdtesis de
una poblacién mastocitaria mas activa a nivel intestinal en las ratas BN. Ademas, el
efecto estabilizador de la sensibilizacion a la ovoalbumina en las ratas BN,
probablemente debido a bystander suppression, y el efecto estimulador de la

sensibilizacién en las ratas SD también queda reflejado a este nivel.
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Otro de los parametros que hemos valorado es la respuesta a la exposicién oral al
antigeno (challenge), que se utiliza en estudios de hipersensibilidad para el estudio de la
respuesta alérgica. Nosotros la hemos utilizado no con el objetivo de inducir dicha
respuesta, sino como control de la sensibilizaciéon del animal; aunque posteriormente
hemos visto que so6lo es util como tal en el caso de los modelos de sensibilizacion via
parenteral. Dos posibles hipotesis explicarian la respuesta no visible en las ratas
sensibilizadas via oral. La primera hipotesis seria que la sensibilizacion via oral actlie
solo sobre la poblacién mastocitaria intestinal, lo cual daria lugar a menor produccion
de RMCP II. La segunda hipotesis seria que el tiempo transcurrido en el momento del
challenge desde la ultima exposicion al antigeno difiere en los diferentes modelos de
sensibilizacion utilizados en este trabajo. Asi, en los modelos parenterales transcurren
entre dos y tres semanas, mientras que en el modelo oral transcurre s6lo una semana
desde la ultima dosis de ovoalbumina. Una semana podria no ser tiempo suficiente para
que los mastocitos hayan recuperado los niveles de RMCP 1II en sus granulos, y por
tanto la ovoalbumina estimularia la degranulacién de mastocitos con contenido bajo en

proteasa.

Los resultados de los experimentos de motilidad muestran que la sensibilizacion induce
hipermotilidad intestinal en ratas predispuestas y no predispuestas. El efecto de la
infusion de L-NNA demuestra que la hipermotilidad observada en las ratas SD
sensibilizadas se debe parcialmente a inhibicion de vias nerviosas inhibitorias
nitrérgicas. Pero la respuesta parece indicar que el tono inhibitorio se mantiene en las
ratas BN sensibilizadas, y por tanto la hipermotilidad podria también ser debida a

activacion de vias nerviosas excitatorias.

En el caso de la rata SD sensibilizada via oral, las alteraciones del patron de motilidad
intestinal y el aumento en el nimero de mastocitos son similares a los observados en los
modelos de sensibilizacion via sistémica. Pero a pesar de esto, hay que destacar que no
se detectan niveles elevados ni de IgEs ni de RMCP II en suero en respuesta al antigeno,
lo cual podria indicar el desarrollo de tolerancia oral en lugar de sensibilizacion. Esta
ultima hipdtesis queda descartada, segiin los resultados de los experimentos realizados
in vitro, en los que observamos que los mastocitos de estas ratas sensibilizadas via oral
presentan mayor liberacion basal de RMCP II que los de ratas controles. Todos estos

datos sugieren que los mastocitos en estos animales estin en un estado continuo de
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excitacion-activacion que podria ser responsable del mantenimiento de una

excitabilidad aumentada en las estructuras nerviosas del intestino.

Los mastocitos se localizan anatomicamente proximos a los nervios entéricos (Stead et
al., 1987) y por lo tanto, los mediadores inflamatorios que liberan pueden afectar a la
funcion del sistema nervioso entérico (Castro et al., 1987; Cooke, 1994; Wang et al.,
1991) y a la contractibilidad del musculo liso (Vermillion et al., 1988). Este fenomeno
explicaria las alteraciones en la percepcion visceral observadas en pacientes con IBS.
Hay que considerar, por otro lado, que algunas sustancias secretadas por los mastocitos
son nociceptivas y podrian por lo tanto, ademds de disminuir el umbral de sensibilidad
de vias nerviosas aferentes, provocar dolor. Algunos de los mediadores liberados por los
mastocitos pueden alterar los patrones de motilidad intestinal (Cooke, 1992; Liu et al.,

2003), contribuyendo también asi a la manifestacion sintomatica del IBS.

Seglin los pardmetros que hemos estudiado, estamos en condiciones de afirmar que la
sensibilizaciéon en si misma, ain en ausencia de estimulo, provoca alteraciones en
parametros fisioldgicos como la motilidad intestinal basal, el grado de excitacion-
activacion mastocitaria, y el nimero de mastocitos. Ademas, a partir de las diferencias
observadas entre las dos cepas, podemos decir que los factores genéticos determinan el
grado de alteracion de estos pardmetros. Aunque como sabemos, la respuesta alérgica es
probablemente de efecto mas inmediato y de consecuencias mas graves, desde el punto
de vista de la etiologia de la enfermedad inflamatoria intestinal y del IBS, sin duda

alguna la sensibilizacion tiene efectos a largo plazo.
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CONCLUSIONES

1-

La somatostatina, actuando directamente sobre receptores especificos de superficie y
también en parte por mediacion de vias aferentes vagales, disminuye la actividad de
los mastocitos de la mucosa duodenal en condiciones fisiologicas y de hiperplasia
intestinal, y por lo tanto podria prevenir las consecuencias de la hiperplasia
mastocitaria intestinal. La somatostatina puede estar implicada en la regulacion de la
funcion mastocitaria y tener un efecto modulador durante la respuesta inflamatoria

del intestino.

El aumento en la liberacion de RMCP II a nivel intestinal esta directamente
relacionado con el aumento en el nimero de mastocitos en el modelo de hiperplasia

intestinal con T. spiralis.

El proceso de sensibilizacién a proteinas de la dieta en la rata da lugar a
hipermotilidad crénica en el intestino delgado y alteracion del nimero de mastocitos
en la mucosa duodenal. Los mastocitos, como células del sistema inmune que estan
en intimo contacto con estructuras nerviosas que controlan la motilidad, estan

implicados en la manifestacion de estas alteraciones.

La respuesta a la administracion de L-NNA hace pensar que la hipermotilidad
observada en los animales sensibilizados podria ser debida, como minimo en parte,

a la disminucion del tono inhibitorio basal.

Factores genéticos, la via de exposicion al alérgeno y la utilizacion o no de
adyuvantes durante el proceso de sensibilizacion, influyen en la manifestacion de

las alteraciones inducidas por la sensibilizacion.

Las ratas BN presentan una poblacién mastocitaria mucosa mas activa que las ratas
SD. La sensibilizacion a la ovoalblimina en estas ratas induce una estabilizacion
aparente de los mastocitos de mucosa intestinal que se manifiesta con disminucion
en la liberacion de RMCP II a nivel sistémico y local y tendencia a la disminucion

en el nimero de IMMC.
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7- La sensibilizacién a la ovoalbumina en ratas SD hace que los mastocitos de la
mucosa intestinal presenten un estado de mayor excitacidn-activacion, que se
manifiesta con aumento en la liberacion de RMCP II a nivel local y aumento en el

nuamero de IMMC.

8- La valoracion de los niveles séricos de IgEs y del incremento en la liberacion de
mediadores mastocitarios en respuesta al challenge, no siempre es un método

adecuado para el diagnostico de enfermedades alérgicas.

9- El proceso de sensibilizacion induce produccion de IgEs especificas en ratas

genéticamente predispuestas pero no en ratas no predispuestas.

10- La sensibilizacion a la ovoalbumina, tanto parenteral como enteral, induce cambios
cronicos en la sensibilidad de los mastocitos de mucosa. La activacion cronica de

los mastocitos induce alteraciones cronicas de la actividad motora intestinal.

Conclusion final:

La somatostatina actia como moduladora de la actividad mastocitaria de la rata en

condiciones fisiologicas y durante la hiperplasia intestinal.

El proceso de sensibilizacion en si mismo induce cambios en la poblacion mastocitaria
y en los circuitos neuronales implicados en la regulacion de la motilidad intestinal, y por
lo tanto, altera la respuesta intestinal a cualquier estimulo y la actividad motora
espontdnea del intestino. Este fenomeno puede ser uno de los responsables de la

hipersensibilidad intestinal descrita en pacientes con IBS.
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Neuroendocrine control of intestinal mucosal
mast cells under physiological conditions

P. VERGARA, Y. SAAVEDRA & C. JUANOLA
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Abstract Mast cells are involved in the pathogenesis
of both allergies to food and inflammatory bowel
disorders. In addition, there are several lines of evi-
dence suggesting that mucosal mast cells also respond
to intraluminal stimuli. Our aim was to identify
neuroendocrine stimuli that could modify mucosal
mast cell activity in the rat. Anaesthetized rats were
prepared for duodenal perfusion and mast cell acti-
vation was measured by analysis of RMCP II con-
centration in the duodenal perfusate. Either buffered
saline solution or a 5% ovalbumin hydrolysate (OVH)
solution was infused into the duodenum. Subdia-
phragmatic vagotomy or afferent ablation by intralu-
minal treatment with capsaicin diminished RMCP II
concentration in basal conditions and significantly
reduced the response to OVH, which in control ani-
mals induced a three-fold increase of the protease. The
noradrenergic blockers phentholamine and propran-
olol significantly diminished RMCP II concentration
in basal conditions and completely blocked the
response to OVH. Intravenous infusion of cholecy-
stokinin-related peptides also induced a response of
mast cells. However, the response was different
depending on the peptide. CCK-8 induced a slight
increase of RMCP II, whereas both CCK-33 and gas-
trin induced a significant decrease in mast cell activ-
ity. These results show that intraluminal content
modulates mucosal mast cell activity by complex
mechanisms involving both nervous and endocrine
pathway.

Keywords CCK release, cholecystokinin, food al-
lergy, RMCP II, vagal afferents.
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INTRODUCTION

The gastrointestinal (GI) tract constitutes the largest
barrier of a living organism, being exposed not only to a
considerable number of organisms (bacteria, parasites,
etc.) but also to foreign proteins. To maintain its
physiology, the GI tract possesses complex control
mechanisms where both neuroendocrine and immune
responses are integrated.

The amount of literature showing how intraluminal
stimuli induce both neuronal and endocrine responses
is considerable. However, only recently has it been
considered that the immune system could also influ-
ence GI responses.

Mast cells are well known for their involvement in
the pathogenesis of allergy to food as well as inflam-
matory disorders in humans.'™® This has been corro-
borated by several experimental models.*® In addition,
intestinal mucosal mast cells are also activated by
psychological stimuli such as stress, in both humans
and animals.”*!

Recently, it has been established that mast cells are
in close contact with afferent vagal fibres and that both
afferent fibres and mast cells proliferate during
inflammation.’> In addition, several studies have
demonstrated that mast cells respond to central evoked
reflexes.!>!* Some functional differences between
mucosal mast cells and connective-type mast cells
have also been established. One of these differences is
that whereas Substance P degranulates connective-type
mast cells, mucosal mast cells are unresponsive to this
peptide.!®

We already demonstrated that mast cells could be
involved in the motor responses induced by endog-
enous CCK released by peptones.'® However, relatively
little is known about the response of mast cells to
endocrine stimuli.

Activated mast cells release large quantities of both
preformed and newly generated biologically active
molecules. Among them, rat mast cell protease II
(RMCP II) is an abundant specific neutral protease of
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rat mucosal mast cells that can be measured and thus
serve as a useful marker of mast cell activation.'”"18

Our objective was to discover the extent to which
mast cells are controlled by the nervous and endocrine
stimuli that control responses to food in the GI system.
We used an in vivo model in which the intestine was
infused with a peptone (ovalbumin hydrolysate, OVH)
and the following mechanisms were studied: (i) the role
of the vagus nerves in controlling mast cells; (ii) the
role of capsaicin-sensitive afferents; (iii) the involve-
ment of adrenergic pathways; and (iv) the effect of
CCK-related peptides on mast cell activity.

By understanding the physiological regulation of
mast cells we hoped to increase understanding of the
alterations occurring during inflammation and food-
induced allergy.

MATERIALS AND METHODS

Animals

All experimental protocols were carried out under the
supervision and regulations of the Ethical Committee
of the Universitat Autonoma de Barcelona. In this
study, male Sprague-Dawley rats, 8-10 weeks old
and weighing 300-350 g, were used. Animals had free
access to water and a standard pellet diet containing (%
total weight) 17.6% protein, 43.3% starch, and 2.5% fat
(A-04 Panlab, Barcelona, Spain). This diet did not con-
tain any trace of ovalbumin or any other egg derivative.
Rats were specific pathogen-free when purchased, and
from reception to their use in a protocol (between 7 and
21 days), they were kept in clean standard conditions.
The absence of intestinal parasites was systematically
checked. They were maintained in an environmentally
controlled room (temperature 20-21 °C, humidity
60%, on a 12-h light/dark cycle) in groups of 3-4 ani-
mals until surgery. The night before the experiment,
food was removed and the animal caged individually.

Perfusion studies and measurement of rat mast
cell protease II (RMCP II)

Rats were anaesthetized by inhalation of halothane
to allow cannulation of the right jugular vein with a
polyethylene tube. Stage III anaesthesia was main-
tained with bolus infusions of sodium pentothal into
the jugular vein as required. A tracheotomy was per-
formed in order to avoid the respiratory problems of
anaesthesia. The intestine was exposed through an
abdominal midline incision, and a polyvinyl tube was
inserted into the duodenal lumen through an incision
in the stomach wall and passed through the pylorus.
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Another plastic tube was inserted at the end of the
duodenum next to Treitz’s ligament to allow drainage
and perfusate collection. The total length of the duo-
denum exposed to perfusion was 7-8 cm. After surgery,
the abdomen was covered with a gauze soaked in liquid
Vaseline to avoid tissue dryness and loss of heat. Ani-
mals were killed at the end of the experiment with an
overdose of anaesthetic. A subdiaphragmatic vagotomy
was performed by cutting of the nerves just below the
diaphragm muscle.

Both buffered saline solution and albumin chicken
egg hydrolysate (OVH) were perfused at a speed of
12 mL h™'. Samples were collected every 15 min in
ice-chilled tubes for measurement of RMCP II. This
protocol has been previously validated to measure
mucosal mast cell activity.!*!¢

RMCP II concentration in the duodenal perfusate was
measured by ELISA. A monoclonal antibody against
RMCP 1II raised in mice was diluted to a concentration
of 2 ug mL™'in a 0.1 mol L™} carbonate buffer (pH 9.6).
Coated plates were incubated with the antibody at 4 °C
for 21-24 h before use. A 30-min incubation with 4%
(w/v) bovine serum albumin at 37 °C was carried out
before loading of a standard and the samples, in order to
avoid unspecific reaction. The samples were incubated
at 37 °C for 30 min. A sheep anti-RMCP II antibody and
a horseradish peroxidase conjugate were then added and
incubated for 1 h at 37 °C. Plates were developed using
o-phenylenediamine as substrate and read at 450 nm
after the reaction was stopped with 0.25 mol L™}
sulphuric acid solution. RMCP II concentration was
quantified against a RMCP II standard curve. All these
products were obtained from Moredun Animal Health
(Edinburgh, UK).

Materials

OVH was dissolved in phosphate buffered saline (PBS)
solution (5% w/v). Capsaicin was dissolved in 5%
dimethylsulphoxide (DMSO) and 5% Tween 80, and
then diluted in PBS. Phentolamine and propranolol
were dissolved in saline. All these products were
purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Atropine (Merck, Darmstadt, Germany) was
dissolved in saline solution. Cholecystokinin
octapeptide (CCK-8), sulphated form, was dissolved in
1% NaHCO; solution to a concentration of
10*mol L™!, with further dilutions in saline
solution. CCK-33 was diluted in saline solution. Both
of these were purchased from Peptide Institute Inc.
(Osaka, Japan). Gastrin (G17; rat little gastrin) was
purchased from Peninsula Laboratories Inc. (Belmont,
California) and diluted in saline solution.

© 2002 Blackwell Science Ltd
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Experimental protocols

In all these experiments, mast cell activation was
measured through RMCP II concentration analysis of
the perfusate. The following experimental groups were
established:

1 A group in which only saline solution was infused
during the experiment.

2 An OVH group in which, after 45 min, saline infu-
sion was replaced by OVH solution.

3 Two vagotomized groups, on which an acute subdi-
aphragmatic vagotomy was performed to evaluate
vagal involvement on mast cell activation, and on
which RMCP 1I analysis was performed during either
saline or OVH perfusion.

4 Two groups (capsaicin groups) where the ablation of
afferent C-fibres by the selective neurotoxin capsaicin
(600 mol L™! given intraduodenally for 1 h) was carried
out. Following this, buffered saline perfusion was
continued for 45 min, and then the perfusate was
changed to OVH perfusion for 1 h in one of the groups,
while in the other group, saline perfusion continued
until the end of the experiment.

5 Phentolamine and propranolol were given together
as an intravenous (i.v.) bolus at a dose of 1 mg kg™
each in order to evaluate the involvement of adrenergic
pathways in mast cell activation. OVH perfusion was
started 45 min after the phentolamine and propranolol
bolus and lasted for 1 h.

6 CCK-8 (3x10° mol kg''h™!), CCK-33 (3x107°
mol kg™! h™!), gastrin (3 x 10~° mol kg~! h™!) were in-
fused i.v. in different groups of animals while saline
solution was continuously perfused intraluminally.

Controls

The following controls were performed:

1 Sham vagotomy; four animals received similar
manipulation to vagotomized rats except for the
cutting of the vagus nerves.

2 Effect of nerve cutting; in another two animals cut-
ting of vagus nerves was performed once the beginning
of sample collection had started.

3 Capsaicin solvents; perfusion of capsaicin solvent
was infused in five animals. The experimental protocol
was the same as in the capsaicin groups.

4 To discard an osmolar effect of OVH in the intestinal
lumen, the osmolarity of OVH solution was measured
(628 mOsm) and a glucose solution of the same
osmolarity was infused in two animals without any
effect either on the RMCP II concentration or on the
volume of perfusate. In addition, the volume of
perfusate was carefully controlled. However, no signi-

© 2002 Blackwell Science Ltd
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ficant changes in volume due to the experimental
protocols were observed.

Statistics

All data are expressed as mean + SE of ng mL™' of
RMCP II. Statistical analysis for significant differences
was performed by means of Student’s t-test for paired
or unpaired data (basal conditions vs. OVH; adrenergic
blockers), ordinary one-way ANOvA (vagotomy,
responses to OVH in all experimental conditions) or
repeated measures ANOVA (capsaicin). ANOVA test was
followed by a post hoc Bonferroni test as appropriate.
Differences were considered significant when P < 0.05.

RESULTS

In control conditions, while saline solution was
perfused in the duodenal lumen, duodenal RMCP II
concentration remained stable during the duration
of experiment (n=5, Fig. 1). Duodenal perfusion of
ovalbumin hydrolysate (OVH) (n=5) significantly
increased RMCP II concentration when compared to
RMCP II levels during buffered saline infusion (Fig. 1).

Neural control of mast cell activity

Effect of subdiaphragmatic vagotomy. In those ani-
mals in which a vagotomy was undertaken, basal
RMCP II concentration was lower than in control ani-
mals (Fig. 2). Although RMCP II concentration slightly
increased after OVH infusion, the enzyme concentra-
tion was significantly lower compared to those
observed in control animals (n=5). In fact, RMCP II
concentration during OVH perfusion in vagotomized
rats was not different from basal levels in control ani-
mals (Fig. 2). In order to discard the possibility that
surgical manipulation or the cutting of the vagus nerves
could induce the degranulation of mucosal mast cells
and that this could be the cause for the low levels
observed afterwards, we performed vagotomy in two
rats 30 min after sample collection had been started.
The analysis of these samples also showed a decrease of
RMCP II concentration. No increase in RMCP II con-
centration was observed at any time (data not shown).

Role of afferent fibres on mast cell stimulation. The
protocol used in the experiments with capsaicin was
designed to allow observation of the stimulatory effect
of capsaicin application and of the withdrawal of the
functionality of afferent fibres after capsaicin (n=4).
Firstly, we observed that application of capsaicin
induced an important decrease in RMCP II concentra-
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Figure 1 RMCPII concentration (ng mL™!) in the duodenal
perfusate during buffered saline solution or ovalbumin
hydrolysate (OVH) perfusion. Time 0 = beginning of OVH
perfusion. Before time 0, the duodenum was perfused with
buffered saline solution in both groups. *P < 0.05; **P < 0.01.

tion (Fig. 3A). We did not observe any stimulatory ef-
fect of capsaicin. To ensure that capsaicin was not
having a brief stimulatory effect, we collected RMCP II
samples at 5-min intervals during capsaicin application
in two animals. We did not observe any stimulatory
effect in either of them. Secondly, capsaicin solvent
application induced a transient decrease of RMCP II
concentration. This effect only lasted during solvent
infusion, after which RMCP II returned to basal levels.
Thirdly, low levels of RMCP II concentration were
maintained after capsaicin application. When OVH
was applied in these conditions (n=4) there was an
increase in RMCP II (Fig. 3B), but this increased re-
sponse was significantly lower compared with the
OVH response in control animals.

Effect of adrenergic blockade on mast cell activ-
ity. Simultaneous infusion of phentolamine and prop-
ranolol induced important changes in mast cell
responses. Infusion of adrenergic antagonists induced a
decrease of basal concentration of RMCP II. This effect
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Figure 2 Differences between RMCPII concentration

(ng mL™!) in the duodenal perfusate during buffered saline
solution or ovalbumin hydrolysate (OVH) perfusion in
vagotomized animals compared to control groups. *P < 0.05
between OVH groups; *P < 0.05 between buffered saline and
OVH groups.

was more striking when the rats had a basal RMCP II
concentration higher that 2 ng mL™' (Table 1). The
posterior perfusion of OVH did not induce any increase
in RMCP II concentration (n=>5; Fig. 4).

Endocrine stimuli

Intravenous infusion of CCK-8 slightly increased
RMCP 1I concentrations (Fig. 5). However, responses
were very variable between animals and the significant
increase was only obtained after a considerable number
of experiments (n=10). CCK-33 (n=6) and gastrin
(n=4) induced significant decreases in basal concen-
tration of RMCP II. In these cases, all the animals re-
sponded in a similar way. Figure 5 summarizes
responses to CCK-related peptides.

DISCUSSION

Most studies regarding the regulation of the GI
immune system are performed under inflammation or
anaphylaxis. However, our study focused on the phy-
siological control of intestinal mucosal mast cell pop-
ulation. Our results indicate that under physiological
conditions, intestinal mucosal mast cells are exten-
sively regulated both by nervous reflexes and by
endocrine responses induced by intraluminal stimuli.
We now discuss the mechanisms involved as well
as the possible correlation between them and the
pathophysiology of some GI disorders.

© 2002 Blackwell Science Ltd
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Figure 3 Bar diagram showing the effect of intraduodenal
capsaicin treatment on RMCPII concentration (ng mL™}).
(A) Effect of capsaicin on RMCP II concentration. There were
three experimental groups: (i) control nontreated, in which
saline solution was perfused intraduodenally during the whole
experiment; (ii) control solvent, in which the solvents used to
dissolve the capsaicin were perfused for 1 h; (iii) capsaicin—
saline, in which capsaicin was applied for 1 h. Basal: RMCP II
concentrations before any treatment; intraluminal treatment:
after 45 min from the beginning of the experiment saline
(control nontreated), solvents (control solvent) or capsaicin
(capsaicin-saline) were perfused intraduodenally for 1 h; post-
treatment: RMCP II concentration 45 min after treatment
whilesaline solution was perfused intraduodenally. *P < 0.05,
**P <0.01, ***P < 0.001 in relation to the control nontreated
group. (B) Comparison of RMCP II concentration in the cap-
saicin-treated groups: (1) capsaicin saline: saline solution was
perfused intraduodenally; capsaicin-OVH: OVH was perfused
45 min after capsaicin treatment. RMCP II concentration in
nontreated animals (saline control and OVH control) is shown
for comparison purposes. ***P < 0.05, comparison between
OVH groups; " P < 0.05, comparison between capsaicin
groups.

As we previously showed,'® OVH, a product of
ovalbumin enzymatic digestion, is able to stimulate
intestinal mucosal mast cells. This response is blocked
by the mast cell stabiliser ketotifen and was not the
consequence of a previous sensitization of the animal

© 2002 Blackwell Science Ltd
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Table 1 RMCPII concentration (ng mL™!) before and after
phentolamine and propranolol treatment (1 mg kg™! each,
intravenous)

Before After P value
1.45 0.54
1.34 0.90
1.14 0.89
1.80 1.72
7.50 0.32
3.70 1.15
2.94 0.38
1.34 0.70
1.52 0.77
1.06 1.15
5.14 0.25

Mean + SEM  2.63 + 0.62 0.80 = 0.13 P <0.05

[ Control non-treated *
¢ ] EZ2 Phentolamine-propranolol ]'

2 .
s o
(&)
E 1 T
: % 2
Basal OVH

Figure 4 Lack of effect of OVH perfusion on RMCPII con-
centration (ng mL™!) after intravenous infusion of phentol-
amine and propranolol. *P < 0.05 comparison in control non-
treated group; P < 0.01 comparison between OVH groups.

to the peptone, as the foodstuff given to the animals did
not contain any ovalbumin derivatives.!® On the con-
trary, it indicates the response of mast cells to food
contents. Peptones in the intestinal lumen are able
to stimulate several neuroendocrine reflexes. For
instance, they stimulate pancreatic secretion through
the stimulation of CCK release'® and induce motor
changes in both the stomach and small intestine
through the release of several hormones®® and the
activation of nervous reflexes.”!

Our first hypothesis was that IMMC activity could
depend on neuroendocrine reflexes induced by food,
in which innervation could have an important role.
Several authors have postulated IMMC activation by
extrinsic nervous stimulation.'®!* In agreement with
these studies, our results in vagotomized animals
indicate the following: firstly, that vagal pathways
modulate the basal IMMC activity shown in our
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Figure 5 Bar diagram showing the effect of intravenous infu-
sion of CCK agonists. Basal indicates RMCPII concentration
before peptide infusion. *P < 0.05, **P < 0.01 in relation to
basal.

experimental conditions; secondly, that the IMMC
activation induced by OVH is, to a large extent, vagally
mediated. This demonstrates that, as part of the com-
plex neuroendocrine response to a meal, there is also a
modulation of the GI immune system through mast
cell activation. These results also corroborate that
there is a vagal tone regulating IMMC basal activity
and that vagal pathway activation further activates
IMMCs. However, IMMC activation by OVH is not
only vagally mediated, as demonstrated by the fact that
there was still an increase in RMCP II concentration
when OVH was infused into vagotomized animals.
This result indicates that OVH is also acting by other
mechanisms and that both endocrine mechanisms and
a direct action on IMMCs cannot be discounted.

Once the role of vagus nerves had been demonstra-
ted, the next step was to see if afferent pathways at the
duodenal mucosal level have a role in the control of
mast cells. The rationale for this was the extensive
knowledge of the role of capsaicin-sensitive afferents
in the mechanisms involved in both anaphylaxis
and inflammation.?>*® In addition, several studies
demonstrate that more than 50% of mucosal mast cells
in the rat jejunum are in close contact with mucosal
nerve fibres,'? giving support to our hypothesis.
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When we applied capsaicin to the duodenal lumen,
we observed similar results to vagotomy. Previously,
it has been demonstrated that afferent nerves are
responsible for several responses to intraluminal
stimuli.>*2® These responses are mediated by vagal
afferents, which have been found in the duodenum.?”
Furthermore, the similarities between the vagotomy
and capsaicin results indicate that vagal influence is
due to vagal afferent pathways. Our results also show
that both basal activation of IMMC and the response to
OVH are mediated by stimulation of mucosal afferents.

There are several studies that suggest that afferent
fibres retrogradely modulate mast cells.2® Our results
do not support this hypothesis. We did not observe any
stimulatory response to the application of capsaicin,
but the fact that capsaicin caused a transitory decrease
of RMCP II could be masking a transient excitatory
response to capsaicin. However, several other studies
agree with our result. For instance, there is some evi-
dence showing that mucosal mast cells are relatively
insensitive to substance P, in contrast to connective-
type mast cells.!® In addition, we found in our model
that substance P at a concentration of 107" mol L™
does not induce any significant effect on RMCP I
concentration (data not shown). However, there is
evidence that mast cell products such as 5-hydroxy-
tryptamine (5-HT; serotonin) can modify afferent
activity,”® thus a bi-directional mechanism cannot be
rejected. The study by Castex et al.?° is a good example
of the coexistence of several mechanisms that could be
mediated by mast cells.

We have previously reported that OVH infused in the
small intestine activates sympathetic pathways,*® and
in consequence, we considered it necessary to evaluate
the implication of adrenergic pathways in mast cell
regulation. Several studies have suggested that mast
cells can be activated by physical stress or by psycho-
logical distress.!®!! There is also a study that demon-
strates that stress induced by pain can modify mast cell
activity in humans, ° and it has also been shown that
psychological factors can aggravate GI inflammatory
disorders.®! Therefore, to establish if the sympathetic
pathways could have a role in the response of
mast cells to OVH, we infused phentolamine and
propranolol together and obtained two interesting
findings: (i) that sympathetic pathways modulate basal
mast cell activity; and (ii) that they also mediate OVH
response. In addition, the results clearly demonstrate a
correlation between the tone of adrenergic pathways
and the level of activation of mast cells. The fact that
adrenergic blockers were more effective than vagotomy
or capsaicin on blocking OVH effect shows the key role
of adrenergic pathways in the control of mast cell

© 2002 Blackwell Science Ltd
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activity. These results help to explain why stress or
other psychological factors modify mast cell activity and
why these factors aggravate certain pathological prob-
lems, such as irritable bowel syndrome, coeliac disease
and others in which mast cells have been implicated.>?

As previously shown,*® OVH in the rat released CCK
in the current experimental conditions. We have also
demonstrated previously'® that CCK is involved in the
response of mast cells to OVH by using CCK-specific
antagonists. Therefore, we considered it necessary to
ascertain if CCK could reproduce the effects of OVH.
Our results confirm that CCK modulates mast cell
activity in a complex way. While a stimulatory effect
predominated with CCK-8, both CCK-33 and gastrin
clearly induced a stabilizing effect on mast cells.
However, among the CCK family, CCK-8 is the
smallest form that can reproduce all the effects of
CCK, by stimulating both CCK-A and CCK-B recep-
tors. In addition, CCK actions have been described in
both the central nervous system and the periphery.>* In
addition, CCK-8 is the predominant form in the blood
whereas in the intestine most of the CCK is CCK-33/
39.%% Therefore, CCK-8 is probably acting in other areas
including the brain, while CCK-33 action is predom-
inant in the intestine. It has also been reported that
longer forms of CCK have different affinities for CCK
receptors. Longer forms have less affinity for CCK-A
pancreatic receptors.®® Furthermore, CCK longer forms
have been suggested as biologically more relevant than
CCK-8.37 All these facts could explain the differences
observed between CCK- 33 and CCK-8 responses on
IMMC activity. The fact that gastrin, a CCK-B agonist,
reproduces CCK-33 effects also indicates that endog-
enous gastrin/CCK peptides could have a role in pre-
venting mast cell degranulation by food proteins.

In summary, all these results show the complex
regulation of mast cells, their response to intraluminal
stimuli and some of the mechanisms involved in the
interplay between the lumen, the neuroendocrine sys-
tem and the immune response of the gut.
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