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ADNCc: Acido desoxirribonucleico copia.
AMPc: Adenosina 3°,5"-monofosfatociclico.
APS: Persulfato amonico.

ARN: Acido ribonucleico.

ARNmM: Acido ribonucleico mensajero.
B-NPH: B-nafilamida.

CCK: Colecistoquinina.

Cer: Ceruleina.

DMSO: Dimetilsulfoxido.

dNTPs: Desoxirribonucledsidos trifosfato.

Dominio SH2: Dominios homodlogos al dominio 2 de la proteina Src.

DTT: Ditiotreitol.

EDTA: Acido etilendiaminotetraacético.

ERK: Quinasa reguladas por sefales extracelulares.
F-Actina: Actina fibrilar.

HRP: Peroxidasa de rabano.

JAKSs: Quinasas de la familia “Janus”.

JNK: Quinasa c-Jun N-terminal.

HRP: Peroxidasa de rabano.

KCL: Cloruro de potasio.

L+M: Fraccion de lisosomas y mitocondrias.

LAMP: Proteina de membrana asociada al lisosoma.

LIMP: Proteina de membrana integral del lisosdmica.

Abreviaturas



L-NAME: N-nitro-L-arginina- metiléster.

MAPK: Proteinas quinasas activadas por mitogenos.

MgCl,: Cloruro de magnesio.

MPO: Mieloperoxidasa.

MU: Metilumbeliferona.

NAG: N-acetil-B-D-glucosaminidasa.

NaOH: Hidréxido de sodio.

NF-kB: Factor nuclear kappa B.

NOS: Oxido nitrico sintasa.

OCBP: Obstruccion del conducto biliopancreatico.
OsOg: Tetroxido de osmio.

PA: Pancreatitis aguda.

PAGE: Electroforesis en gel de poliacrilamida.
pb: Pares de bases.

PMSF: Fenilmetil-sulfonil fluoruro.

PSTI: Inhibidor de la tripsina.

PTPs: Proteina tirosina fosfatasas.

p/v: peso/volumen.

PVDF: Difluoruro de polivinilideno.

RE: Reticulo endoplasmatico.

ROS: Especies reactivas del oxigeno.

RPTPs: Proteina tirosina fosfatasas de tipo receptor.

Abreviaturas

RT-PCR: Transcripcion reversa acoplada a la reaccion en cadena de la

polimerasa.



Abreviaturas

RTKs: Receptores tirosina quinasa.

SDH: Succinato deshidrogenasa.

SDS: Dodecil sulfato sodico.

SDS-PAGE: electroforesis en gel de poliacrilamida en presencia de SDS.
SNP: Nitroprusiato sodico.

STATSs: Proteinas transductoras de sefales y activadoras de la transcripcion.
TAU: Taurocolato sédico.

TBS: Tampodn Tris Salino.

TEMED: N,N,N",N’,-tetrametil-etilendiamida.

TNF-a: factor de necrosis tumoral alfa.

Tris: Tris(hidroximetil)aminometano.

Tween 20: Polioxietileno 20 sorbitan monolaurato.

U: Unidades enzimaticas.

v/v: volumen/volumen.
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l. Introduccién







Introduccién

1. El pancreas

El pancreas es una glandula alargada situada en el retro-peritoneo ventral
izquierdo, sobre la pared posterior del abdomen. Se localiza por detras del
estomago y por delante de la columna vertebral, estando también en contacto
directo con el intestino delgado y el higado. En este érgano se distinguen tres
zonas principalmente: cabeza (enmarcada en el duodeno), cuerpo y cola (en
contacto con el bazo). Se encuentra rodeado de una capa de tejido conjuntivo y
se divide en l6bulos separados por septos vascularizados e inervados de dicho
tejido (Geneser, 2000; Segarra, 2006).

)
-

Figura 1. Representacion esquematica de las partes del pancreas, sus conductos

internos y estructuras asociadas.

Histoldgicamente, el pancreas esta compuesto por dos tipos de tejido,
endocrino y exocrino. La porcion exocrina se divide en Iébulos, separados entre
si por septos de tejido conjuntivo que contienen vasos sanguineos, linfaticos y
nervios (Sastre et al., 2005), y constituye el 80-85% de todo el pancreas; los
vasos sanguineos y la matriz extracelular representan un 10-15%, y el 2%
restante corresponde a la parte endocrina (Klein et al., 1996; Longnecker,
2014).

El tejido endocrino esta constituido por los islotes de Langerhans, los
cuales contienen principalmente células de tres tipos: las células alfa (producen
glucagén), las células beta (producen insulina) y las células delta (producen
somatostatina). La funcién de esta parte endocrina es producir y secretar
hormonas directamente a la sangre (Segarra, 2006). El pancreas exocrino esta
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Introduccién

constituido por los acinos y el sistema ductal. En cada unidad funcional se
pueden distinguir tres tipos de células: células acinares secretoras, las células
centro o paraacinares y las células ductales (Fig. 2) (Sastre et al., 2005). Las
células acinares son células cubico-piramidales caracterizadas por tener ciertas
formaciones intracitoplasmaticas en su parte apical denominadas granulos de
zimoégeno (organulos que almacenan las enzimas digestivas inactivas en su

interior), mientras que el resto de la célula estd conformado por un extenso

reticulo endoplasmatico, aparato de Golgi y mitocondrias (Bockman et al.,1998).

Células

acinares

Células :
centroacinares

Figura 2. Corte histologico del pancreas donde se observan los acinos y el sistema

ductal.

Las secreciones de este componente exocrino, que desembocan en el
duodeno a través de los conductos pancreaticos, estan formadas por un
componente enzimatico (procedente sobre todo de las células acinares) y una
secrecion hidroelectrolitica (procedente de las células ductales). La secrecion
hidroelectrolitica es una solucion acuosa rica en iones, mayoritariamente sodio
y bicarbonato, cuya funciéon es neutralizar el quimo acido procedente del
estobmago y proporcionar un medio neutro para que las enzimas digestivas
actuen correctamente en el duodeno. El componente enzimatico consta de

numerosas enzimas cuya funcién es digerir el contenido del duodeno; éstas
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Introduccién

son de diferentes tipos: proteoliticas (tripsina, quimotripsina, etc.), lipoliticas

(fosfolipasa, esterasa, etc.), glucoliticas (amilasas) y nucleoliticas (nucleasas).

Las secreciones estan reguladas por sefiales nerviosas y hormonales,
originadas en respuesta a la acidez y los productos de la digestion en el
duodeno. Entre las hormonas mas importantes estan la secretina, que estimula
la secrecion hidroelectrolitica, y la colecistoquinina (CCK), que estimula la

secrecion enzimatica (Sastre et al., 2005).
1.1. Pancreatitis aguda (PA)
1.2. Concepto

La pancreatitis aguda es un proceso inflamatorio agudo producido por la
activacion prematura de las enzimas proteoliticas del pancreas dentro de los
acinos pancreaticos, a consecuencia de diferentes estimulos de autodigestion

de la glandula.

El proceso inflamatorio es de gravedad variable, presentandose desde
una forma leve o edematosa hasta una forma grave o necrotizante asociada a
dafio multiorganico producido por la dispersion de los productos inflamatorios
activados (Jha et al., 2009). En el 80% de los pacientes la patologia se
resuelve sin una grave morbilidad, pero el 20% de casos restantes estan
complicados con una alta mortalidad y morbilidad, principalmente debido a las
alteraciones multiorganicas secundarias a la necrosis pancreatica. Ademas, la
incidencia de pancreatitis aguda se ha incrementado en las ultimas décadas
(Frossard et al., 2008).

1.2.1. Etiologiay factores de riesgo

El origen de la pancreatitis aguda sigue siendo en la actualidad
controvertido, ya que en realidad se debe a la implicacién de un complejo rango
de agentes genéticos y ambientales, que todavia no estan esclarecidos
completamente. Por ejemplo, se ha visto predisposicion genética en
mutaciones de algunos genes como el del tripsinégeno catidnico (PRSS1), el
de la fibrosis quistica (CFTR), o el del inhibidor de la serin-proteasa Kazal de
tipo 1 (SPINK1), pero también se han caracterizado una amplia multitud de
factores no genéticos como los calculos biliares y la colestasis, el alcohol, las

5



Introduccién

infecciones, la hiperestimulacion pancreatica (por ejemplo, de hormonas como
la colecistoquinina), las intervenciones quirurgicas, la hipercalemia, la
hipertrigliceridemia, las alteraciones en el parénquima y los conductos

pancreaticos o la autoinmunidad (Abela et al., 2010; Baddeley et al., 2010).

De todos los casos de pancreatitis aguda, se detecta el agente
desencadenante en el 75-85% de los pacientes. En los paises desarrollados las
principales causas son la obstruccion de los canales pancreaticos por calculos
biliares (38%) y el abuso de alcohol (36%), seguido a gran distancia por la
hiperestimulacién pancredtica, algunas anomalias congénitas del tejido
pancreatico, tumores que obstruyen los conductos o el dafio producido tras
realizar una colangiopancreatografia retrégrada endoscépica (CPRE) (Wang et
al., 2009).

1.2.2. Fisiopatologia

Los mecanismos fisiopatolégicos no se conocen en su totalidad, aunque
practicamente se sabe que la predisposicidn a un determinado estimulo, de los
citados anteriormente, provoca la activacion prematura y anormal de las
enzimas pancreaticas en las células acinares, que lleva a un proceso de

autodigestion e inflamacion local de la glandula (Frossard et al., 2008).

El estadio inicial de la enfermedad se produce fundamentalmente por la
activacion del tripsinbgeno (zimégeno) a tripsina (enzima activa),
desencadenando una cascada de activacién del resto de enzimas acinares y
resultando en el dafo celular y los procesos de autodigestién (Braddeley et al.,
2010). Se ha comprobado la implicacion del factor de necrosis tumoral (TNFa),
producido por la activacién de la Catepsina B, y fallos en la regulacion de la
concentracion de calcio citosolico libre, como inductores de la activacion del

tripsindgeno intraacinar (Sah & Saluja, 2012).

Posteriormente se origina un proceso inflamatorio causado por la
produccion de citocinas y quimiocinas por las células acinares dafadas, que
atraen a neutrdfilos, macréfagos y linfocitos a la zona de la lesion. Esta
respuesta sistémica estda determinada por la concentracidbn en sangre de

mediadores pro-inflamatorios (que aumentan) y anti-inflamatorios (que
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Introduccién

disminuyen) (Frossard et al., 2008; Abela et al., 2010). El origen del proceso
inflamatorio en las células acinares también es un motivo de discusion, ya que
también se ha propuesto que se debe a la activacion del factor transcripcional
NF-kB y este hecho seria independiente de la activacién prematura de las
enzimas acinares (Sah & Saluja, 2012; Lankisch et al., 2015). Ademas, la
presencia de factores inflamatorios y el estrés sistémico provocan la activaciéon
de las células endoteliales de esta zona, permitiendo la migracion de mas
células leucocitarias al tejido pancreatico y provocando variaciones en otras
enzimas implicadas. Esto provoca la disminucion de los niveles de oxigeno en
el 6rgano y el aumento de radicales libres, que contribuyen también al dafo

pancreatico (Frossard et al., 2008).

La gravedad del proceso fisiopatolégico de la pancreatitis aguda en el
organo, como ya se ha indicado, es variable. Se han descrito factores que
pueden influir en el proceso: estrés oxidativo, alteracion de la autofagia,
disfuncion mitocondrial, alteraciones del pH acinar, etc. Estos eventos provocan
una variacion en el balance de la muerte celular por apoptosis respecto a
necrosis. La apoptosis se considera una muerte celular protectora mientras que
la necrosis es destructiva. Por tanto, la gravedad dependera del tipo de muerte
celular que predomine (Sah & Saluja, 2012).

Finalmente, la pancreatitis aguda puede progresar a un sindrome de
respuesta inflamatoria sistémica caracterizado por hipovolemia, reduccién de
fluido en el espacio intersticial y dafio capilar. La presencia de factores pro-
inflamatorios en la sangre lleva a procesos isquémicos en el pancreas, dafio
pulmonar agudo, fallo renal agudo, descompensacion hepatica o infecciones

graves (sepsis) (Baddeley et al., 2010).

Para facilitar el desarrollo de nuevos tratamientos farmacoldgicos es
necesario conocer aquellos mediadores y receptores involucrados en las rutas
de senalizacion de la patologia. Por este motivo es necesario el estudio de
modelos experimentales que permitan explicar los mecanismos involucrados en
la pancreatitis aguda, y que en humanos serian imposibles de estudiar. Entre
los diferentes tipos de modelos experimentales que existen, los mas mpleados,

y utilizados en este trabajo, son los modelos animales (Zhao et al., 2013).

7
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1.3. Pancreatitis aguda experimental
1.3.1. Modelos animales

Los modelos animales pueden facilitar la comprensién de la patogénesis
de la pancreatitis aguda, siempre que sean comparables con la patologia en el
ser humano. De este modo, el desarrollo de diferentes modelos animales ha
contribuido al conocimiento de los procesos celulares tempranos, la

patogénesis y la fisiopatologia de la enfermedad.

Cada modelo animal presenta una serie de ventajas e inconvenientes
para el estudio de un determinado aspecto. Esto permite que,
metodoldgicamente, se seleccione el modelo animal apropiado para el estudio

que se quiere realizar (Zhao et al., 2013).

En general, el modelo animal ideal debe cumplir una serie de criterios: ser
econoémico, reproducir la patologia (seguir el curso basico que presenta la
enfermedad), permitir la repeticion de la misma patogenia y fisiopatologia
siempre que se realice, responder al mismo tratamiento que se utiliza en
humanos, y que el proceso de desarrollo de la pancreatitis en el animal

experimental sea sencillo para poder estandarizarlo (Foitzik et al., 2000).

A partir de esta premisa, existen numerosos modelos animales
clasificados en base a diferentes criterios: la técnica empleada (invasivas o no
invasivas), la causa de la patologia (alcohdlica, téxica, obstructiva, isquémica,
etc.), o la gravedad del dafio (edematosa o necrotizante). El criterio de la
gravedad es importante; por ejemplo, los modelos de pancreatitis aguda
edematosa son oportunos para estudiar la patologia cuando no hay procesos
de necrosis y sepsis graves, es decir, cuando la enfermedad esta en un estadio
temprano (Foitzik et al., 2000; Zhao et al., 2013).

En base a estos criterios se han desarrollado varios modelos animales
que tratan de reproducir y explicar los cambios bioquimicos y celulares que se
producen en la pancreatitis aguda humana; como por ejemplo, el modelo de
una dieta deficiente en colina y suplementada con etionina, el modelo del asa
duodenal cerrada, el modelo de obstrucciéon del conducto biliopancreatico o los

ductos pancreaticos por infusion de sales biliares (como el taurocolato sddico)

8
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o por ligadura quirurgica (Steer, 1992; Foitzik et al., 2000), el modelo de la
oclusién vascular pancreatica, el modelo de pancreatitis alcohdlica inducido por
la ingesta abusiva de etanol o el modelo de induccién por hiperestimulacion

con colecistoquinina (CCK) o su analogo, la ceruleina (Mansfield, 2012).

En el presente trabajo se ha utilizado como modelo experimental la

hiperestimulacion con ceruleina.
1.3.2. Pancreatitis aguda inducida por hiperestimulacién con ceruleina

La ceruleina es un analogo de la CCK. Tiene una accion farmacoldgica y
una estructura similar, aunque es mucho mas potente que esta hormona
intestinal. Ademas, la administracion de ceruleina, en dosis supramaximas en
ratas, provoca la aparicién de una pancreatitis aguda edematosa. Este modelo
experimental reproduce los cambios y sintomas que experimenta el humano
durante la fase temprana de esta enfermedad, por lo que es uno de los
principales modelos para el estudio de los cambios celulares y moleculares en

dicha fase de la pancreatitis aguda.

Respecto a los criterios que se mencionaron anteriormente, cabe destacar
que el modelo de la hiperestimulacibn con ceruleina no es invasivo
(administracién subcutanea, inyeccion intraperitoneal o infusion intravenosa),
no es mortal, presenta gravedad moderada y es altamente reproducible.
Ademas, en funcién de la dosis y de las pautas de administracion del
compuesto, permite generar diferentes niveles de gravedad (Willermer et al.,
1992).

A altas dosis, la ceruleina actua a través de los receptores de CCK,
sobreestimulandolos y provocando el bloqueo de la secrecidén del contenido de
los granulos de zimogeno. Los granulos interaccionan con los lisosomas
formando vacuolas autofagicas, lo que provoca la activacion de enzimas
lisosbmicas como la catepsina B. Esto lleva a la activacion prematura del
tripsindgeno a tripsina en las células acinares, lo que desencadena la cascada
de activacion de las enzimas digestivas (lipasa, fosfolipasa, proelastasa,

quimotripsindgeno, etc.) (Hofbauer et al., 1998; Lankisch et al., 2015).

9
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El patrén de cambios estructurales y moleculares que se produce en este
modelo se da de forma progresiva: a los 15-30 minutos se puede observar una
redistribucién de enzimas lisosémicas y la citada activacion temprana del
tripsinogeno dentro de las células acinares; a los 60 minutos se produce una
vacuolizacion dentro de las células acinares y la progresién de un edema en el
espacio intersticial (Grady et al., 1996); en las primeras horas hay una invasion
progresiva de células inflamatorias, fibroblastos y células inmunolégicas en el
espacio intersticial y, posteriormente, se observa la atrofia y destruccion de

algunas células acinares (Niederau et al., 1990; Mayerle et al., 2005).

Durante la pancreatitis aguda tardia (a las doce horas de la induccioén de la
pancreatitis aguda) las células acinares sufren alteraciones morfoldgicas claras,
como la alteracién de la cromatina, la dilatacién del reticulo endoplasmatico, la
formacion de grandes vacuolas y la pérdida del dominio apical. Finalmente, las
células mueren por apoptosis 0 necrosis; aunque la glandula se puede
recuperar completamente a los 12-24 dias debido a su elevada tasa de division

celular (Elsaser et al., 1986).
1.4. Estudio de la fase temprana de la pancreatitis aguda

Aunque se ha descrito el mecanismo general de la pancreatitis aguda, no
se conoce la totalidad de los eventos implicados en las fases tempranas de la
enfermedad. Esto dificulta el desarrollo de terapias especificas y efectivas
contra esta patologia. Hay diversos estudios que demuestran que durante sus
primeras etapas se incrementa la expresidén de determinados genes y
proteinas. Por este motivo, se ha propuesto que la variacion de dichas
proteinas jugaria un papel importante en el desarrollo y la gravedad de la

enfermedad (Sarmiento et al., 2010; Garcia-Hernandez et al., 2014).

Por otro lado, durante dicha fase temprana se produce un incremento de
las especies reactivas de oxigeno (ROS), que ejercen un papel importante en
la patologia, dafiando las células acinares y contribuyendo a su progresion. El
estrés oxidativo provoca la oxidacion de proteinas, hecho que interviene en el
desarrollo de la patologia. Ademas el proceso patolégico se agrava por la
pérdida de sustratos antioxidantes (como el glutatiéon) en el pancreas
(Dabrowski et al., 1999).
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Como se indicé anteriormente, uno de los acontecimientos mas
relevantes durante la fase temprana es el bloqueo de la secrecion acinar de las
enzimas digestivas, aunque los procesos de sintesis y transporte no estan
afectados en esta fase. Ademas de esto, se observa colocalizacion de las
enzimas lisosémicas y los zimoégenos, que lleva a la acidificacion de las
vacuolas autofagicas y la activacion prematura del tripsindgeno comenzando la
cascada y favoreciendo el desarrollo de la enfermedad (Van Acker et al., 2006).
Otros procesos de la fase inicial de la PA son el aumento de la fragilidad de los
lisosomas, la distribucion basolateral de la F-actina subapical, la formacion de
vacuolas en el citoplasma, y la activacion de factores de transcripcion
proinflamatorios y de mediadores inflamatorios (Van Acker et al., 2007;
Sarmiento et al., 2011).

2. LISOSOMAS

Los lisosomas son organulos rodeados de membrana, que fueron
descubiertos por Christian de Duve (De Duve y Wattiaux, 1966). Contienen
enzimas hidroliticas para degradar materiales intracelulares y extracelulares en
su lumen, por lo que constituyen los principales organulos digestivos en las
células eucariotas. La carga extracelular es vertida en los lisosomas por
endocitosis o fagocitosis, mientras que los componentes intracelulares son
dirigidos para la degradacion lisosomal a través de autofagia (Shen y
Mizushima, 2014). Hasta ahora se han descrito tres formas de autofagia, de las
cuales la mejor conocida es la macroautofagia, donde el material a degradar es
trasladado por otro organulo, el autofagosoma, el cual se fusiona con el
lisosoma para degradar del material secuestrado. En la microautofagia, el
material destinado para la degradacion es directamente engullido por el
lisosoma, mientras que en la autofagia mediada por chaperones, algunos
chaperones moleculares tales como Hsp70 reconocen un motivo de
aminoacidos en ciertas proteinas, que son introducidas en el lisosoma
mediante la participacion del receptor “proteina de membrana 2A asociada con
el lisosoma” (LAMP-2A) (Boya et al., 2013).
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Los lisosomas también participan en la transducciéon de sefales, en el
control de las respuestas celulares a nutrientes, en la exocitosis y reparacion de
la membrana plasmatica, y en la muerte celular. Otra funciéon esencial de los
lisosomas (asi como de organulos relacionados con los lisosomas) es su papel
como almacenes de calcio. Actualmente, varios canales de Ca?* se han
asociado con la membrana lisosdmica, siendo los de la familia TRP (potencial
de receptor transitorio) los mejor caracterizados. Aunque el mecanismo de
activacion de estos canales TRP es desconocido, se ha propuesto que son
activados por NAADP (dinucledtido fosfato adenina de acido nicotinico), Ca®* y
especies reactivas de oxigeno (ROS) (Zhang y Li, 2007; Faouzi y Penner,
2014).

El rasgo mas importante de los lisosomas es su lumen acidico (pH 4,5-5)
y la presencia de mas de 50 enzimas catabdlicas, que incluyen proteasas,
lipasas, fosfatasas, peptidasas y nucleasas, las cuales son generalmente
activas a pH acido. Otras proteinas integrales de la membrana de los lisosomas
estan implicadas en la homeostasis lisosomica. Entre ellas estan las H'-
ATPasas de tipo vacuolar (v-ATPasas), que utilizan la energia metabdlica del
ATP para bombear protones en el lumen lisosomico y mantener el medio
acidico (Mindell, 2012).

La formacion de lisosomas requiere la integracion de las vias endocitica y
biosintética. Mientras que las proteinas luminales recién sintetizadas alcanzan
el lisosoma via el receptor de manosa-6-P y la accion de la proteasa S1P
(Marschner K et al. 2011), el mecanismo por el que las proteinas de membrana

son transportadas a los lisosomas se conoce peor.

Se han propuesto dos rutas diferentes para el transporte de las proteinas
de la membrana lisosémica recién sintetizadas (Hunziker y Geuze, 1996). Una
de ellas es la ruta intracelular, que vierte estas proteinas desde el trans-Golgi a
los lisosomas via endosomas. La otra es la ruta indirecta, en la cual las
proteinas recién sintetizadas son transportadas desde el trans-Golgi a la
membrana plasmatica, y posteriormente dirigidas a los lisosomas por medio de
la via endocitica. En ambas rutas, directa e indirecta, distintos complejos

adaptadores heterotetraméricos facilitan el trafico y la clasificacion de las
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proteinas de membrana lisosémica. Se han descrito 4 complejos adaptadores,
AP-1, AP-2, AP-3 y AP-4. En concreto, AP-3 participa en la clasificacion de
varias proteinas de la membrana lisosomica, incluyendo LAMPs y LIMP-2,
hacia los lisosomas desde el trans-Golgi o desde endosomas, usando los

motivos basados en tirosina y dileucina (Le Borgne et al., 1998).

Durante el proceso de la via endocitica se forma un cuerpo multivesicular,
un endosoma tardio, el cual después se funde directamente con los lisosomas
(Futter et al., 1996, Bright et al., 1997). Experimentos tanto in vivo como in vitro,
revelan que los endosomas tardios y los lisosomas, en realidad, experimentan
multiples ciclos de fusion y fision (Luzio et al., 2000). Esto implica que los
endosomas tardios y los lisosomas estan en equilibrio dinamico, y podria
explicar por qué todas las proteinas de la membrana lisosdémica estan en

ambos tipos de organulos.

La expresiéon de muchas proteinas lisosémicas esta regulada, ante todo,
por el factor de transcripcion EB (TFEB), el cual se transloca desde el
citoplasma al nucleo donde se une a los promotores de una red de genes
especificos conocida como CLEAR (expresion y regulacion lisosdmica
coordinada) (Sardiello et al., 2009). La importancia de este red de genes para la
proliferacion celular es evidente en ciertos tipos de cancer, como cancer de
pancreas, que son altamente dependientes de la actividad transcripcional de
esta familia de factores de transcripcion, la cual induce altos niveles de funcion
catabdlica lisosémica, permitiendo a las células cancerosas sobrevivir en

condiciones de estrés metabdlico (Perera et al., 2015).

Debido a que los lisosomas contienen muchas enzimas catabdlicas, como
se ha indicado anteriormente, la ruptura de estos organulos puede ser
peligroso para la célula. La ruptura lisosémica masiva induce la liberacion del
contenido lisosdbmico desencadenando una cascada de hidrolisis del contenido
citoplasmatico, que conduce a una acidificacién generalizada del citoplasma,
con consecuencias letales para la célula. Sin embargo, la permeabilizacion
parcial y selectiva de la membrana lisosomica (LMP) produce una liberacion al
citosol de enzimas lisosémicas que induce muerte celular regulada. Esta LMP

se observa en muchas circunstancias y se piensa que ocurre tras



Introduccién 14

desestabilizacion de la membrana lisosomica (Fig 3) (Serrano-Puebla & Boya,
2015).
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Figura 3. Inductores de permeabilizacion de la membrana lisosomica. Agentes, tales
como Bax, que actian sobre la membrana lisosdmica inducen su ruptura y la translocacion de
hidrolasas lisosomicas al citosol (ej: catepsinas). Especies reactivas de oxigeno (ROS) pueden
atravesar la membrana lisosémica y, en presencia de hierro libre catalizar reacciones de
Fenton para producir intermediarios altamente toxicos que dafan las proteinas lisosémicas.
Calpainas, activadas por incrementos in los niveles de calcio, actian sobre varias proteinas
lisosémicas, incluyendo LAMP 2 y Hsp 70. Este proceso esta aumentado tras la oxidacion de
Hsp70 por 4-hidroxinonenal (HNE), el cual es un producto de las reacciones de Fenton
intralisosdmicas. Otros agentes, tales como productos de bacterias y virus, y nanoparticulas,

también inducen LMP.

2.1. Proteinas de la membrana lisosdmica

Las proteinas de la membrana lisosomica tienen multiples funciones, tales
como la retencion de las numerosas hidrolasas acidas indicadas anteriormente,
el mantenimiento de un medio ambiente acido dentro del lisosoma (llevado a
cabo por las v-ATPasas; el transporte de productos de degradacion
(aminoacidos y carbohidratos) desde el lumen lisosomico al citoplasma, y la
interaccion especifica y fusion entre lisosomas y otros organulos (Fukuda,
1991; Peters y von Figura, 1994; Hunzikery Geuze, 1996).
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La membrana de los lisosomas contiene un grupo caracteristico de
proteinas que atraviesan la membrana y que estan altamente glicosiladas, tales
como LAMP-1, LAMP-2, LAMP-3 (también llamada LIMP-lI 6 CD63), LIMP-2 (6
LIMP-II, LPG85, SCARB2), fosfatasa acida lisosdmica y sialina (Fig.2).
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Figura 4. Principales proteinas de la membrana lisosémica. Las antenas indican posibles
sitios de N-glicosilacién y los circulos de O-glicosilacion. LAMP: proteina de membrana

asociada con el lisosoma LIMP: proteina integral de la membrana lisosémica; LGP:

glicoproteina de la membrana lisosémica. Tomado de Eskelinen et al., 2003.

Entre ellas, LAMP-1 y LAMP-2 son las mejor caracterizadas; son
proteinas de membrana tipo | que presentan un gran dominio luminal con
cadenas de oligosacarido unidas a asparragina (N-unidas), un unico segmento
transmembrana y un corto dominio citoplasmatico con un motivo de tirosina,
que es necesario y suficiente para el movimiento de estas proteinas hacia los

lisosomas. LAMP-2 ha sido descrita como un receptor para la toma selectiva y
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degradacion de proteinas citosolicas en el lisosoma, o en la autofagia
mediada por chaperones moleculares (Cuervo y Dice, 1998; Eskelinen et al.,
2002).

La liberacion patologica de enzimas lisosomicas puede deberse a
mecanismos que afectan a su biosintesis 0 a mecanismos que permitan que
las enzimas, que ya han alcanzado los lisosomas, sean liberadas. Asi, por
ejemplo, si la membrana del lisosoma se altera, se produce la liberacion de
ciertas enzimas al citosol, como sefialabamos en el apartado anterior, con la
consiguiente digestion de los sustratos situados en su proximidad lo que, en

ocasiones, provoca la muerte celular.

De forma considerable, la estabilidad de la membrana lisosémica se
mantiene por la presencia de esas proteinas altamente glicosiladas, que
previenen la ruptura del organulo por sus proteasas intraluminales. Otras
moléculas, como Hsp70, también son esenciales para proteger a los lisosomas
de dicha ruptura. Finalmente, la composicién lipidica de la membrana
lisosdbmica es también esencial para su estabilidad, ya que tiene mas baja
concentracion de colesterol que otras membranas celulares (Repnik et al.,
2014).

Se habia propuesto que durante la pancreatitis aguda tiene lugar un
incremento de la fragilidad de los lisosomas pancreaticos (Saluja et al., 1987;
Steer y Meldolesi, 1988; Guillaumes et al., 1996; Bragado et al., 1998).
Fortunato et al., (2009) sefalaron, asimismo, que la variacion de proteinas
lisosomicas juega un papel critico en el inicio de esta enfermedad. En este
sentido, nosotros hemos observado (Sarmiento et al., 2011) que, en la fraccion
citosolica de pancreas de ratas pancreatiticas, se produce un aumento de la
actividad de algunas enzimas lisdsomicas con respecto a la observada en ratas
control. Estos datos, junto con los cambios que habiamos descrito acerca de la
composicién de las membranas de pancreas durante la pancreatitis aguda
(Ferreira et al., 2002), sugieren una alteracion en la membrana de los

lisosomas.
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2.2. LAMP-2

El gen que codifica LAMP-2 en humanos, o en ratas (LGP-B y LGP 110
respectivamente), presenta 9 exones. Los exones 1-8 y parte del 9 codifican
para el dominio luminal. El resto del ultimo exdn se encarga de los otros dos
dominios restantes. Por mecanismos de empalme alternativo en el exén 9 se
forman tres isoformas: LAMP-2A, LAMP-2B y LAMP-2C. Estas tres isoformas
son idénticas en su dominio luminal pero difieren en los dominios citosodlico y
transmembrana. Las proteinas destinadas a ser degradadas se unen al
dominio citosdlico de LAMP-2, en la membrana lisosbmica y luego son
trasportadas hacia el interior del lisosoma, para su degradacion (Cuervo y Dice
et al., 1996). LAMP-2A es un receptor para las proteinas sustrato de la

autofagia mediada por chaperonas moleculares (Cuervo y Dice, 1996).
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Figura 5. Esquema de la estructura de LAMP-2. Los cuatro bucles representan puentes
disulfuro y la zona en zig-zag simboliza dominios ricos en prolina. Los tridentes presentes en la
estructura constituyen lugares de unién de glucidos N-unidos y los espirales de la parte superior

representan glucidos O-unidos (tomado de Eskelinen et al., 2008).

2.3. Autofagia en la pancreatitis aguda

Como se ha indicado anteriormente, en la autofagia se forman
autofagosomas que se fusionan con los lisosomas provocando la degradacion
del material autofagico. Por consiguiente, LAMP-2 podria ser determinante en
la fusion de estos organulos para formar autofagolisosomas (Levine y Kroemer,
2008).
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A primera vista no parece l6gico que un proceso de autodigestion pueda
ser beneficioso, pero en caso de falta de nutrientes intracelulares y energia, la
célula se ve obligada a utilizar sus propios recursos tales como el recambio de
proteinas y organulos. Asimismo, diversos componentes celulares como el
reticulo endoplasmatico, las mitocondrias y la membrana plasmatica, podrian
aportar membranas para la biogénesis de autofagosomas (Weidberg et al.,
2011).

Aunque a menudo se detecta la autodigestion en células que mueren, no
es facil discernir su participacion directa en la muerte celular (Kroemer y
Levine,et al., 2008).

La pancreatitis tiene dos efectos en la autofagia: su activacion y el
impedimento o retardo de su flujo (Gukovsky et al., 2011; Mareninova et al.,
2009 et al; Gukovsky et al., 2010; Mareninova et al., 2010a, Mareninova et al.,
2010b). El impedimento de la autofagia se debe a un defecto en la degradacién
a nivel del lisosoma, una de cuyas manifestaciones principales es el dramatico
descenso de la actividad enzimatica de las catepsinas lisosdbmicas, cuyo
procesamiento esta alterado en la pancreatitis, de modo que se forman y
acumulan formas inmaduras, principalmente de las catepsinas B y L (gukovsky
et al., 2012). Otro defecto en los lisosomas es el descenso de los niveles
pancreaticos de LAMP-1 y LAMP-2, mediado por catepsinas (Mareninova et al.,
2010a; Mareninova et al., 2010b; Fortunato et al., 2009). Se ha especulado que
a causa del procesamiento anormal de las catepsinas, su interaccién y
localizacion en el lisosoma estaria alterado en la pancreatitis, de modo que las
proteinas LAMP serian accesibles a la rotura proteolitica por las catepsinas,
principalmente por la zona C-t, en un lugar proximo al dominio que atraviesa la

membrana (qukovsky et al., 2012).

En muestras humanas, el estudio del tejido pancreatico durante la
pancreatitis, reveld la presencia de vacuolas citoplasmaticas (Helin et al., 1980),
asi como un descenso marcado de LAMP-1 y LAMP-2 (Fortunato et al., 2009).
Del mismo modo, nuestro grupo de investigacion ha observado en
subpoblaciones enriquecidas de lisosomas de pancreas de ratas pancreatiticas,

la aparicion de grandes vacuolas (Sarmiento et al., 2011).



Introduccién 19

Recientemente, se ha evidenciado que dicha vacuolizacion refleja la
acumulacion de autofagosomas (Hashimoto; Ohmuraya y Yamamura,et al.,
2008). En ratones knockout para LAMP-2 (Eskelinen et al., 2002), se ha
comprobado que al mes de edad se aprecia una acumulacion en las células
acinares pancreaticas de grandes vacuolas auotofagicas con material
degradado parcialmente. Este suceso se asocia a un aumento progresivo de la
infiltracion, principalmente por macrofagos, y por necrosis acinar. Por lo tanto,
los ratones knockout LAMP-2 desarrollan espontaneamente una patologia tipo

pancreatitis.

3. FOSFORILACION EN TIROSINAS: PROTEINA TIROSINA FOSFATASAS
(PTPs)

Inicialmente, la mayoria de estudios consideraban a las PTPs como un
componente poco sofisticado en las reacciones de fosforilacion, incluso se
pensaba que el unico propdsito de unas pocas tirosinas fosfatasas era terminar
el trabajo de las numerosas proteina tirosina quinasas (PTKs). Sin embargo,
los resultados de los ultimos afos han demostrado que los niveles de

fosfotirosina estarian regulados por las PTKs y por las PTPs.

Las PTPs forman una gran familia de enzimas altamente especificas
sometidas a una compleja regulacion, que pueden intervenir en la activacion e
inhibicion de multiples rutas de sefalizacién celular, dependiendo de su
localizacion y de sus dianas moleculares (Tonks et al., 2013). Estas enzimas
regulan una variedad de procesos celulares incluyendo la diferenciacion,
proliferacion, adhesion, migracion y secrecion. También, han sido implicadas
en un amplio rango de enfermedades adquiridas o heredadas, entre ellas el

cancer, la diabetes y procesos autoinmunes (Hendriks et al., 2013).

El analisis de estas fosfatasas en el genoma humano revel6 la
existencia de 107 genes, pero probablemente solo 81 de ellos codifican PTPs
(Alonso et al., 2004)
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3.1.Caracteristicas estructurales y clasificacion de las PTPs

Las PTPs se dividen en dos clases distintas: las tirosinas clasicas, PTPs,
y las fosfatasa duales (DSPs), definidas por desfosforilar residuos de serina,
treonina y tirosina aunque también, algunos lipidos y ARN mensajeros (Tonks
et al, 2006)

Las PTPs “clasicas” son las mas estudiadas y pueden subdividirse
dependiendo de su localizacion celular: las PTPs de membrana o de tipo
receptor (RPTPs), y las PTP no transmembrana, también llamadas citosélicas.
El dominio catalitico caracteristico de las PTPs clasicas esta constituido por
unos 280 aminoacidos que presentan un motivo conservado formado por 7
aminoacidos R-HC-(X5)-R esencial para la catalisis (Tonks et al, 2013). Las
PTPs transmembrana presentan una estructura similar a la de un receptor
tipico de membrana, codificadas por 21 genes en humanos, y constan de un
dominio extracelular de tamafo variable, un corto dominio hidrofilico que
atraviesa la membrana, y normalmente presentan dos dominios cataliticos. El
dominio extracelular puede interaccionar con ligandos que regulan la actividad
de los dominios cataliticos. Estos dominios presentan una gran variabilidad
estructural, posiblemente reflejo de sus diferentes funciones y ligandos
fisiolégicos. Las PTPs citosdlicas son codificadas por 16 genes en humanos y
se caracterizan por tener un solo dominio catalitico y en su extremo N-terminal
o C-terminal aparecen diferentes dominios estructurales de longitud variable,
que confieren distintos modos de compartimentacién dentro de la célula y de

regulacion (Alonso et al, 2004).
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La nomenclatura de las PTPs citosdlicas se ha realizado en base a su

estructura, secuencia y funcion. Esta nomenclatura se describe en la siguiente

tabla:

Nombre del gen

diferentes nombres de la proteina

Ptpn1 PTPN1, PTP-1B

Ptpn2 PTPN2, TC-PTP, MPTP, PTP-S

Ptpn3 PTPN3, PTPH1

Ptpn4 PTPN4, PTP-MEG1, TEP

Ptpn5 PTPN5, STEP

Ptpn6 PTPN6, Shp1, PTP1C, SH-PTP1, HCP

Ptpn7 PTPN7, HePTP, LCPTP

Ptpn9 PTPN9, PTP-MEG2

Ptpn11 PTPN11, Shp2, SH-PTP2, Syp, PTP1D, PTP2C, SH-PTP3
Ptpn12 PTPN12, PTP-PEST, PTP-P19, PTPG1

Ptpn13 PTPN13, PTP-BAS, FAP-1, PTP1E, RIP, PTPL1, PTP-BL
Ptpn14 PTPN14, PTP36, PEZ, PTPD2

Ptpn18 PTPN18, PTP-HSCF, PTP20, BDP

Ptpn20 PTPN20, TypPTP

Ptpn21 PTPN21, PTPD1, PTP2E, PTP-RL10

Ptpn22 PTPN22, LYP, PEP

Tabla 3.1. Nomenclatura modificada de Senis, 2013.

3.1.1. SHP-1y SHP-2 proteinas con dominios SH2

SHP-1 y SHP-2 son dos proteinas tirosina fosfatasas de tipo no receptor

que contienen dominios homologos a los SH2 de la familia tirosina quinasa del

virus del sarcoma de Rouss (del inglés, Src Homology2) en el extremo N-
terminal de la molécula. SHP-1 también llamada PTPNG, PTP1C, SH-PTP1 y
HCP es codificada por el gen PTPN6. SHP-2 conocida como PTPN11, SH-
PTP2, Syp, PTP1D, PTP 2C y SH-PTP3, esta codificada por el gen PTPN11.

3.1.2. PTP1B

La proteina PTP1B se caracteriza por poseer un segmento carboxilo

terminal hidrofdbico por el que se encuentra anclado a la membrana del reticulo

ensoplasmatico. Cuando dicho anclaje es catalizado por calpaina resulta en

una relocalizacion desde la membrana del RE hasta el citosol. (Frangioni et al,

1992).
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3.1.3. Regulacion de la actividad PTP

Como habiamos comentado anteriormente, la localizacion de las PTPs
dentro de la célula es un aspecto relevante para la regulacion de su actividad
ya que determina el acceso de cada enzima a un determinado grupo de
sustratos, originandose asi una especificidad por el mismo (Hernandez et al.,
1999). Las PTPs citosdlicas contienen secuencias o dominios no cataliticos en
su extremo amino terminal que podrian modular la funcién de estas proteinas,
dirigiéndolas a compartimentos subcelulares especificos o autoregulando su
actividad mediante el bloqueo de su centro catalitico, como es el caso de los
dominios SH2 de SHP-1 y SHP-2. Concretamente, la actividad SHP-1 y SHP-2
en la célula, podria estar regulada por diferentes mecanismos de un modo
positivo o negativo (Persson et al, 2004): La fosforilacion de residuos de
tirosina podria aumentar su actividad de dos a cuatro veces; la traslocacion a
diferentes zonas puede limitar su capacidad para desfosforilar sustratos.
Ademas, los dominios SH2 tienen un efecto inhibidor sobre la actividad PTP, de
modo que cuando la enzima se une a una fosfoproteina ese efecto inhibitorio

desaparece.

Aunque estructuralmente SHP-1 y SHP-2 son similares, sus funciones en
las distintas vias de senalizacion celular no son coincidentes. Probablemente,
esto se debe a diferencias en su dominio catalitico y a la especificidad que
tienen los dominios SH2 de cada una de ellas para interaccionar con cierta
clase de proteinas. Esta afinidad de los dominios SH2 por moléculas
especificas, explicaria por qué estos dominios no son intercambiables (Neel et
al., 2003; Tenev et al., 1997).

Es conocido que SHP-1, SHP-2 y PTP1B, actian como reguladores de la
sefalizacion de diversos receptores ligados a PTK, incluyendo por ejemplo, los
receptores de citoquinas y de factores de crecimiento o las integrinas (Pao et
al., 2007). Generalmente, SHP-1 se considera un regulador negativo en la
senalizacion intracelular, mientras que SHP-2 es considerado un regulador
positivo, sin embargo, existen procesos en los que esto no ocurre. En el caso de
SHP-2, varios estudios la sittan como activador de Ras. Ras es una de las

proteinas que participan en la activacion de las MAPK.
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Las MAPK desencadenan la activacion de ERK en la sefalizacion de
receptores de citoquinas y factores de crecimiento (Kontaridis et al., 2004).
Ademas, se ha descrito que SHP-1 y SHP-2 son reguladores negativos de la
senalizacion mediada por citoquinas mediante desfosforilaciones en JAK y
STAT. Por lo tanto, SHP-1 es capaz de desfosforilar a JAK1, JAK2, JAK3 y
STATS. Y SHP-2 desfosforila a JAK2, STAT1y STAT2.

Finalmente, Se ha sugerido que las PTPs pueden estar reguladas por
mecanismos de oxidacién. El residuo de cisteina, sitio catalitico conservado, es
esencial durante la catalisis. Las cisteinas cataliticas son susceptibles a la
oxidacion debido a su bajo pKa. La cadena lateral de la cisteina esta formada
por un grupo SH y, para que esta sea funcional, el azufre se debe encontrar en
forma de tiol (S-) o de sulfhidrilo (SH). Sin embargo, cuando algunos oxidantes,
por ejemplo el H,O,, reaccionan con ella, el grupo sulfhidrilo se oxida a acido
sulfénico (SOH), estado en el cual la cisteina no puede llevar a cabo la accién
catalitica. Si las concentraciones de oxidante son altas, el estado del grupo
sulfato de la cisteina puede llegar a acido sulfinico (SO2H) o acido sulfénico
(SO3H). La oxidacion de los residuos de cisteina a acido sulfénico es
reversible, mientras que la posterior oxidacion a acido sulfénico es irreversible.
La oxidacion inhibe la capacidad de las PTPs para desfosforilar sus sustratos,
actuando asi como sensores del estado redox de la célula (Groen A. et al,
2004).

Todas las rutas de senalizacidn descritas anteriormente, en las cuales
interviene SHP-1 y/o SHP-2 se han implicado en el dearrollo de la pancreatitis

aguda
3.1.4. Papel biolégico de las PTP

Las PTPs con dominios SH2: SHP-1 y SHP-2, estructuralmente son muy
similares pero tienen diferentes funciones en la transduccion de sefales.

SHP-1 se expresa abundantemente en las células hematopoyéticas, donde
juega un papel sefializador negativo y a menor nivel en muchos otros tipos
celulares. De hecho, la delecion del gen que codifica esta enzima evidencia
alteraciones hematopoyéticas que van desde inflamaciéon cronica hasta

alteraciones de tipo inmunolégico y muerte. (Kozlowski et al, 1998).
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SHP-2 puede actuar en multiples lugares incluso dentro de una misma ruta
de senfalizacion y desempefia un papel importante en la regulacion del

crecimiento, proliferacion y diferenciacion celular (Qu Cheng et al., 2000).

La proteina tirosina fosfatasa 1B (PTP1B) desempefia un rol importante en
la regulacion de diversas vias de sefalizacion. En este sentido, nuestro grupo
demostré recientemente un aumento en la expresion de PTP1B en la fase
temprana de la pancreatitis aguda inducida por ceruleina, aunque un aumento
en los niveles de AMPc en las células inflamatorias, asi como, la inhibicion de
JNK'Y ERK % lo suprimen a nivel proteico. (N. Sarmiento et al., 2010). Ademas,
se ha implicado a la PTP1B, en la homeostasis de la glucosa, la masa corporal
y en la regulacién de diversas vias de sefalizacion implicadas en el estrés del
reticulo (Elchebly et al., 1999; Klaman et al., 2000).



Il. Objetivos
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Sobre la base bibliografica relativa a nuestro tema de estudio, nos hemos
planteado como objetivo general estudiar, en pancreatitis aguda experimental
edematosa, la dinamica de algunas proteinas pancreaticas implicadas en rutas
de sefalizacion alteradas en esta patologia, asi como los posibles cambios en
la estabilidad lisosdmica. Dicho objetivo general se concretd en los siguientes

objetivos especificos:

1. Estudiar los cambios de expresion y dinamica de las PTPs con dominios
SH2: SHP-1y SHP-2, en la PA inducida por ceruleina.

1.1. Estudiar la especificidad de dichos cambios respecto a otros

modelos de PA.

1.2. Estudiar la influencia de la infiltracion por neutréfilos en dichos

cambios.

1.3. Estudiar la influencia de la inhibicion de las MAPKs: JNKy ERK V2,

asi como de la fosfodiesterasa tipo 1V, sobre los mismos.

1.4. Analizar la distribucidn subcelular de las dos PTPs durante el

desarrollo de la PA inducida por ceruleina.

2. Investigar los cambios de expresion de la PTP PTP1B durante el desarrollo

de la PA inducida por ceruleina.

2.1. Valorar la especificidad de dichos cambios respecto a otros modelos
de PA.

2.2. Estudiar la influencia de la infiltracion por neutréfilos en dichos

cambios.

2.3. Estudiar la influencia de la inhibicion de las MAPKs: JNK y ERK %,

asi como de la fosfodiesterasa tipo 1V, sobre los mismos.

3. Desarrollar un método para el aislamiento de subpoblaciones de lisosomas
de pancreas de rata que nos permita el estudio futuro de las proteinas

lisosdmicas



Objetivos 28

3.1. Analizar la estabilidad de la membrana lisosémica en la
subpoblacién de lisosomas primarios, determinando la dinamica de dos formas

de la N-acetil-B-D-glucosaminidasa en la PA.

4. Investigar los cambios de expresion y dinamica de la proteina lisosdmica

LAMP-2 durante el desarrollo de la PA inducida por ceruleina.



lll. Materiales y Métodos
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1. MATERIAL Y APARATOS

1.1. Material
1. Filtros estériles de 0,2 um de Pall Corporation.
2. Casete de revelado Hypercassete™ de Amersham Pharmacia Biotech.
3. Membrana de difluoruro de polivinilideno (PVDF) de GE Healthcare.

4. Pelicula fotografica Hyperfilm ECL High performance

chemiluminescence film de Amersham Biosciences.

5. Papel Whatman estandar de Whatman®.

S

Placas de Petri.

Otro material de vidrio y plastico de uso corriente en el laboratorio.
1.2. Material informético

1. Adobe Photoshop: Procesamiento de imagenes.

2. Programa Kodak Digital Science v 3.0.

3. Programa analizador de imagenes MacBas 2.5.

4. Programa informatico SPSS para MS Windows (version 18.0).

5. Paquete Microsoft Office: Se empled para la redaccion del trabajo y

elaboracion de figuras.
1.3. Aparatos
» Agitador balancin BFR 25 de Grant Boekel.
» Agitador magnético Minimix de OVAN.

» Balanza analitica 40SM-200A de Precisa y granataria Electronic Scale
de Want.

> Bano termostatado Retostat.

» Bomba de vacio.
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» Camara frigorifica a 4° C.

» Centrifugas.

» Congeladores de -20° C y -80° C.

» Escaner Hewlett-Packard, modelo Scanjet 3C.

» Espectrofotometro GeneQuant pro RNA/DNA Calculator.
» Homogeneizador tipo Potter-Elvehjem.

» Lector de ELISA de Thermo Scientific y Varioskan Flash Thermo

Electron Corporation.
» Material de diseccion.
» Maquina de revelado Medical X-ray Processor de Kodak.
» Microscopio Optico Zeiss.
» pH-metro Hanna Instruments.

» Sistema de electroforesis vertical Mini-Protean Il y equipo para

transferencia de Western Mini Trans-Blot cell, ambos de Bio-Rad.
» Unidad de corriente Power Pac 300 de Bio-Rad.

> Ultracentrifuga Beckman Optima™ XL-100K.

Otros aparatos de uso frecuente en el laboratorio.

2. REACTIVOS

Todos los productos empleados en este trabajo fueron de calidad

analitica:

» Los anticuerpos anti-SHP-1 (D11) y anti-PTP 1B (H-135) fueron

adquiridos de Santa Cruz Biotechnology.
» El anticuerpo monoclonal anti-SHP-2 se adquirié de BD Biociences.

» El anticuerpo policlonal anti-Lamp-2 fue suministrado por Zymed.



Materiales y Métodos 33

» EIl anticuerpo anti-mouse Ig G conjugado con peroxidasa de rabano
(HRP) y el sistema de revelado de transferencias de Western (ECL plus

Western Blotting Detection System) fueron adquiridos en Amersham.
» El kit 2D Clean up fue obtenido de GE Healthcare.
» El kit Top-block fue adquirido en Fluka, Biochemica.

» La retrotranscriptasa “Revert Aid M-MULV RT, la Tag ADN polimerasa,
los desoxinucledtidos trifosfato (ANTPs) y el marcador de tamafio de ADN

(Gene ruler), se obtuvieron de Fermentas.
» Los oligonucledtidos se obtuvieron de Isogen.

» La acrilamida, la bisacrilamida (bis-N-N’-metileno-bis-acrilamida), el
dodecil sulfato sédico (SDS), el persulfato amoénico, el N,N,N’,N’, -tetrametil-
etilendiamida (TEMED) fueron adquiridos en BioRad.

» EIl B-mercaptoetanol y el azul de bromofenol fueron suministrados por
Merck.

» EI coctel inhibidor de proteasas (P 8340), el rolipram, el taurocolato
sddico, el sulfato de vinblastina, el inhibidor de tripsina, el SP600125, el fluoruro
de fenilmetilsulfonilo (PMSF), el ditiotreitol (DTT), el Percoll, la ceruleina
sulfatada, el detergente IGEPAL CA-630, la DEAE- Celulosa y el anticuerpo

monoclonal anti-B Tubulina se obtuvieron de Sigma.

3. ANIMALES DE EXPERIMENTACION

Para la realizacidn de este trabajo de investigacion se han empleado ratas
adultas Wistar machos, con un peso corporal medio de 250-300 gr,
proporcionadas por el Servicio de Animalario de la Universidad de Salamanca,
donde se mantuvieron a una temperatura ambiental de 20-22° C, con periodos
de luz y oscuridad de 12 horas cada uno. En todo momento los animales

tuvieron libre acceso a la comida y al agua de bebida.

Todos los estudios se realizaron cumpliendo con la normativa impuesta

por el Consejo de la Comunidad Europea, en relacién con la proteccion de
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animales utilizados para experimentacion y con otros fines cientificos y los
protocolos fueron aprobados por el Comité de Bioética Etico de la Universidad

de Salamanca.
3.1. Grupos Experimentales

Tras 12 horas de ayuno, los animales se distribuyeron en dos grupos

experimentales:
= Grupo Control: animales no sometidos a la pancreatitis.
» Grupo Pancreatitico: animales en los que se indujo una PA experimental.

3.2. Modelos de pancreatitis aguda experimental

3.2.1. Hiperestimulacién con ceruleina

La induccion de la pancreatitis aguda se realizé por hiperestimulacién con
ceruleina, siguiendo el método descrito por Lampel y Kern (1977), tal como se
expone a continuacién. En primer lugar, la ceruleina se disolvidé en suero
fisiologico estéril y posteriormente se administré a las ratas en dos o cuatro
inyecciones por via subcutanea a intervalos de 1 hora. La dosis empleada fue
20 pg/kg/h. Dentro de este modelo, se establecieron también grupo control de
animales que recibieron dosis similares de suero salino al 0,9%. Los animales
se sacrificaron por dislocacién cervical a las 2, 4 6 9 horas de la primera
inyeccion, tiempos que denominamos arbitrariamente como fases temprana,

intermedia y final del desarrollo de la PA inducida por ceruleina (esquema 1).
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" Fase temprana:

Ceruleina

® Fase intermedia;

Ceruleina

&Y @ ¢
_,'J_}_H 0 4 Horas
muestras
" Fase final:
Ceruleina
( |
il ®
—u—;f 9 Horas
muestras

Esquema 1. Fases establecidas en el desarrollo de la pancreatitis aguda inducida por
ceruleina.
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Figura 6. Fotografia del pancreas en la fase final del modelo de la PA inducida por
ceruleina. Puede apreciarse el pancreas edematoso de una rata a las 9h de la primera

inyeccién de ceruleina.

3.2.2. Ligadura del conducto bilio-pancreéatico (OCBP)

Este modelo experimental fue realizado en el Departamento de Fisiologia

y Farmacologia con la ayuda del Dr. Manuel Manso.

Después de un ayuno de 12 horas con acceso libre al agua, los animales
se anestesiaron y se colocaron en posicion “decubito supino”. Se practicé una
laparotomia ventral media para acceder a la cavidad peritoneal y aislar el
colédoco. Tras aislar este conducto, se realizé una ligadura en su extremo mas
distal, préximo a su desembocadura en el duodeno (figura 7). Las muestras de

pancreas se recogieron 12 horas después de inducir la PA (esquema 2).

é,./nfgf OC;BP .

l 12 Horas
muestra
° 1
O

Esquema 2. Modelo de pancreatitis aguda por ligadura del conducto bilio-pancreético.



Materiales y Métodos 37

Figura 7. Fotografia del pancreas y aislamiento del colédoco en el modelo OCBP de PA.

3.2.3. Infusidn retrograda de taurocolato sodico (TcNa).

Este procedimiento se realizé con ayuda del Dr. José J. Calvo, en el

Departamento de Fisiologia y Farmacologia.

La PA se generé siguiendo el método de Aho y Nevalainen (1980). Los
animales se sometieron a un procedimiento quirdrgico y, bajo anestesia

general, se realiz6 una laparotomia transversa subcostal.

Tras cerrar momentaneamente el conducto hepatico, se practico una
ligadura en la parte distal del colédoco y mediante una canula de 0,6 mm de
diametro (Braun), se indujo la pancreatitis aguda con una inyeccién intraductal
de sal biliar TcNa al 4% (0,1mlI/100 g de peso), utilizando para ello una bomba

peristaltica programada para flujo constante de 0,03 ml/min.

En este modelo, las muestras de pancreas se recogieron 3 horas después

de inducir la PA (Esquema 3).
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TcNa (4%)
s
i . -
=2 3 Horas
0 muestras

Esquema 3. Modelo de pancreatitis aguda por infusién retrograda de TcNa.

4. TRATAMIENTOS

4.1. Inhibicion de MAPKs por SP600125

Para estudiar la participacion de las principales MAPKs, JNK'y ERK 1/2, en
el desarrollo de la pancreatitis aguda inducida por ceruleina, se empled el
inhibidor SP600125, siguiendo el método descrito previamente por Minutoli et al.,
(2004). Dos horas antes de la primera inyecciéon de ceruleina y 30 minutos
después de la misma, las ratas fueron inyectadas intraperitonealmente con 15
mg/kg de SP600125 disuelto en su vehiculo (1 ml/kg de una solucion de DMSO
al 10% en NaCl al 0,9%). A su vez, dosis similares de dicho vehiculo se
inyectaron a un segundo grupo de ratas no tratadas con el inhibidor. Dos horas
después de la primera inyeccion de SP600125 o del vehiculo, y dependiendo de
cada caso, se administraron 20 ug/kg de ceruleina o suero fisiolégico por via
subcutanea a intervalos de una hora (esquema 4). Paralelamente a este
tratamiento, dos grupos adicionales fueron inyectados con ceruleina o suero
salino al 0,9%, siguiendo el mismo procedimiento que se indica en la seccién

3.2.1 de Métodos. Los grupos resultantes se detallan a continuacion:
- Ceruleina + SP600125 - Ceruleina + vehiculo
- Suero salino + SP600125 - Suero salino + vehiculo

- Suero salino - Ceruleina
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Por ultimo, todos los animales se sacrificaron 2 horas después de la
primera inyeccion de ceruleina, lo que representa la fase temprana del

desarrollo de la pancreatitis aguda.

Ceruleina Ceruleina
SP600125 SP600125
e 8 ®
-2 2 Horas
Vi

Y )

(f::\;o 0 0,5 1
202 muestras

Esquema 4. Inhibicion de JNK y ERK 2 por SP600125.
4.2. Inhibicién de la fosfodiesterasa tipo IV por rolipram

Para inhibir la fosfodiesterasa tipo IV se ha empleado el inhibidor rolipram
siguiendo el método descrito previamente Sato et al., (2006). Treinta minutos
antes de la primera inyeccion de ceruleina y 30 minutos después de la misma,
las ratas fueron inyectadas intraperitonealmente con 5 mg/kg de rolipram
disuelto en su vehiculo (1 ml/kg de una solucién de DMSO al 10% en NaCl al
0,9%). A su vez, dosis similares de dicho vehiculo se inyectaron a un segundo
grupo de ratas no tratadas con inhibidor. Treinta minutos después de la primera
inyeccion de rolipram o del vehiculo, y dependiendo de cada caso, se
administraron 20 pg/kg de ceruleina o de suero fisiolégico por via subcutanea a
intervalos de una hora (esquema 5) Paralelamente a este tratamiento, dos
grupos adicionales fueron tratados con ceruleina o suero salino al 0,9%,

siguiendo el mismo procedimiento que se indica en la seccion 3.2.1 de Métodos
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Los grupos resultantes fueron:

- Ceruleina + rolipram - Ceruleina + vehiculo
- Suero salino+ rolipram - Suero salino + vehiculo
- Suero salino - Ceruleina

Todos los animales se sacrificaron 2 horas después de la primera
inyeccion de ceruleina, lo que representa la fase temprana del desarrollo de la

pancreatitis aguda.

Ceruleina Ceruleina
rolipram rolipram
S - = -
0 0,5 1 2 Horas
muestras

Esquema 5. Inhibicion de la fosfodiesterasa tipo IV por rolipram.

4.3. Induccién de la neutropenia

Para estudiar el efecto de la neutropenia en la expresion proteica de
distintas PTPs durante el desarrollo de la PA inducida con ceruleina, las ratas
recibieron, por via intravenosa, sulfato de vinblastina disuelto en su vehiculo
(tampodn fosfato sédico 10 mM pH 7,4, que contenia NaCl 147 mM y KClI, 7
mM) a una dosis de 0,75 mg/kg en el dia 1, siguiendo el método descrito por
Clemons et al., (2002). Teniendo en cuenta la dosis administrada, los animales
se vuelven neutropénicos entre los dias 4 y 6 Clemons et al., (2002). Al mismo
tiempo, un segundo grupo de ratas no tratadas con dicho farmaco fueron
inyectadas con solucion salina estéril. Cinco dias después de la administraciéon
del sulfato de vimblastina o de la solucion salina estéril, los animales fueron
inyectados con 4 dosis de ceruleina (esquema 6), como se indica en la seccién
3.2.1 de Métodos. El sacrificio de los animales se practicé 4 horas después de
la primera inyeccion de ceruleina, lo que representa la fase intermedia del

desarrollo de la pancreatitis aguda. La validacion del tratamiento se realiz6
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mediante la valoracion de la actividad mieloperoxidasica, segun se describe en
el apartado 10.1 de esta seccion, y mediante el recuento total y diferencial de

leucocitos.
Sulfato de vinblastina

Dial 1

'

Ceruleina
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Esquema 6. Inducién de un estado neutropénico.

Para el recuento total un volumen de sangre total anticoagulada se
mezclé con la solucién de Turk (dilucién 1:20), y empleando una camara de
Neubauer, se realizé el contaje de globulos blancos (el resultado se expreso
por mm®). El recuento diferencial incluye el contaje y clasificacion de 100
leucocitos consecutivos en un frotis de sangre periférica tefiido con el colorante

de Wright (el resultado se indicé como % de los diferentes tipos de leucocitos).

5. RECOGIDA DE LAS MUESTRAS DE SANGRE Y DE PANCREAS

La sangre se obtuvo por puncién cardiaca justo antes del sacrifico de los
animales, e inmediatamente se centrifugd a 1.500xg durante 10 minutos.
Pasado este tiempo, el suero sanguineo se separo, transfiriéndose a un tubo

de almacenamiento. Los sueros se congelaron inmediatamente en nieve
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carbonica para su uso posterior en la valoracion enzimatica de amilasas
séricas. A continuacion, las ratas fueron sacrificadas por dislocacion cervical y
con la mayor rapidez posible se extrajeron los pancreas por laparotomia ventral
media. Tras la extraccion, los érganos se lavaron con suero fisioldgico a 4°C.
Utilizando unas tijeras se retird el tejido graso circundante, los ganglios
linfaticos y los vasos sanguineos. Una vez limpios los pancreas, se secaron y

pesaron.

Finalmente, los pancreas se procesaron para obtener las distintas
fracciones subcelulares tal como se expone en el esquema 7. En diversos
experimentos, se separaron secciones de pancreas para llevar a cabo estudios
enzimaticos e histoldgicos, asi como para la valoracion de ARNm por la técnica
RT-PCR.

6. AISLAMIENTO DE LAS FRACCIONES SUBCELULARES DE PANCREAS

Los pancreas se homogeneizaron en tampon imidazol 3mM pH 7,4 que
contenia sacarosa 0,25 M, EDTA 1 mM, ortovanadato sodico 2 mM, PMSF
1mM, inhibidor de tripsina (10° unidades BAEE) y coctel de inhibidores de
proteasas de Sigma (200 pl/100 ml de tampdn) (tampdn de homogeneizacion).
La homogeneizacion se realizdé con 20 volumenes de tampon/gramo de tejido,
con la ayuda de un homogeneizador tipo Potter-Elvehjem. El homogenado
conseguido se centrifugd a 150xg durante 15 minutos, obteniéndose un
precipitado y un sobrenadante (A) (esquema 7). El precipitado se resuspendio
en 1 ml del tampén de homogeneizacion y se volvid a centrifugar en las
mismas condiciones, obteniéndose un nuevo sobrenadante (B) y un precipitado
final, que se desechd. La mezcla de los dos sobrenadantes (A+B) se centrifugd
a 1.300xg durante 15 minutos, lograndose asi un precipitado que se
resuspendid en el mismo tampdn y que correspondia a la fraccion subcelular
de los zimégenos. El nuevo sobrenadante (C) fue entonces centrifugado a
20.000xg durante 30 minutos, obteniéndose un precipitado que se resuspendid
en tampoén de homogeneizacion, consiguiéndose asi la fraccion de lisosomas y
mitocondrias (L+M). Por ultimo, el sobrenadante (C) se centrifugd a 150.000xg

durante 1 hora para obtener un sobrenadante final (D) que corresponde a la
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fraccion soluble del pancreas y un precipitado que se resuspendiéo con el
mismo tampon, obteniéndose asi una fraccion de microsomas. Las muestras se
mantuvieron entre hielo durante todo el aislamiento y después se almacenaron

a -80° C, en atmodsfera de N, hasta su utilizacion.

PANCREAS + tampén de homogeneizacién (20 voliumenes/gramo de tejido)
l 35 golpes de Potter

Homogenado

l Centrifugar 15" a 150 X g

v v
Precipitado — » Sobrenadante A +B
Resuspender en
tampon de
homageneizacién Centrifugar 15’
Centrifugar 15 a1300x Qg
a150 X g
Precipitado Sobrenadante B Precipitado Sobrenadante C
Centrifugar 30°a
20.000 X g
Precipitado Sobrenadante D
Centrifugar 1h
a 150.000 *
Resuspender en Resuspender en Precipitado
tampoén de tampén de
homogeneizacién homogeneizacion
Resuspender en
tampon de
homogenizacion
DESECHAR Zimoégenos L+M Microsomas Soluble

Esquema 7. Procesamiento de las fracciones subcelulares de pancreas.

6.1. Separacion de lisosomas y mitocondrias. Gradiente discontinuo de
Percoll

Con el fin de separar los distintos organulos de la fraccion L+M obtenida

en el fraccionamiento subcelular, ésta se sometio a un gradiente discontinuo de
Percoll.
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6.1.1. Gradiente discontinuo de Percoll

Se prepararon tres soluciones de Percoll a diferentes concentraciones
(17%, 10%, 5%) en el mismo tampdén de homogeneizacién de los pancreas.
Utilizando una pipeta Pasteur, se adicionaron desde abajo hacia arriba 3,8 ml
de cada solucion a los tubos del gradiente, con lo que se consiguieron tres
fases de mayor a menor concentracion. Posteriormente, en la parte superior
de estos tubos se afadieron 1,5 ml de la muestra (diluida tres veces en tampdn
de homogeneizacion) y se realizdé una centrifugacion a 50.500xg durante 30
minutos, en un rotor oscilante SW 40 (Beckman) (esquema 8). Pasado este
tiempo, se recogieron fracciones de 0,5 ml, desde la parte superior hacia el
fondo del tubo, para valorar las enzimas marcadoras de lisosomas y

mitocondrias en cada una de las fracciones.

Con objeto de hacer una estimacién aproximada de la densidad de estos
organulos, se incluyeron perlas marcadoras de densidad (Pharmacia) en

algunos tubos del gradiente.

[ —E FRACCION
= L+M

5%

= |: Primera
banda

- lI: Segunda

50500 x g 30 banda

10 %

= |ll: Tercera
banda

Esquema 8. Gradiente discontinuo de Percoll y bandas de lisosomas obtenidas después de la

centrifugacion.

En cada una de las fracciones obtenidas se realizd la valoracién de la
actividad N- actividad enzimatica N-acetilglucosaminidasica (marcadora de
lisosomas), de la actividad enzimatica de las succinato deshidrogenasa (SDH)

(marcadora de mitocondrias).
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6.1.2. Lavado de las fracciones obtenidas en el gradiente discontinuo de
Percoll

Las fracciones enriquecidas en lisosomas (bandas I, Il y Il del gradiente),
se lavaron dos veces con tampon de homogeneizacién por centrifugacion a
50.500xg durante 1 hora, en un rotor oscilante 70.1 Ti (Beckman). De este
modo se consigue eliminar los restos de Percoll y concentrar la muestra. Las
tres fracciones enriquecidas en lisosomas se analizaron por microscopia

electronica.

7. PCR SEMICUANTITATIVA
7.1. Obtencién del ARN

Los niveles de expresiéon del ARNm de SHP-1, SHP-2, PTP1B y LAMP-2
se determinaron por RT-PCR semicuantitativa. EI ARN total se obtuvo a partir
de secciones de los pancreas y cerebros de ratas control y pancreatiticas
representativas de la fase temprana de la pancreatitis aguda inducida por
ceruleina. Se empled el reactivo “TRI reagent” de SIGMA siguiendo las
instrucciones de la casa comercial para la extraccion. Se incubaron
homogenados de las muestras a temperatura ambiente durante 5 minutos. A
continuacion, se afadieron 0,2 ml de cloroformo y se agitaron los tubos durante
15 segundos. Se incubaron de nuevo a temperatura ambiente durante 2-3
minutos y se centrifugaron a 12.000xg durante 15 minutos a 4° C. Tras la
centrifugacion, la fase acuosa superior se transfiri6 a un tubo limpio y se
afiadieron 0,5 ml de isopropanol, incubandose a temperatura ambiente durante
10 minutos. Se centrifugaron a 12.000xg durante 10 minutos a 4° C para
precipitar el ARN. EI ARN se sometio a un lavado con 1 ml de etanol al 75% y
se volvié a centrifugar a 7.500xg durante 5 minutos a 4° C. Se dejo secar el
precipitado y se resuspendioé en tampén TE (Tris-HCI 10 mM y EDTA 1mM, pH
7,5). La concentracion de ARN se calculé midiendo la absorbancia a 260 nm en
un espectrofotdmetro GeneQuant pro RNA/DNA Calculator. La integridad del

ARN se comprobo corriendo 1 ug de ARN en geles de agarosa.
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7.2. Sintesis del ADN copia (ADNc) y reaccién de PCR

La sintesis del ADNc se llevé a cabo incubando 2 ug del ARN total con 0,5
ug de 18-mer oligo-dT a 42° C durante 1 hora, utilizando 200 U de la
retrotranscriptasa (RevertAid M-MuLV Reverse Transcriptase) en una solucion
que contenia Tris-HCI 50 mM pH 8,3, KCI 50 mM, MgCl> 4 mM, DTT10 mM,
dNTPs individuales1 mM y 20 U del inhibidor de Ribonucleasa en un volumen
final de 20 ul. Se dejé transcurrir la reaccion durante 1 hora a 37° C y se paré
calentando la mezcla a 70° C durante 10 minutos. Después, 4 ul de esta
reaccion se utilizaron para la reaccion de PCR, que se llevd a cabo en un
volumen final de 40 ul, conteniendo 1 U de Taq polimerasa y 0,4 yM de los
oligonucledtidos especificos. Para estar seguros de que trabajabamos en
condiciones semicuantitativas, a partir del ADNc se realizé la reacciéon de PCR
con distinto numero de ciclos, comprobando que tanto el aumento de la cantidad
de ARN como el aumento del numero de ciclos reflejaba un aumento de la
cantidad de ADN obtenido en la PCR. Se emplearon 25, 29, 32 y 35 ciclos y la
temperatura de hibridacion fue de 54° C. Se realizé la PCR a partir del mismo
ADNCc para cinco genes: SHP-1; SHP-2; PTP1B; LAMP-2 y B-actina (empleado
como control de carga). Cada ciclo de la PCR consisti6 en un paso de
desnaturalizacion (1 minuto a 95° C), un paso de hibridacion y un paso de

amplificacion (1 minuto a 72° C).
Las secuencias de los oligos empleados fueron las siguientes:
» SHP-1:
Oligo sentido: 5'-AGGCCGGCTTCTGGGAGGAGTT -3’
Oligo antisentido: 5'-CCAGTGGGGAGATCTGCAATGTTC -3°

Tamano del amplicon: 400 pb.

» SHP-2:
Oligo sentido: 5"-TGACCTCTATGGCGGGGAAAAGTT -3’
Oligo antisentido: 5'-GCCACATAGCACAGCTTCTCCTTGA -3°

Tamano del amplicén: 486 pb.
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» PTP1B:
Oligo sentido: 5'-CTCACCCAGGGCCCTTTACCAA -3’
Oligo antisentido: 5-TGGATGAGCCCCATGCGGAACC -3’
Tamano del amplicén: 539 pb.

» LAMP-2:
Oligo sentido: 5'-CCACCGCTATGGGCACAAGGAAGTT -3’
Oligo antisentido: 5'-CAGCTGAACATCACCGAGGAGAAGG -3°
Tamano del amplicén: 427 pb.

> B actina:
Oligo sentido: 5-TCTGTGTGGATTGGTGGCTCTA -3’

Oligo antisentido: 5-CTGCTTGCTGATCCACATCTG -3’

8. ELECTROFORESIS EN GEL DE AGAROSA

Esta técnica consiste en separar los fragmentos de ADN en funcion de su
tamano. Para la preparacion de los geles se realizdé una disolucion de agarosa
al 1% en TAE (Tris-Acético-EDTA: Tris 40 mM, acido acético glacial 20 mM y
EDTA 2 mM) a la cual se anadieron 1-3 ul de bromuro de etidio (10 mg/ml) por
cada 50 ml de gel, dejandose solidificar a temperatura ambiente. Las muestras
se cargaron en los geles mezcladas con tampon de carga 10X. La
electroforesis se realizé a 100 V (geles de 50 ml) usando el tampén TAE como
tampdn de electroforesis. Las imagenes de los geles se obtuvieron sobre un
transiluminador de luz ultravioleta acoplado a una camara "Kodak GL 100", y se

procesaron mediante el programa “Kodak Digital Science" v 3.0.

9. DETERMINACION DE LA CONCENTRACION PROTEINAS

La concentracidon de proteinas de las diversas fracciones subcelulares se

valoro por el método de Bradford (1976).
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El patrén utilizado fue BSA a distintas concentraciones. Para realizar las
mediciones de la absorbancia de las muestras se emplearon lectores de placa
de ELISA: ELx800 de “BIO-TEK Instruments, Inc” o MultisKkan FC de “Termo
Scientific’. Antes de las determinaciones se diluyeron tanto las muestras

como el patron con NaOH 0,5 N.

10. DETERMINACIONES ENZIMATICAS
10.1. Actividad mieloperoxidasica (MPO)

La mieloperoxidasa (MPO) es una enzima presente principalmente en los
granulos de los neutrdfilos polimorfonucleares, que puede llegar a representar
el 5% del peso de la célula y que se utiliza como marcador de la presencia de
estas células en el tejido inflamado. La determinacién enzimatica se efectud en
pancreas de ratas que habian sido tratadas con ceruleina o suero salino. En
primer lugar, los 6rganos conservados a -80° C se descongelaron para su
posterior homogeneizacion. Tras obtener el homogenado, la actividad MPO se
valor6 empleando el kit comercial MPO Fluorometric Detection Kit (Assay
Design, Stressgene, Enzo Life Sciences, Madrid, Espafia) siguiendo

exactamente las indicaciones del fabricante.

Los resultados se expresaron como veces de aumento de la actividad de

la enzima con respecto a los valores obtenidos en muestras control.
10.2. Actividad amilasica sérica

La actividad amilasica sérica se valord siguiendo el método descrito por
Lorentz, en un analizador de Bioquimica Gernon Star, usando el kit comercial
“Alfa Amilasa Liquicolor” (RAL, Técnica para el Laboratorio, S.A., Barcelona,
Espafa), en el Servicio de Bioquimica del Hospital Fundacion Santisima

Trinidad de Salamanca, con la colaboraciéon del Dr. Jesus Hueso.
10.3. Actividad de la Catepsina B

Esta determinacién se realizdé con la colaboracion del Dr. Pedro P Juanes,
en nuestro laboratorio. La medicién de la actividad de la Catepsina B se realizd

segun Mc Donald y Ellis (1975). Diez ul de la muestra problema se mezclaron
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con 380 ul de tampdn catepsina (EDTA 10 mM, DTT 10 mM, fosfato
monosoédico 50 mM, pH 6.5). Dicha mezcla se preincub6 5 minutos a 37° C, y
después se anadio 10 pl del sustrato N-CBZ-Arg Arg-4-metoxi-3-naftilamida 20
mM en tampon catepsina. El tiempo maximo de incubacion fue de 22 minutos.
La reaccién se pard con 2,6 ml de tampdn carbonato/bicarbonato sédico 0,5 M,
pH 10,7.

La longitud de onda de emision fue 410 nm y la de excitacién 338 nm. El
estandar utilizado fue una solucion de B-naftilamida (B-NPH) 3.5 uM en tampdn

carbonato/bicarbonato.

Se define la unidad de enzima como la cantidad de enzima necesaria para

la transformacién de 1nmol de sustrato por minuto.
10.4. Actividad de la succinato deshidrogenasa (SDH)

La actividad de la SDH fue valorada espectrofotométricamente siguiendo
el método descrito por Pennington (1961). Una mezcla que contenia 50 ul de
succinato sédico, 100 ul de INT, 50 pl de tampodn fosfato sédico 0,5M pH 7,4,
50 ul de sacarosa 0,25 M, 200 ul de agua y 100 pl de muestra se incubd a 37
°C durante 20 minutos. Al finalizar el tiempo de incubacidn, la reaccion se paré
con 500 pl de TCA al 10 % (p/v). A continuacion, el desarrollo de color se llevo
a cabo con la adicién de 1,5 ml de acetato de etilo. La mezcla coloreada se
centrifugd para poder leer la absorbancia del sobrenadante a 490 nm. La
unidad de actividad enzimatica se define como la cantidad de enzima necesaria

para la liberacion de 1 nmol de producto por hora.
10.5. Actividad N-acetil-B-D-glucosaminidasica (NAG)

Se valoro la actividad de la enzima NAG en las fracciones de lisosomas y
en las bandas enriquecidas de lisosomas, siguiendo el método descrito por
Robinson et al. (1967). En un bafio termostatado a 37° C se mezclaron 50 ul de
muestra y 100 pl de sustrato (4-metilumbeliferil-B-D glucosaminiddsido 3 mM,
en solucion amortiguadora de acido citrico/citrato soédico 0.1 M, pH 4.0). Dicha
mezcla se incubd durante 30 minutos para permitir que la enzima actuase sobre
el sustrato 4-metilumberiferil derivado y se liberase metilumbeliferona (MU),
altamente fluorescente. Transcurrido este tiempo, se paré la reaccion con 2 ml

de tampdn glicina/NaOH 0.5M pH 10.4 y se midi6 la fluorescencia en un
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espectrofluorimetro a 365 nm de excitacién y 450 nm de emision. La unidad de
actividad enzimatica (U) se define como la cantidad de enzima necesaria para

la liberacién de 1 nmol de metilumbeliferona por hora.

11. SOLUBILIZACION DE LA ENZIMA NAG LIGADA A LA MEMBRANA
LISOSOMICA

Se trataron alicuotas de la fraccion L+M del fraccionamiento subcelular
con el detergente no idnico IGEPAL CA-630. Se estudid en primer lugar la
concentracion de detergente que producia la maxima solubilizacion de la
enzima. Para ello, alicuotas de la fraccion L+M se mantuvieron en contacto con
el detergente a concentraciones desde 0.25% hasta 5% a 4° C, en agitacion
constante, durante 30 minutos. Después de cada uno de los tratamientos se
valoro la actividad NAG en las muestras tratadas, asi como en las muestras sin
tratar. Una vez establecida la concentracion optima de detergente se analizé el
efecto del tiempo sobre la solubilizacién de la enzima (5, 10, 30, 45, 60, 90 y

120 minutos).

12. CROMATOGRAFIA DE INTERCAMBIO IONICO EN DEAE-CELULOSA

Las fracciones L+M y soluble obtenidas de los distintos fraccionamientos
subcelulares de pancreas, asi como las poblacién de lisosomas ligeros
recogidas del gradiente discontinuo de Percoll, fueron sometidas a
cromatografia en DEAE celulosa para la separacion de las formas
isoenzimaticas de la enzima NAG. Las muestras se dializaron en solucién
amortiguadora de fosfato (monosddico/bisédico) 10mM pH 7.0, durante, al
menos, 24 horas a 4° C y en agitacién constante. Las columnas empleadas
contenian 2 ml del intercambiador anionico DEAE-celulosa. Previamente a su
utilizacion, la resina empacada se equilibré6 con solucion amortiguadora de
fosfatos. A continuacion se pasaron alicuotas de las muestras dializadas, que
contenian 4,5 mg de proteinas, en el caso de las fracciones L+M y soluble, 6
2,5 mg en el caso de las poblacion lisosomica libres de mitocondrias. Las

enzimas retenidas por el intercambiador se eluyeron con un gradiente salino de
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CIK (0-0.3 M) en el mismo tampédn y las no retenidas fueron eluidas con tampdn
de cromatografia. La concentracion de proteinas y la actividad enzimatica se
valoré en cada una de las fracciones recogidas. La actividad enzimatica de la
NAG presente en cada pico, se expresa como porcentaje relativo a la actividad

recuperada en el total de picos.

13. ANALISIS DE LA EXPRESION DE PROTEINAS MEDIANTE
TRANSEFERENCIA DE WESTERN

El analisis de proteinas tirosina fosfatasas (PTPs) y de la proteina
lisosbmica Lamp-2, se realizd en las distintas situaciones experimentales
mediante transferencia de Western. Para ello, se utilizaron diversos anticuerpos

primarios que se detallan a continuacion:

» Anticuerpo monoclonal contra SHP-1 obtenido en ratéon y con

reactividad hacia la zona C terminal.

» Anticuerpo monoclonal contra SHP-2 obtenido en ratén y con

reactividad hacia la zona N-terminal.

» Anticuerpo policlonal contra PTP1B obtenido en cabra y con reactividad

hacia la zona N-terminal.

» Anticuerpo policlonal contra Lamp-2 obtenido en conejo y con

reactividad hacia la zona C-terminal.

Como control de carga se utilizé el anticuerpo monoclonal anti- $-tubulina

(Ref. SAP.4G5 de Sigma), con reactividad hacia la zona C-terminal.

13.1. Electroforesis en geles de poliacrilamida en presencia de SDS

(SDS- PAGE)

Los extractos proteicos procedentes de las diferentes muestras se
sometieron a electroforesis desnaturalizante en condiciones reductoras,
siguiendo el método de Laemmli (1970). Las muestras se incubaron a 100° C
durante 5 minutos en tampdn de carga (Tris-HCI 125 mM, que contenia SDS al

2% (p/v), glicerol al 5% (v/v), azul de bromofenol 0,03% (p/v) y B-mercaptoetanol
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al 1% (v/v) pH 6,8). Con el propésito de eliminar diversos contaminantes como
sales, lipidos, acidos nucleicos y detergentes, algunas muestras fueron
tratadas previamente con “2D Clean-Up kit” siguiendo las instrucciones del
fabricante, obteniéndose un precipitado de proteinas que se resuspendié en
tampdn de rehidratacién constituido por: Urea 7M, tiourea 2M y DTT 50 mM.
Las electroforesis se efectuaron en una disolucién amortiguadora (tampén de
electroforesis), aplicandose un voltaje constante de 125 V a temperatura

ambiente.

13.2. Transferencia de las proteinas a la membrana de difluoruro de
polivinilideno (PVDF)

Tras la electroforesis se transfirieron las proteinas a una membrana de
PVDF como se ha descrito previamente Hernandez-Hernandez et al.,
(7999).Para ello se empled un sistema de transferencia humeda utilizando una
disolucion amortiguadora (tampon de transferencia) de Tris-HCI 25 mM, con
glicina 190 mM y metanol al 20% (v/v), pH 8,1-8,4. La transferencia se efectud

aplicando un amperaje constante de 400 mA durante 4 horas a 4° C.
13.3. Incubacion de la membrana con los anticuerpos

Una vez realizada la transferencia se bloqued la membrana mediante
inmersiéon de ésta en una disolucion de bloqueo que contenia leche desnatada
al 5% (p/v) en TBS (Tris-HCI 10 mM, CINa 100 mM y Tween 20 al 0,05%
(v/iv), pH 7,5), durante 1 hora a temperatura ambiente con agitacion
constante. A continuaciéon, se incubé la membrana con el anticuerpo
primario convenientemente diluido durante toda la noche a 4° C y con
agitacion constante. Los anticuerpos fueron diluidos en la disolucion de
bloqueo en las siguientes proporciones (v/v): anti-SHP-1 (1/150), anti-SHP-2
(1/2500), anti-PTP1B (1/1.000), anti-Lamp-2 (1/1.000) y anti B-tubulina
(1/1.000). Después de la incubacién con el anticuerpo primario, la membrana
se lavo con TBS (tres veces, durante 10 minutos cada vez) y se incubd con
el correspondiente anticuerpo secundario conjugado con peroxidasa de
rabano, diluido en la disolucién de bloqueo: para SHP-1 y SHP-2 (anti-ratdon
1:10.000), PTP1B (anti-cabra 1:5.000), Lamp-2 (anti conejo 1:15.000) y para
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B-tubulina (anti-ratén 1:10.000), durante 1 hora a temperatura ambiente y con

agitacion constante.

13.4. Deteccidn

Tras la incubacién de la membrana con los anticuerpos, ésta se lavo de
nuevo con TBS (tres veces, durante 10 minutos cada vez) y se sometio al
revelado por el sistema de sustrato luminiscente para la peroxidasa de rabano
mediante el kit comercial “ECL plus Western Blotting Detection System” de GE
Healthcare, siguiendo las instrucciones de la casa comercial. Cuando la sefial
del anticuerpo primario era muy fuerte se emple6 un sistema de revelado
basado en el empleo de la solucién de revelado AB [Solucion A (Luminol 1mM,
acido cumarico 0,4 mM y Tris-HCI 100 mM pH 8,5) y solucion B (H202 0,02% y
Tris-HCI 100 mM, pH 8,5)]. Las membranas se incubaron durante dos minutos
con esta solucion de revelado AB. El tiempo de exposicion de las peliculas a
las membranas varié en funcion de la muestra. Tras la exposicion, la pelicula
se reveld en una maquina de revelado para Western “Medical X-ray Processor”
de Kodak.

Las peliculas reveladas se digitalizaron con un Escaner Hewlett-Packard,
modelo Scanjet 3C y el posterior andlisis de la imagen se hizo utilizando el
programa Adobe Photoshop Macintosh version 2.5.1. Las cuantificaciones de
las bandas proteicas se llevaron a cabo en cada uno de los carriles, los cuales

contenian la misma cantidad de proteinas de la correspondiente muestra.

14. DETERMINACION DE PROTEINAS OXIDADAS (OXYBLOT) POR
TRANSFERENCIA DE WESTERN

Los perfiles de las proteinas oxidadas con grupos carbonilo se obtuvieron
por inmunodeteccién con el kit “Oxyblot, Protein Oxydation Detection Kit”
(Intergen Parchase, NY USA), de acuerdo a las indicaciones del fabricante, tal
y como describid previamente nuestro grupo de investigacion Hernandez-
Hernandez, et al., (2005).
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Quince mg de proteinas de cada muestra se incubaron con 24-
dinitrofenilhidrazina (DNPH) a temperatura ambiente durante 15 minutos, con lo
que los grupos carbonilos de las cadenas laterales de las proteinas generan
2 4-dinitrofenilhidrazona. Tras neutralizacion, las muestras se redujeron con 2-
mercaptoetanol y se sometieron a electroforesis desnaturalizante en un gel
SDS-PAGE al 6% en condiciones reductoras. Los geles se transfirieron a
membranas de PVDF, y las proteinas oxidadas se revelaron con un anticuerpo
primario anti DN, visualizandose mediante el sistema quimioluminiscente ECL

plus.

15. VALORACION HISTOLOGICA DEL PANCREAS

Las muestras fueron procesadas siguiendo la metodologia estandar para
ser observadas por microscopia oOptica. Los pancreas analizados provenian
de animales sacrificados a las 2, 4 y 9 horas de haber recibido la primera
dosis de ceruleina o de suero salino. Inmediatamente después del
sacrificio, pequenos trozos de pancreas se fijaron en una solucién tamponada
de paraformaldehido al 4% durante 48 horas a 4° C. Posteriormente, se
deshidrataron en concentraciones ascendentes de etanol (50-100%), se
lavaron con xileno y se incluyeron en parafina. Se montaron secciones de
10 um de grosor en portas recubiertos de gelatina, que se desparafinaron,
hidrataron y tifieron con hematoxilina-eosina para su observacion. Estas
técnicas se llevaron a cabo con la colaboraciéon del Dr. Arturo Mangas, en el
Departamento de Biologia Celular y Patologia de nuestra Universidad, y el
analisis histolégico lo realizé el Dr. Rafael Covenas, valorando la presencia de
edema, inflamacion, infiltracién por neutréfilos y la posible necrosis de todas

las muestras procesadas.

16. PERFUSION Y OBTENCION DE LAS SECCIONES DE TEJIDO PARA
VALORACION INMUNOCITOQUIMICA

Cuando el objetivo experimental era la realizacion de técnicas
inmunocitoquimicas en cortes de pancreas, los animales incluidos en los

diferentes grupos experimentales (control y pancreatiticos) fueron anestesiados
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con hidrato de cloral (0,3 gr/kg via intraperitoneal), heparinizados y perfundidos
a través de la aorta con 50 ml de solucion salina (9 g/l de NaCl) vy,
a continuacion, con 200 ml de paraformaldehido al 4 % en tampon Sérensen

(pH 7,4) (solucién fijadora).

Una vez finalizada la perfusion, se practicé una laparotomia ventral media
a todos los animales, se extrajeron los pancreas, se etiquetaron vy
posteriormente se realizo la post-fijacion durante 12 horas en la misma solucién
fijadora (paraformaldehido al 4 %). A continuacion, el material se introdujo en
una solucién creciente de sacarosa comenzando al 5 % (lavado del excedente
de fijador) hasta llegar al 30 % de sacarosa en tampdon Sdérensen. Como la
sacarosa se introduce en el tejido cambiando la densidad del mismo, los bafos
se cambiaron tras el hundimiento del pancreas (5 %, 10 %, 15 %, 20 % 25 % y
30 %). Después de mantener el tejido durante un periodo de 3-4 dias en la
concentracion superior (30 %) se considero finalizada la crioprotecciéon. Todo el
proceso fue realizado a 4° C. Utilizando un criostato, se obtuvieron secciones
seriadas de 10-12 um. A las secciones obtenidas se les aplicd una técnica

inmunocitoquimica indirecta.
16.1. Técnica Inmunocitoquimica

La inmunotincion se realizé mediante la técnica estreptavidina-peroxidasa,
previamente descrita por Mangas et al., (2006). Dos horas antes de la
realizacion de la técnica, los portaobjetos que contenian las secciones seriadas
se sacaron del congelador y se lavaron en PBS durante unos diez minutos con
el fin de que las muestras de tejido no se despegasen de los portaobjetos.

Posteriormente los pasos que se siguieron fueron:

1- Las secciones se trataron con una solucion compuesta de 1/3 de perdxido
de hidrégeno al 30% y 2/3 de metanol al 99,5% durante un periodo de treinta
minutos en recipientes tapados (oscuridad). Este paso se realizd para inactivar
las peroxidasas endogenas. A continuacién, se lavaron las secciones en PBS

durante diez minutos. Los lavados se repitieron tres veces.

2- El material se incubd en tampon PBS con 1% de suero normal de caballo
y 0,3% de Triton X-100 (mezcla) durante veinte minutos en agitacion y a
temperatura ambiente. Este paso se realizé para facilitar la penetracion de los

anticuerpos.
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3- Posteriormente se incubd durante una noche con el primer anticuerpo anti-
PTP1B (Abcam) diluido 1/20-1/100 en la mezcla del paso 2. La primera parte
de la incubacion se efectué con agitacion, durante dos horas y la segunda
parte en reposo, a 4 °C durante 15-18 h.

4- Las secciones se lavaron en PBS durante treinta minutos a temperatura

ambiente y en agitacion.

5- Se incubo6 durante una hora (agitacion), a temperatura ambiente, con un
anticuerpo biotinilado anti-inmunoglobulina G de conejo diluido 1/200 en la

mezcla del paso 2.

6- Se realizé un lavado con PBS durante 30 minutos a temperatura ambiente

y en agitacion.

7- Las secciones se incubaron una hora con el complejo avidita-biotina

peroxidasa (ABC) (Vectastain), diluido 1/100 a temperatura ambiente.

8- Se realiz6 un lavado, durante diez minutos (reposo) a temperatura

ambiente en tampon Tris-CIH (pH 7,6).

9- Se llevé a cabo el revelado de la peroxidasa con 3, 3’-diaminobenzidina
disuelta en 75 ml de Tris-CIH y 37,5 ul de perdéxido de hidrogeno durante

aproximadamente 5 minutos.

10- Las secciones fueron lavadas con PBS y montadas en portas y

cubiertas con una mezcla de PBS/Glicerol (1/1).

Para garantizar la especificidad del anticuerpo primario, se incubaron
varias secciones en ausencia de este anticuerpo o en presencia de un

anticuerpo (inmunoglobulina Ig G) de conejo no inmunizado.

17. MICROSCOPIA ELECTRONICA DE TRANSMISION

Se realizé un estudio por microscopia electronica correspondiente a las
distintas poblaciones lisosémicas separadas en el gradiente de Percoll. Los

pasos que se siguieron se resumen en los siguientes:
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1- Alicuotas concentradas de las fracciones enriquecidas en lisosomas
(bandas I, Il y Il del gradiente), se lavaron en tampodn fosfato sédico 0,1 M pH
7,4, al que se le afiade sacarosa al 6,8 % (p/v) y cloruro calcico al 1 % (p/v)

(Tampon A). Se centrifugaron dichas alicuotas durante 2 minutos a 10.000 x g.

2- Después de eliminar el sobrenadante, los precipitados se fijaron 3 h con

glutaraldehido al 5 % (p/v) en tampdn A.

3- Tras centrifugar, se elimindé el liquido sobrenadante y los organulos se

recuperaron del fondo del tubo.

4- A continuacion, la muestra se recubri6 con agar (DIFCO) al 1,5%
previamente fundido, que se enfri6 posteriormente hasta 45-50 °C y se

centrifugd hasta su solidificacion.

5- Tras solidificar el agar, se cortaron secciones que contenian organulos en
trozos pequefios y se introdujeron posteriormente en tubos que contenian

glutaraldehido al 3% (p/v), durante 30 min.

6- Transcurrido el tiempo de fijacion, el glutaraldehido se eliminé con tampén

A, mediante tres lavados sucesivos de 30 min cada uno.

7- La muestra se sometié a un tratamiento de post-fijacion con tetréxido de

osmio (OsOa) al 1 % (p/v) en tampdn A, durante 2 horas en oscuridad.

8- El OsO4 se elimind mediante tres lavados sucesivos, de 10 min cada uno,
con tampdn de lavado y posteriormente se realizaron cuatro lavados con agua

destilada, 10 min cada vez.

9- Una vez fijadas y lavadas, las muestras se deshidrataron mediante
inmersioén en series de acetona de concentracidn creciente, desde 10% hasta

acetona anhidra, durante 15 min en cada concentraciéon de acetona.

10- Se procedi6 a la inclusion de los bloques en resina Durcupan (Fluka): La
inclusion de las muestras se realizd, manteniéndolas durante 1 hora en series
de concentracion creciente de resina, empezando por la resina al 25% (p/v) en
acetona anhidra y finalizando con la resina al 100% durante toda la noche.
Para conseguir la dureza que requieren los cortes, las muestras se

mantuvieron en una estufa a 70° C durante 8 horas.
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11- Las secciones se cortaron con un ultramicrotomo y se tifieron con

acetato de uranilo al 2% y con citrato de plomo al 2%.

Las observaciones se realizaron en un microscopio electronico de

transmision modelo EM900, de la casa comercial Zeiss.

El tamafo de los organulos de la primera y segunda bandas de lisosomas
se determiné en 25-30 campos microscopicos escogidos al azar. El tamafio de
los organulos de la tercera banda se determiné en 8 campos microscépicos
también escogidos al azar. Se analizaron aproximadamente un total de 700
organulos. El aumento empleado para el andlisis de imagen fue de 50.000 x.
Los resultados se expresaron como porcentaje relativo al numero total de

organulos de cada banda, considerado como el 100%.

18. TRATAMIENTO CON LECTINAS

Diferentes alicuotas de la fraccion de microsomas y de la fraccién soluble,
se trataron con el detergente no iénico NP40 al 0,5-1% (p/v), durante 60
minutos a 4°C en agitacion constante con objeto de solubilizar, en su caso, las
proteinas asociadas a membranas. Las diferentes muestras de proteinas
solubilizadas se adicionaron a tubos Ependorf que contenian 200 pl de lectinas
(Aglutinina de germen de trigo (WGA) 6 Concanavalina A (Con A))
inmobilizadas, resuspendidas en tampon imidazol 3mM, y NP40 al 0,5%. Las
mezclas se mantuvieron en rotacion durante 4 horas a 4° C, y, después, se
centrifugaron a velocidad maxima durante 10 minutos en una centrifuga de
mesa refrigerada. Estas condiciones se escogieron por conveniencia, y no
representan las condiciones Optimas de unién de las lectinas. Después de
centrifugar, se recogieron los sobrenadantes, donde quedaban las proteinas no
unidas a lectinas (sobrenadante 1). Posteriormente, los geles se lavaron dos
veces con tampon imidazol 3 mM, y se centrifugaron nuevamente. Las
proteinas se eluyeron de las lectinas con 0.5 M N-acetil-glucosamina en el
caso de (WGA) o 1M metil a-manopiranosido en el caso de (Con A) durante
toda la noche a 4 °C y con rotacién constante. Los sobrenadantes de las
centrifugaciones de estas mezclas contenian las proteinas unidadas a lectinas

(sobrenadante 2).
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19. TRATAMIENTO CON GLICOSIDASAS

Para los estudios relacionados con el contenido en glucidos de LAMP-2,
las diferentes muestras se incubaron en presencia de 2 pl/ml de coctel de
inhibidores de proteasas a 37 °C y con agitacion suave con: (i) sin ningun tipo
de adiciones durante diferentes periodos de tiempo, (ii)) con 100 mU/ml de
neuraminidasa durante un maximo de 24 horas, (iii) con 10 U/ml de péptido N-
glicosidasa-F (PGNase-F) durante 8 6 24 horas, o (iv) con 100 mU/ml de

endoglicosidasa-H (Endo-H) durante 24 horas.

Tratamiento con neuraminidasa: las muestras se dializaron previamente
frente a un tampon acetato soédico 50 mM, pH 5,5 6 6, que contenia 134 mM
NaCly 9 mM CacCl, después de lo cual se adiciond 2,5% NP-40 (concentracion
final) antes de la incubacién con la glicosidasa. Se recogieron alicuotas a los
distintos tiempos de incubacion, las cuales fueron usadas en las transferencias

de Western.

Tratamiento con PGNase-F: se afadido 1% NP-40 (concentracion final) y
las muestras se mantuvieron en hielo durante 1 hora con agitacion ocasional.
Después, se afiadieron 0.1% SDS y 10mM B-mercaptoetanol (concentracion
final, disuelto in 3 mM tampén imidazol, pH 7.4), y las muestras se hirvieron
durante 10 minutos. Después de 5 minutos en hielo, se afadié PGNase-F y las

muestras se incubaron a 37° C durante diversos periodos de tiempo.

Tratamiento con Endo-H: se realizé como lo indicado para el tratamiento

con PGNase-F, pero el pH de las muestras se ajusté en primer lugar a 5.5-6, y

el SDS y el B-mercaptoetanol se disolvieron en tampdn imidazol 3 mM, pH 5.5.






IV. Resultados







Preambulo:

A continuacién presentamos los resultados en relacidn a los objetivos
planteados, en la forma de las publicaciones a que han dado lugar y afiadiendo otro
resultado no incluido en uno de los articulos publicados.

Aunque cada articulo contiene su propia discusion, hemos incluido una
discusidn final conjunta con el propésito de dar una idea global del significado de
nuestro estudio.






» OBJETIVO 1: Estudiar los cambios de expresion y dinamica de las PTPs
con dominios SH2: SHP-1 y SHP-2, en la PA inducida por ceruleina.
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Abstract

Protein tyrosine phosphatases (PTPs) are important regulators of cell functions but data on different PTP expression and dynamics in acute
pancreatitis (AP) are very scarce. Additionally, both ¢-Jun N-terminal kinases (JNK) and extracellular signal-regulated kinases (ERK1/2), together
with intracellular cAMP levels in inflammatory cells, play an essential role in AP. In this study we have detected an increase in PTP SHP-1 and
SHP-2 in the pancreas at the level of both protein and mRNA as an early event during the development of Cerulein (Cer)-induced AP in rats.
Nevertheless, while SHP-2 protein returned to baseline levels in the intermediate or later phases of AP, SHP-1 protein expression remained
increased throughout the development of the disease. The increase in SHP-2 protein expression was associated with changes in its subcellular
distribution, with higher percentages located in the fractions enriched in lysosomes+mitochondria or microsomes. Furthermore, while the increase
in SHP-2 protein was also observed in sodium-taurocholate duct infusion or bile-pancreatic duct obstruction AP, that of SHP-1 was specific to the
Cer-induced model. Neutrophil infiltration did not affect the increase in SHP-1 protein, but favoured the return of SHP-2 protein to control levels,
as indicated when rats were rendered neutropenic by the administration of vinblastine sulfate. Inhibition of INK and ERK1/2 with SP600125 pre-
treatment further increased the expression of both SHP-1 and SHP-2 proteins in the early phase of Cer-induced AP, while the inhibition of type IV
phosphodiesterase with rolipram only suppressed the increase in SHP-2 protein expression during the same phase. Our results show that AP is
associated with increases in the expression of SHP-1 and SHP-2 and changes in the dynamics of SHP-2 subcellular distribution in the early phase
of Cer-induced AP. Finally, both JNK and ERK1/2 and intracellular cAMP levels are able to modulate the expression of these PTPs.
© 2008 Elsevier B.V. All rights reserved.

Keywords: SHP-1; SHP-2; Acute pancreatitis; Cerulein; SP600125; Rolipram

1. Introduction

In the pathogenesis of acute pancreatitis (AP) many factors,
including activated pancreatic enzymes, cytokines, chemokines,
free radicals, blood flow, and neurogenic factors, have been
reported. Nevertheless, the pathophysiology of the disease
remains incompletely understood, especially the early acinar
events. It has been suggested that it would be important to detect
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rapid early events and signalling mechanisms in AP because
these events would probably be translated into long-term res-
ponses that would determine the development of pancreatitis
[1].

One of the animal models of AP is that induced by supra-
maximal secretagogue stimulation. Usually, the trophic agent
cerulein [Cer, an analogue of cholecystokinin (CCK)] is used
in this model. Different doses of Cer (ranging from 5 to even
100 pg/Kg) have been used to induce AP in rats. Under the
conditions used here [20 pg/Kg subcutaneous (s.c.) injection] the
manifestations of pancreatitis include hyperamylasemia, inter-
stitial edema, increase pancreatic cell size, increased pancreatic
weight, histological damages, including increased vacuolization
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and other morphological derangements, and neutrophil infil-
tration [2—-5]. With current ongoing research, the intracellular
mechanisms by which CCK or Cer regulate pancreatic acinar
function appear to be increasingly complex. Through Gq proteins,
CCK and Cer lead to an increase in cytosolic free Ca®". Ca*",
diacylglycerol and cAMP activate exocytosis processes. More-
over, it is known that both CCK and Cer activate pancreatic
protein tyrosine kinases (PTK) [6,7] and that tyrosine phospho-
rylation plays important roles in the regulation of many cell
functions. Cer-induced AP also activates the mitogen-activated
protein kinase (MAPKSs) cascade, especially extracellular signal-
regulated kinase (ERK1/2) and c-Jun N-terminal kinase (JNK),
whose activation requires the phosphorylation of both tyrosine
and threonine residues [8,9]. p38MAPK is also activated by
CCK and Cer. Other signalling pathways are also activated in
AP, e.g. the adenosine A 1-receptor pathway [ 10], which decreases
intracellular cAMP levels. In this regard, it is known that type [V
phosphodiesterase inhibitors ameliorate Cer-induced AP [11].
It is also clear that pancreatitis requires the dissociation of cell—
cell contacts [12] and adherens junctions [13], and that tyrosine
phosphorylation is important for the maintenance of an intact
cell adhesion complex [14].

The discovery of the role of PTK in the regulation of the
levels of tyrosine phosphorylation has led phosphotyrosine
phosphatases (PTP) to become better appreciated as impor-
tant regulators of cell functions. The structurally very similar
SH2-domain containing PTPs SHP-1 and SHP-2 have been
proposed to have different roles in signal transduction: SHP-1
is expressed highly in hematopoietic cells and at a moderate
level in many other types of cells and plays a largely negative
signalling role in hematopoietic cells. SHP-2 is more widely
expressed and plays a largely positive role in the cell signall-
ing leading to cell activation. Nevertheless, it seems that the
functional nature of SHP-1 and SHP-2 depends on the systems
involved. SHP-1 has been implicated in the Jak-Stat and MAPK
pathways [15]. SHP-2 has compound signalling functions and
it appears to be involved in a variety of signal transduction
processes, such as the Ras-Raf-MAPK, Jak-Stat, PI3 kinase and
NF-kB pathways [16]. Even within a single signalling pathway,
SHP-2 may act at multiple sites to participate in signal trans-
duction. All the above SHP-1 and SHP-2 signalling pathways
have been implicated in the development of AP.

Data on PTP in AP are very scarce although it is well
documented that these signalling enzymes are inactivated by
reactive oxygen species (ROS) [17] or secondary products of
oxidation [18,19] that may form during AP development [20,21].
Essentially, only one function of SHP-1 and PTP«k in the re-
gulation of cell adhesion in the pancreas after mild experimental
Cer-induced pancreatitis in rats has been described [12]. No data
are available about changes in the expression of SH,-domain
PTPs either at the level of RNA or protein, and neither is the
dynamics of their subcellular location along the development of
pancreatitis known. Considering the importance of determining
molecules or genes whose expression changes in the early phase
of AP development, together with the signalling mechanisms
that may modulate such expression, here we studied the ex-
pression and dynamics of the subcellular location of SHP-1 and

SHP-2 in the development of Cer-induced AP, as well as the effect
of SP600125 (anthrax[1,9cd]pyrazol-6(2H)-one 1,9 pyrazoloan-
throne), a new JNK and ERK 1/2 inhibitor, and rolipram, a type
IV phosphodiesterase inhibitor, on SHP-1 and SHP-2 expression
levels in the early phase of AP development.

2. Materials and methods
2.1. Reagents

Bovine serum albumin (BSA), Cer, dithiothreitol (DTT), Percoll, phenyl-
methylsulfonyl fluoride (PMSF), Protein Inhibitor Cocktail, rolipram, sodium-
taurocholate, soybean trypsin inhibitor, SP600125, Trizol Reagent, vinblastine
sulfate were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Polyvinylidene difluoride (PVDF) membranes were obtained from Amersham
Biosciences, Spain. Monoclonal antibody anti-PTP-1 (D-11) was obtained from
Santa Cruz Biotechnology, Inc, CA, USA. Monoclonal antibody anti-PTP-2
was obtained from BD Biosciences Pharmingen, San Diego, CA, USA. Re-
verse Transcriptase (RevertAid M-MULV), Taq polymerase, dNTP’s and the
Ribolock Ribonuclease inhibitor used in the reverse transcriptase-polymerase
chain reaction (RT-PCR) were purchased from Fermentas Life Sciences,
Germany. Oligonucleotides were obtained from Isogen life Sciences, The
Netherlands. Isopropanol was purchased from Panreac, Spain. The Myeloper-
oxidase (MPO) Fluorimetric Detection Kit was purchased from Assay Desigs,
Inc, USA.

2.2. Animals

Male Wistar rats weighing 250—-280 g were used. The animals were given a
standard rat chow diet and were fasted overnight before experiments with free
access to water. Care was provided in accordance with the procedures outlined
in European Community guidelines on ethical animal research (86/609/EEC),
and protocols were approved by the Animal Care Committee of the University
of Salamanca.

2.3. Induction of AP and preparation of samples

Rats received 4 s.c. injections of 20 ng Cer/kg body weight or its vehicle (0.9%
NaCl) at hourly intervals. At 2, 4 or 9 h after the first injection, the animals
were killed by cervical dislocation. The pancreases were rapidly harvested and
immediately used for experiments. Serum samples were stored at —80°C until
amylase determination. In some cases, AP was also induced by sodium-tau-
rocholate duct infusion or bile-pancreatic duct obstruction (BPDO) [22,23, res-
pectively]. Pancreases were dissected out from the surrounding fat tissue and
then homogeneized with a Potter Elvehjem device in 10 volumes (v/w) of
homogenization buffer (3 mM imidazole buffer, pH 7.4 containing 0.25 M sucrose,
1 mM EDTA, 1 mM PMSEF, 100 pg/ml trypsin inhibitor and 2 pl/ml Protease
Inhibitor Cocktail). The subcellular fractionation was done in a postnuclear
homogenate from 4 pancreases as described before [21]. Four subcellular fractions
were obtained: the zymogen (Z), lysosomes plus mitochondria (L-+M), microsomes
(Mic) and soluble (S) fractions.

Serum amylase was measured in the Roche Modular Analyzer by the method
of Lorentz [24]. In brief, the oligosaccharide 4,6-ethylidene-(G7) p-nitrophenyl-
(G1)-a, b-maltoheptaoside (ethylidene-G,PNP) was cleaved under the catalytic
action of a-amylases. The G2PNP, G3PNP yG4PNP fragments so formed were
then completely hydrolysed to p-nitrophenol and glucose by a-glucosidase. The
color intensity of the p-nitrophenol formed is directly proportional to the a-amylase
activity and was measured photometrically. Protein concentrations were assayed by
the method of Bradford [25], using BSA as standard.

2.4. Induction of neutropenia

Vinblastine sulfate was dissolved in 10 mM sodium phosphate buffer,
147 mM NaCl, 2.7 mM KCI (pH 7.4) and administered to rats intravenously (i.v.)
at a dose of 0.75 mg/kg on day 1, as previously described [26]. At this dose,
animals become neutropenic between days 4 and 6 [26]. On day 5 following
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Fig. 1. Expression of SHP-1 (A) and SHP-2 (B) proteins and serum amylase
activity (C) during the development of Cer-induced AP. Rats were either
administered saline (0.9% NaCl) (control, C) or treated with Cer, as indicated in
Materials and methods, and then killed 2, 4 or 9 h after the first injection of Cer.
In (A) and (B), quantification (graphic) of expression (Western blots in whole
postnuclear pancreatic homogenates — a representative for each time is shown)
was carried out considering the whole pancreas. Each lane in the blots contained
30 pg of proteins. Data are means+S.D. of 5 animals.

vinblastine sulfate or saline administration, the animals were treated with 2 doses
of Cer (20 ng Cer/kg, administered at hourly intervals) to induce AP.

2.5. Inhibition of JNK- and ERK1/2 by SP600125 in Cer-induced AP

Rats received intraperitoneal (i.p.) injections of SP600125 (15 mg/kg) or its
vehicle (1 ml/kg of a 10% DMSO/NaCl solution) both 2 h before and 30 min
after the first Cer injection [9]. Two hours after the first injection of SP600125,
the rats were injected subcutaneously with Cer (20 pg Cer/kg) or its vehicle
(0.9% NacCl) at hourly intervals. The animals were sacrificed 2 h after the first
Cer injection (early phase of Cer-induced AP).

2.6. Inhibition of type IV phosphodiesterase by rolipram in Cer-induced
AP

Rats received i.p. injections of rolipram (5 mg/kg) or its vehicle (1 ml/kg of a
10% DMSO/NaCl solution) both 30 min before and 30 min after the first Cer
injection [27]. Thirty minutes after the first injection of rolipram, the rats were

M-MuLV Reverse Transcriptase in a solution containing 50 mM Tris—HCI, pH 8.3,
50 mM KCI, 4 mM MgCl,, 10 mM DTT, 1 mM individual dNTPs and 20 U of
Ribolock Ribonuclease inhibitor in a final volume of 20 pul. The reaction was stopped
by heating at 70 °C for 10 min. Four microliters of this reaction was then used as a
template for the polymerase chain reaction, which was performed with 1 U of Taq
polymerase in a final volume of 40 pl with specific oligos at a 0.4 uM final
concentration. The annealing temperature was 54 °C. Five microliters samples were
taken at 25, 29, 32 and 35 cycles to ensure that we were working within the semi-
quantitative range. The oligonucleotide sequences were as follows: SHP-1: forward
oligo: AGGCCGGCTTCTGGGAGGAGTT; reverse oligo: CCAGTGGGGA-
GATCTGCAATGTTC. SHP-2: forward oligo: TGACCTCTATGGCGGG-
GAAAAGTT; reverse oligo: TCAGCGGCATTAATACGAGTTGTG. Product
lengths were 400 and 486 pb for SHP-1 and SHP-2, respectively.

2.8. Myeloperoxidase (MPO) assay

Excised pancreatic tissue samples were rinsed with saline, blotted dry, snap-
frozen in liquid nitrogen, and stored at —80 °C. MPO activity was detected by using
the MPO Fluorimetric Detection Kit following the manufacturer’s instructions.

2.9. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting

SHP-1 and SHP-2 were analysed by SDS-PAGE using 10% gels [28]. The
proteins present in the gels were transferred to PVDF membranes. After block-
ing non-specific binding with 5% non-fat dry milk (dissolved in buffer 10 mM
Tris—HCI, 100 mM NacCl, 0.1% Tween 20, pH 7.5), Western blots were probed
with anti-SHP-1 or anti-SHP-2 monoclonal antibodies diluted 1:150 and 1:2500,
respectively, in the blocking solution. Blots were visualized by chemilumines-
cence. To analyse the spots on all the blots, film images were scanned using the
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Fig. 2. SHP-1 (A) and SHP-2 (B) mRNA expression in the early phase of Cer-
induced AP. Rats were either administered saline (0.9% NaCl) (control, C) or
treated with Cer (P), as indicated in Materials and methods, and then killed 2 h
after the first injection of Cer. mRNA expression was analysed in pancreas or
brain by RT-PCR. A representative RT-PCR is shown.



274
A [o4 Cer BPDO Tau
. SHP-1

As T
S5
£E 61 P <0.030
2o
EL 51

@
83 47
nZT 5
gs 3
§e 2
< 2 19 p <0.025
e —— BN
0o o Cer BPDO Tau

AP model
B o Cer BPDO Tau
2% 217 SHP-2
£ c
= o 187
£+ 451
E% s P <0020
A
o0 919
e P <0015
¥ 67
G2 3
ZE o
4 Cer BPDO Tau
AP model
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duct infusion (Tau) or bile-pancreatic duct obstruction (BPDO) pancreatitis. Saline
(0.9% NaCl)- injected rats are also shown (control, C). Cer represents 9 h treatment
with Cer, as indicated in Materials and methods. Quantification (graphic) of
expression (Western blots in whole postnuclear pancreatic homogenates — a
representative is shown) was carried out considering the whole pancreas. Each lane
in the blots contained 30 pg of proteins. Data are means=S.D. of 3 animals.
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Adobe Photoshop program (version 2.5.1.), and the images were then analysed
with the MacBas v 2.5. program, as described previously [29]. The images
shown in the figures are from blots whose films were exposed for optimal
reproduction rather than for the linearity of band densities.

2.10. Statistical analysis

Data are expressed as means+SD. They were analysed using the non-
parametric Mann—Whitney U test. Statistical significance was considered for
a p value <0.05. Analyses were implemented using the SPSS program for
MS Windows (version 15.0).

3. Results

3.1. SHP-1 and SHP-2 expression during the development of
AP

The upper parts of Fig. 1A and B show representative
Western blot analyses indicating both SHP-1 and SHP-2 pro-
teins in whole postnuclear pancreatic homogenates obtained
from control or pancreatitic rats at different times after the first
injection of Cer. The lower parts of Fig. 1A and B indicate
quantitative data related to the whole pancreas. We considered
it more appropriate to express the data in relation to the
whole pancreas because pancreatitis is associated with the
neutrophil infiltration and cell death that make the cell com-
position of the pancreases of control or pancreatitic rats dif-
ferent. We observed an increase in the expression of both SHP-1
and SHP-2 in the early phase of AP (2 h after the first injection
of Cer) (6.1+£2.4- and 3.3+1.6-fold that of controls for SHP-1
and SHP-2, respectively). For SHP-1, this early increase in
expression remained in the intermediate and later phases of
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Fig. 4. Effect of neutropenia on MPO (A) and serum amylase (B) activities, and SHP-1 (C) and SHP-2 (D) protein expression during the development of Cer-induced
AP. Rats were given 0.75 mg/kg i.v. vinblastine sulfate to induce neutropenia. Four days after vinblastine administration, these neutropenic rats were given 4 injections
of saline (0.9% NaCl) or Cer hourly over 4 h (representing the intermediate phase of AP) as indicated in Materials and methods. The same treatments were given to
control animals (C) (saline instead of vinblastine pre-treatment on day 1). In (C) and (D), quantification (graphic) of expression (Western blots in whole postnuclear
pancreatic homogenates — a representative is shown) was carried out considering the whole pancreas. Each lane in the blots contained 30 pg of proteins. Data are

means+S.D. of 3 animals. N.S., not significant.
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AP, although to a lower extent (i.e., 3.0+£0.8-fold that of the
control at 9 h). By contrast, SHP-2 expression fell to levels
similar to those of the controls from 4 h onwards. Fig. 2A and B
depict representative gels highlighting mRNA expression for
both SHP-1 and SHP-2 in the early phase of AP (2 h). It may be
observed that the induction of AP by Cer resulted in an increase
in SHP-1 and SHP-2 mRNAs in pancreas but not in a control
organ with Cer receptors (brain), in which the expression of
SHP-1 and SHP-2 proteins remained constant (data not shown).
Cer-induced AP is thus associated with increases in pancreatic
SHP-1 and SHP-2 at the level of both protein and mRNA.
Additionally, as proof of the establishment of AP, a significant
increase in serum amylase activity was observed along the
development of AP, Fig. 1C).

To analyse whether the increase in SHP-1 and SHP-2 pro-
tein expression was specific to the Cer AP model, we next
assayed the taurocholate and BPDO models of AP. For this,
the pancreases were studied once AP was fully developed.
As depicted in Fig. 3B, an increase in the expression of SHP-2
was also observed in the other two models of AP, mainly in
the BPDO model (4.5+£1.4- and 11.9+5.6-fold that of con-
trols for the taurocholate and BPDO models, respectively). By
contrast, an increase in SHP-1 protein expression was not
detected either in the taurocholate or in the BPDO model of
AP; instead, a decrease was observed, especially in the BPDO
model. (Fig. 3A).

3.2. Influence of neutrophil infiltration

Neutrophil infiltration is an important component in the
development of both inflammation and cell death in pancreati-
tis. Thus, in an attempt to see whether infiltrating neutrophils
were responsible for, or could somehow influence, the increase
in the protein expression of both PTPs in Cer-induced AP,
rats were rendered neutropenic with vinblastine sulfate before
treatment. The rats were administered vinblastine on day 1, and
the experiment with Cer was conducted on day 5, at which point
it has been reported that animals have no remaining neutro-
phils [26]. As expected, a differential count of leukocytes in
the blood of the rats used in our experiments afforded zero
percent of neutrophils (39+5 and 0% neutrophils in blood from
Cer-induced AP (4 h) rats non-pretreated or pretreated with
vinblastine sulfate, respectively, n=3: data not shown).
Furthermore, leukocyte accumulation in the pancreas was
investigated by measuring MPO activity. We chose to study
the intermediate phase of AP (4 h) because it has been reported
that at this time the inflammatory cell infiltration has already
taken place [30]. In Fig. 4A it may be seen that while Cer
treatment (4 h) caused leukocyte accumulation in the pancreas,
the administration of vinblastine resulted in blunted pancreatic
MPO levels. With respect to serum amylase, vinblastine
treatment alone did not affect its activity, and Cer treatment in
vinblastine-treated rats did not decrease serum amylase
levels (Fig. 4B), in agreement with previously reported data
[26]. Fig. 4C shows that the depletion of neutrophils in the
rats did not significantly affect the increase in SHP-1 protein
expression at 4 h after Cer treatment (5.7+1.8- and 3.6+ 1.6-fold

above the controls in pancreatitic rats non-pretreated or
pretreated with vinblastine sulfate, respectively). In the case of
SHP-2 (Fig. 4D), neutrophil depletion prevented the decrease in
PTP expression down to basal levels at 2 h after Cer treatment,
because in the intermediate phase of AP (4 h) SHP-2 protein
expression was still significantly increased (1.1+0.1- and 4.1+
1.7-fold that of controls in pancreatitic rats non-pretreated or
pretreated with vinblastine sulfate, respectively).

3.3. Effect of JNK and ERK1/2 kinase inhibition by SP600125

It has been proposed that MAP kinases play a pivotal role
in the development of hyperstimulation-induced pancreatitis,
in part due to an amelioration of the severity of Cer-induced
AP after the inhibition of JNK and ERK1/2 kinases [9]. To
check whether these two MAP kinases might play a role in
the increase of the expression of both PTPs in the early phase
(2 h) of AP, we next investigated the effect of SP600125, a new
inhibitor of JNK and ERK1/2, on SHP-1 and SHP-2 protein
expression. In Fig. 5, it can be observed that SP600125 pre-
treatment did not reduce the increase in the expression of either
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Fig. 5. Effect of SP600125 pre-treatment on SHP-1 (A) and SHP-2 (B) protein
expression in the early phase of Cer-induced AP. Rats were pretreated with
SP600125 or its vehicle (15 mg/kg or 1 ml/kg of 10% DMSO/NaCl solution i.p.
administered 2 h before and 30 min after the first injection of Cer, respectively).
Then, the animals were injected subcutaneously with either Cer or its vehicle
[20 mg/kg or saline (0.9% NaCl, Sal) for each of two injections at hourly
intervals, respectively]. As a positive control of the experiment, non-pretreated
rats (Sal and Cer) were also included. Quantification (graphics) of expression
(Western blots in whole postnuclear pancreatic homogenates — a representative
is shown) was carried out considering the whole pancreas. Each lane in the blots
contained 30 pg of proteins. Data are means=+S.D. of 2 experiments with 3 rats
per group in each.
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pared with control rats for SHP-1 and SHP-2, respectively).
Moreover, JNK and ERKI1/2 inhibition in the absence of

276 N. Sarmiento et al. / Biochimica et Biophysica Acta 1782 (2008) 271-279
N 2 < &
# o0 & e o E
A £ & ¢ o + ("\\Q
— — — SHP-1

-
N

=

oON B0 Do

p <0.008
p <0.010

p <0.010

SHP-1 expression in whole
pancreas (fold over control)

Sal Cer Sal+ Sal+ Cert+ Cert
vehicle rolipram vehicle rolipram

X 0 e’g@“‘ & e P
s 8 20 @ O
B & & & @ 27 O
- — — SHP-2
. p <0010
p <0.003 p <0017

o N BB O

SHP-2 expression in whole
pancreas (fold over control)

Sal Cer Sal+ Sal+ Cer+ Cer+
vehicle rolipram vehicle rolipram

Fig. 6. Effect of rolipram pre-treatment on SHP-1 (A) and SHP-2 (B) protein
expression in the early phase of Cer-induced AP. Rats were pretreated with
rolipram or its vehicle (5 mg/kg or 1 ml/kg of 10% DMSO/NaCl solution i.p.
administered 30 min before and 30 min after the first injection of Cer,
respectively). Then, the animals were injected subcutaneously with either Cer or
its vehicle [20 mg/kg or saline (0.9% NaCl, Sal) for each of two injections at
hourly intervals, respectively]. As a positive control of the experiment, non-
pretreated rats (Sal and Cer) were also included. Quantification (graphics) of
expression (Western blots in whole postnuclear pancreatic homogenates -a
representative is shown) was carried out considering the whole pancreas. Each
lane in the blots contained 30 pg of proteins. Data are means+S.D. of 2
experiments with 3 rats per group in each.

PTP after Cer treatment. By contrast, the expression of both
SHP-1 (Fig. 5A) and SHP-2 (Fig. 5B) was significantly in-
creased in the pancreases of Cer-injected rats pretreated with
SP600125 in comparison with the non-pretreated animals (6.2 +
1.6- and 3.1+0.7-fold, and 7.1+2.5- and 2.1+1.1-fold as com-

Table 1

Cer stimulation was also able to increase SHP2 protein ex-
pression to a similar extent to Cer (2.6+0.8-and 2.1£1.1-,2.3+
0.7-fold that of control rats injected with saline or saline+
vehicle (DMSQ), for Cer and Cer+vehicle (DMSO) or saline+
SP600125 injected rats, respectively). This latter effect was
not observed for SHP-1. Regarding serum amylase activity in
the early phase (2 h) of AP, SP600125 was not able to reduce
the significant increase observed in the animals given Cer
alone (1603+10, 1710+56, 4800+300, 5500+400 U/, n=3,
for rats given salinetDMSO, saline+SP600125, Cer+DMSO
and Cer+SP600125, respectively, data not shown).

3.4. Effect of type IV phosphodiesterase inhibition by rolipram

We next decided to analyse the role of cAMP levels in the
increase in the expression of both PTPs in the early phase (2 h)
of AP, since it has recently been proposed that intracellular
cAMP levels in inflammatory cells might also play an essen-
tial role in the pathogenesis of AP [27]. In Fig. 6A it can be
observed that rolipram, an inhibitor of type IV phosphodiester-
ase, did not affect the increase in SHP-1 protein expression
due to Cer, since in comparison with the non-pretreated animals
PTP protein expression was not modified in the pancreases
obtained from Cer-injected rats pretreated with rolipram (4.9+
1.5- vs 6.6+3.5-fold above control rats, respectively). Unlike
SHP-1, the increase in SHP-2 protein expression due to Cer was
significantly suppressed in rolipram-pretreated rats (Fig. 6B)
(1.3+0.3- vs 5.0+0.3-fold above control rats (injected with
saline+vehicle) for Cer+rolipram and Cer+vehicle rats, respec-
tively). Rolipram did not change SHP-2 protein expression in
the absence of Cer stimulation [1.2+0.1-fold in saline+
rolipram-injected rats as compared with saline+vehicle-injected
rats]. Regarding serum amylase activity in the early phase (2 h)
of AP, rolipram showed a tendency (although not significant)
to reduce such activity in rats given Cer+rolipram (1450+
30, 1600+50, 5500+£250 and 4700+400 U/l, n=3, for rats
given salinetDMSO, saline+rolipram, Cer+DMSO and Cer+
rolipram, respectively, data not shown).

Percentage distribution of SHP-2 protein in subcellular fractions from pancreas in control or pancreatitic rats

Time after first injection of saline or Cae (h)

Subcellular 2
fraction

C P C P C P
(%)
L+M 1.8+0.8 8.1+5.8% 0.7+0.2 44+12 3.1+2.8 4.0£3.0
Mic 33+1.0 21.8+8.2° 1.9+1.0 7.1£0.4 2.7£2.6 3.0£1.9
Z 1.0+£0.7 2.6+£2.5 0.4+0.06 0.6+£0.2 0.7+0.9 1.5+1.1
S 93.9+1.4 67.5+£5.4" 97.1+1.3 87.9+0.6 93.5+£5.6 91.5+5.4

Subcellular fractions: L+M, lysosomes+mitochondria; Mic, microsomes; Z, zymogens; S, soluble (cytosolic fraction). Rats: C, control (saline-injected); P, pancreatitic

(Cer-injected).

Values were obtained from quantification of Western blots as indicated in Materials and methods, and are expressed as relative percentages considering the sum of the
integrated densities for all subcellular fractions in the whole pancreases as 100%. Data are means+S.D. of 3 experiments with 4 rats in each.

“p<0.021, bp<0.()20 with respect to C at 2 h.
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3.5. SHP-1 and SHP-2 subcellular distribution during the
development of AP

Finally we analysed the subcellular distribution and dynamics
of both PTPs. As expected, both PTPs were completely (SHP-1,
data not shown) or mainly cytosolic (located in the S fraction,
Table 1). SHP-1 remained as a cytosolic enzyme along the
development of pancreatitis development and was never seen to
become associated with any subcellular membrane-fraction (data
not shown). By contrast, we observed that in the early phase of
AP (2 h), the increase in the expression of SHP-2 protein was
associated with significant increases in its location in the L+M
fraction, but mainly in the Mic subcellular fraction. This
redistribution was less marked at 4 h after the first injection of
Cer, and it disappeared at 9 h.

4. Discussion

AP involves a complex cascade of local and systemic events
that are initiated as a response to stress by the pancreatic acinar
cell, but the cellular and molecular mechanisms responsible of
the initiation of pancreatitis are not well understood. Acinar cell
responses in AP include not only rapid protein activation by
posttranslational modifications, but also alterations in gene and/
or protein expression that may convert the rapid activation of
signalling mechanisms in acinar cells into long-term responses
[1]. All these events, as a whole, will determine the ultimate
severity of AP.

It has been proposed that alterations in gene expression
within the initiation phase of AP play an important role in its
development [ 1]. Taking this into account, in this study we report
an increase in SHP-1 and SHP-2 in the pancreas at the level
of both protein and mRNA as an early event during the
development of Cer-induced AP. Especially significant was the
increase in the expression of SHP-2 protein, because it was
observed commonly in all three different in vivo models of AP.
This highlights the general importance of the increase in the
expression of this PTP in AP. By contrast, the specificity of the
increase in SHP-1 protein in the Cer-induced AP model could
reflect a specific response to a specific insult.

It is known that both SHP-1 and SHP-2 are expressed in the
rat exocrine pancreas [12] and that both PTPs are scarcely
detectable in human neutrophils [31], which, together with the
data obtained here with vinblastine sulfate, indicates that the
increase in the expression of both PTPs most likely arises from
pancreatic acinar cells. Nevertheless, it is still possible that other
minor pancreatic cell types could account for some of the
observed changes. In this context, further studies are currently
being designed to fully determine the cellular origins of these
PTPs.

It has been reported that there is a common set of genes
expressed in at least Cer- and taurocholate-induced AP [1],
which suggests the possibility of a common set of upstream
signalling mechanisms. From previous studies, it is known that
the different AP models used here induce the activation of
stress kinases, including JNK [32]. Both JNK and ERK1/2
have been proposed to be important mediators during the

carly phase (first 1-1.5 h) of AP [9,26,33]. Many of the
transcription factors (TFs) induced early on in the onset of AP
are known to be regulated by the activation of stress kinase
pathways [1]. Thus, the activation of stress kinases provides a
potential link between the earliest known signalling events in
AP and the long-term consequences that stem from changes
in gene expression. Furthermore, stress kinases also regulate
protein translation [34]. Since these enzymes have been re-
ported to promote gene and protein expression early on in
the development of Cer-induced AP [9,26], we decided to
analyse their potential influence in the observed increase of
both SHP-1 and SHP-2 proteins. We used SP600125, a new
MAPK inhibitor that, under the conditions used here, has been
described to almost totally inhibit Cer-induced pancreatic JINK
activation and partially inhibit ERK1/2 activation [9]. Our re-
sults demonstrated that SP600125 pre-treatment was able to
positively modulate both SHP-1 and SHP-2 protein expression
in the early phase of Cer-induced AP. Currently it is difficult
to envisage the mechanism by which the inhibition of MAPK
would afford further increases in both PTP proteins. It is pos-
sible that the observed effect could be mediated through an
effect on the half-life of early-activated TFs. It has been pro-
posed that the activation of TFs also facilitates their immediate
degradation, thus ensuring the end of translation activation [35].
It is possible that an inhibition of the MAPK pathway that
activates specific TFs might influence the concomitant degra-
dation rate of such TFs, thus modifying their half-life. Another
possibility would be an effect of INK and/or ERK1/2 on the
half-life of both SHP-1 or SHP-2 proteins or messages. Further
specific research would be necessary to analyse this surprising
effect. Considering that MAPKSs have also been shown to up-
regulate the expression of inflammatory cytokines, such as
TNF-a [9], which also primes cell infiltration in the pancreas,
and that SP600125 pre-treatment results in a blunted leukocyte
accumulation in the pancreases of Cer-induced AP rats [9], the
positive effects of SP600125 and the data on neutropenic rats
seem to be in good agreement. We believe that analyses of
infiltration as a regulator of at least SHP-2 protein expression
merit further investigation. The lack of a significant reduction
in amylase activity after SP600125 pre-treatment seems to be in
disagreement with previous results [9]. Nevertheless, it is im-
portant to recall that we were analysing the early phase of Cer-
induced AP and that those previous results [9] were found
in rats with fully developed AP. Therefore, the reduction in
amylase activity after JNK and ERK /2 inhibition would occur
later on in the development of AP.

Excessive ATP catabolism has been reported to occur during
AP [20] and increases in cAMP levels in inflammatory cells by
rolipram have been reported to attenuate some inflammatory
diseases, including AP [27]. Rolipram is a specific and strong
inhibitor of type IV phosphodiesterase, a key enzyme in the
metabolism of intracellular cAMP that is abundantly expressed
in inflammatory cells such as neutrophils and that also exerts
anti-inflammatory effects by increasing the level of intracellular
cAMP by blocking its catalysis. Thus, rolipram has a similar
action to that of adenosine A2a receptors, a receptor type mainly
expressed in inflammatory cells [10]. Increases in intracellular
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cAMP levels enhance the activity of cAMP-dependent protein
kinase A and reduce the production of proinflammatory cyto-
kines such as TNF-a [36]. Importantly, acinar cells can behave
as true inflammatory cells, which also produce such proin-
flammatory cytokines [37]. Accordingly, although we are not
aware of any report describing the presence of type IV phos-
phodiesterase in acinar cells, rolipram could be a useful tool
for investigating the role of intracellular cAMP levels in cell
infiltration, and probably also in acinar cells, during the deve-
lopment of AP. Accordingly, analysis of the putative influence
of rolipram not only on infiltrating neutrophils but also on
acinar cells as a cause of the specific sensitivity of SHP-2
expression to rolipram deserves further investigation. Future
in vitro experiments with isolated acinar cells in the presence or
absence of neutrophils will be necessary to further increase our
understanding of the in vivo effect of rolipram on SHP-2 protein
expression in Cer-induced AP rats.

SHP-1 remained as a cytosolic enzyme during Cer-induced
AP development (this work), which is in agreement with pre-
vious results [12]. By contrast, the increase in SHP-2 in the early
phase of Cer-induced AP was associated with a redistribution
of its subcellular location. Preliminary data with three diffe-
rent lysosomal populations obtained by centrifugation of the
pancreatic L+M subcellular fraction in Percoll density gradients
revealed that SHP-2 significantly increases its location by
more than 100% (reaching up to 50% of total SHP-2 protein in
the L+M fraction) in the two densest populations (unpublished
results). Electron microscopic observations of these reveal that
they are composed of vesicles enclosing membrane fragments
and amorphous membrane-bound material of varying sizes and
shapes (unpublished results). Data on the intracellular proteo-
lytic systems used for PTP degradation are very scarce, although
it is generally accepted that most regulatory molecules involved
in highly regulated cellular processes such as signal transduc-
tion are substrates of the proteasome. Thus, the meaning of the
association of SHP-2 with lysosomes in AP is unknown. Despite
this, it should be noted that the lysosomal/vacuolar system is a
discontinuous and heterogeneous digestive system that also
includes structures that are devoid of hydrolases and that carry
out processes of heterophagy and autophagy [38], and that
autophagy has been reported to occur in AP [39]. It is possi-
ble that as a result of autophagy, membranous and/or non-
membranous material carrying SHP-2 protein could reach the
densest lysosomal populations. Moreover, SHP-2 protein was
also increased in the Mic subcellular fraction. At this point it is
not possible to know what this would be due to. One possibility
is the recruitment of SHP-2 to the plasma membrane by activa-
ted receptor protein tyrosine kinases or other phosphotyrosine-
containing ligands that occur early on in the development of AP
[40]. It should be noticed that most of the plasma membrane
would be present in the Mic fraction in our fractionation method.
Finally, it is known that AP is associated with the disassembly of
the acinar cell cytoskeleton [41] and several lines of in vitro and
in vivo evidence suggest that SHP-2 might be involved in the
control of cytoskeletal architecture [40].

In sum, in this study we have detected an increase in SHP-1
and SHP-2 in the pancreas at the level of both protein and

mARN as an early event during the development of Cer-
induced AP. The increase in SHP-2 protein (which was asso-
ciated with changes in its subcellular distribution) in two other
different in vivo pancreatitic models points towards the general
importance of this phosphatase in AP. The inhibition of JNK
and ERK1/2 further increased the expression of both SHP-1 and
SHP-2 proteins, while the inhibition of type IV phosphodies-
terase only suppressed the increase in SHP-2 protein expression
in the early phase of AP.
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Rolipram and SP600125 Suppress the Early
Increase in PTP1B Expression During Cerulein-Induced
Pancreatitis in Rats

Nancy Sarmiento, BSc,* Carmen Sanchez-Bernal, PhD,* Nieves Pérez, PhD,* José L. Sardina, BSc,*
Arturo Mangas, PhD,T José J. Calvo, PhD,f and Jesus Sanchez-Yagiie, PhD*

Objectives: To analyze the expression modulation of pancreatic pro-
tein tyrosine phosphatase (PTP)1B during the development of cerulein
(Cer)-induced acute pancreatitis (AP) and the effect of inhibition of
type 4 phosphodiesterase and c-Jun N-terminal kinase and extracellular
signal-regulated kinase 1/2 on its expression levels.

Methods: Acute pancreatitis was induced in rats by subcutaneous
injections of 20 g Cer per kilogram body weight at hourly intervals,
and the animals were killed at 2, 4, or 9 hours after the first injection.
Neutropenia was induced with vinblastine sulfate. Phosphodiesterase
and the mitogen-activated protein kinases were inhibited with rolipram
and SP600125, respectively, before the induction of AP.

Results: Protein tyrosine phosphatase 1B increases its expression at
the levels of both protein and messenger RNA during the early phase of
Cer-induced AP. The increase in protein expression persisted along the
development of the disease, and neutrophil infiltration seemed to play a
central role. Rolipram and SP600125 pretreatments mostly suppressed
the increase in the expression of PTP1B during the early phase of AP.
Conclusions: Cerulein-induced AP is associated with an increase in
the expression of PTPIB in its early phase. An increase in cyclic aden-
osine monophosphate levels in inflammatory cells and the inhibition of
c-Jun N-terminal kinase and extracellular signal-regulated kinase 1/2 are
able to suppress the increase in PTP1B protein level.

Key Words: PTP1B, acute pancreatitis, cerulein, SP600125, rolipram
(Pancreas 2010;39: 639—-645)

O ne of the animal models of human edematous pancreatitis
is that induced in the rat by cerulein (Cer), an analog of
cholecystokinin (CCK). The subcutaneous injection of 20 pg
Cer per kilogram body weight, the treatment used for the in-
duction of acute pancreatitis (AP) in the present studies, results
in the manifestations of pancreatitis, including different indica-
tors of morphological and histological damage to the pancreas,
interstitial edema, and hyperamylasemia as well as neutrophil
infiltration."™ It is reasonable to assume that the development of
pancreatitis would be based on rapid early events and the acti-
vation of primary signaling pathways, whose unmasking would
be important for the study of AP at the molecular level.®> With
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respect to the Cer-induced AP model, the intracellular mecha-
nisms by which CCK or Cer regulates pancreatic acinar func-
tion are complex. Within the signaling mechanisms that play
important roles in the regulation of many cellular functions,
those that are controlled by tyrosine phosphorylation are par-
ticularly important. It is well known that in Cer-induced AP,
different signaling routes that modulate the phosphorylation
state of proteins are activated: (1) pancreatic protein tyrosine
kinases (PTKs),*’ (2) the mitogen-activated protein kinase
(MAPK) cascade, especially extracellular signal-regulated ki-
nase (ERK1/2) and c-Jun N-terminal kinase (JNK),*° (3)
P38MAPK, (4) the adenosine Al receptor pathway,'® which de-
creases intracellular cyclic adenosine monophosphate (cAMP)
levels. It is also known that tlype 4 phosphodiesterase inhibitors
ameliorate Cer-induced AP.'

Unlike the case of PTKs, data on protein tyrosine phos-
phatases (PTPs) in AP are very scarce despite (1) their roles in
the regulation of the levels of tyrosine phosphorylation in exo-
cytotic processes in exocrine pancreatic acinar cells'? and in
different inflammatory diseases and (2) their inactivation by
reactive oxygen species or secondary products of oxidation'
that may form during the development of AP.'* This associa-
tion between PTPs and diseases calls for an examination of
PTP expression modulation and their corresponding function,
and, in the case of AP, it is strengthened by the demonstra-
tion of PTP1B as a key controller of several cytokine signaling
pathways through their negative action on specific members of
the Janus kinases/signal transducers and activators of transcrip-
tion (JAK/STAT) pathway.'> JAK2/STAT3 inflammatory sig-
naling has been implicated in AP,'® and JAK2 is a target of
PTP1B.'° PTP1B also plays important roles in cells with a high
endoplasmic reticulum (ER) content,'® such as pancreatic acinar
cells, which have the highest rate of protein synthesis among all
human tissues.!” In fact, acinar cells seem to be susceptible to
ER homeostasis, and all major ER stress-sensing and signaling
mechanisms have been shown to be activated in AP.>!'%1 In ad-
dition, we have recently demonstrated that the Src homology 2
(SH2)-domain PTPs, SHP-1 and SHP-2, are early responsive
elements in AP and that their expression increases in the early
phase of Cer-induced AP.*°

The goal of the present work was to study the expression
response of a member of the subfamily of intracellular PTPs,
the PTP1B, during the development of Cer-induced AP as well
as the effect of rolipram, a type 4 phosphodiesterase inhibitor,
and SP600125 (anthrax[1,9cd]pyrazol-6(2H)-one 1,9 pyrazo-
loanthrone), a JNK and ERK 1/2 inhibitor, on PTP1B expression
levels in the early phase of AP development. We developed this
research in view of the importance of unmasking the molecules
or genes whose expression changes in the early phase of AP
development, together with the signaling mechanisms that may
modulate such expression.
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MATERIALS AND METHODS

Reagents

Bovine serum albumin (BSA), Cer, dithiothreitol, phenyl-
methylsulfonyl fluoride, protein inhibitor cocktail, rolipram,
soybean trypsin inhibitor, SP600125, Trizol reagent, and vin-
blastine sulfate were purchased from Sigma Chemical Co. (St.
Louis, Mo). Polyvinylidene difluoride membranes were ob-
tained from Amersham Biosciences, Barcelona Spain. Poly-
clonal antibody anti-PTP1B (H-135) was obtained from Santa
Cruz Biotechnology, Inc., Santa Cruz, Calif. Monoclonal anti-
body anti—f-tubulin was obtained from Sigma Chemical Co.
Reverse transcriptase (RevertAid M-MULV), Tag polymerase,
deoxynucleoside triphosphates, and the RiboLock ribonuclease
inhibitor used in the reverse transcriptase polymerase chain
reaction (RT-PCR) were purchased from Fermentas Life
Sciences (St. Leon-Rot, Germany); Isogen Life Science (De
Meern, The Netherlands); Panreac (Barcelona, Spain). Oligo-
nucleotides were obtained from Isogen Life Science, the
Netherlands. Isopropanol was purchased from Panreac, Spain.

Animals

Experiments were performed in male Wistar rats weigh-
ing 250 to 280 g, obtained from the University of Salamanca
breeding colony. Rats were housed in rooms maintained at
22°C +£ 1°C using a 12-hour light/dark cycle. Animals were
fasted overnight before the experiment but had free access to
water. Care was provided in accordance with the procedures
outlined in the European Community guidelines on ethical an-
imal research (86/609/EEC), and protocols were approved by
the Animal Care Committee of the University of Salamanca.

Induction of AP and Preparation of Samples

Acute pancreatitis was induced as described previously.?
Briefly, rats received 4 subcutaneous injections of 20 g Cer per
kilogram body weight or its vehicle (0.9% NaCl) at hourly in-
tervals. At 2, 4, or 9 hours after the first injection, the animals
were killed by cervical dislocation. The pancreata were rapidly
harvested and used immediately for experiments. After dissec-
tion and homogenization of the pancreata,?® postnuclear homog-
enates were obtained*® to minimize the putative cross-reactivity
of'the PTP1B antibody with T cell protein tyrosine phosphatases
(TC-PTP), the other member of the non-transmembrane 1 sub-
family of intracellular PTPs. Although TC-PTP has not been re-
ported to be present in rat pancreas, it has been described to be
expressed in many organs of the mouse as a nuclear 45-kd form.
In cell lines derived from a hamster glucagonoma, no TC-PTP
protein or messenger RNA (mRNA) was detected.”!

Serum amylase was measured in a Roche modular analyzer
(Roche Diagnostics Espafia, Barcelona, Spain) as reported pre-
viously.2” Protein concentrations were assayed by the method of
Bradford*? using bovine serum albumin as the standard. Special
care was taken with this assay to minimize deviations in the
amount of proteins loaded into each lane of the sodium dodecyl
sulfate polyacrylamide gel electrophoresis gels. Quality control
of the assays was ensured by repeating them at least 3 times with
5 different volumes of 3 to 5 different sample dilutions.

Histological Assessment of Pancreatitis

For light microscopy, small pieces of the pancreas were
rapidly removed at different times (2, 4, and 9 hours) after the
induction of AP and fixed in 4% paraformaldehyde in 0.15-mol/L
phosphate-buffered saline (pH 7.2) for 48 hours at 4°C. Sub-
sequently, they were dehydrated in ascending concentrations of
ethanol (50%—100%), rinsed in xylene, and then embedded in
paraffin. Sections (10 wm thick) were mounted on gelatin-coated

640 | www.pancreasjournal.com

slides, deparaffinized, hydrated, and stained with hematoxylin and
eosin (H & E).

Induction of Neutropenia

Neutropenia was induced in rats by an intravenous injec-
tion of vinblastine sulfate at a dose of 0.75 mg/kg on day 1,
as previously described.??® At this dose, the animals become
neutropenic between days 4 and 6.>* Five days after the in-
duction of neutropenia, the animals were treated with 2 hourly
injected doses of Cer (20 pg Cer per kilogram) to induce AP.

Inhibition of Type 4 Phosphodiesterase by
Rolipram or of JNK and ERK1/2 by SP600125
in Cer-Induced AP

Rats received intraperitoneal injections of rolipram (5 mg/
kg), SP600125 (15 mg/kg) or its vehicle (1 mL/kg of a 10%
dimethyl sulphoxide/NaCl solution) both 30 minutes before
and 30 minutes after, or both 2 hours before and 30 minutes
after, the first Cer injections of rolipram“’20 and SP600125,%2°
respectively. Thirty minutes or 2 hours after the first injection of
rolipram or SP600125, respectively, the rats were injected sub-
cutaneously with Cer (20 pg Cer per kilogram) or its vehicle
(0.9% NaCl) at hourly intervals. The animals were killed 2 hours
after the first Cer injection (early phase of Cer-induced AP).

RT-PCR Assays

Total RNA was isolated from the pancreas and the brain
of the same rat by immediate solubilization in Trizol reagent
and isopropanol purification. Reverse transcriptase polymerase
chain reaction was performed in a total volume of 20 wL con-
taining 2 pg complementary DNA, 50-mmol/L Tris-HCl, pH
8.3, 50-mmol/L KCl, 4-mmol/L MgCl,, 10-mmol/L dithiothrei-
tol, 1-mmol/L deoxynucleoside triphosphates, 0.5 pwmol/L of
each primer, 20 units of Ribolock ribonuclease inhibitor, and
200 U RevertAid M-MuLV reverse transcriptase. The PTP1B
oligonucleotide sequences were as follows: forward oligo, 5'-
CTCACCCAGGGCCCTTTACCAA-3'; reverse oligo, 5-
TGGATGAGCCCCATGCGGAACC-3". The product length
was 539 bp. Oligonucleotide primers for (3-actin were used as
an internal control (forward oligo, 5-TCTGTGTGGATTGGTG
GCTCTA-3"; reverse oligo, 5-CTGCTTGCTGATCCACATC
TG-3). Cycle steps were performed as previously described.?’

SDS-PAGE and Western Blotting

Proteins were analyzed by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis using 10% gels>* and then trans-
ferred to polyvinylidene difluoride membranes. Western blots
were probed with anti-PTP1B polyclonal or anti—3-tubulin
monoclonal antibodies diluted 1:1000 and 1:4000, respectively.
Blots were visualized by chemiluminescence. Analyses of the
spots on all the blots were performed as described previously.>
The densities of the B-tubulin bands were used to ascertain that
an approximately equal amount of proteins had been loaded in
each lane, although the densities corresponding to the PTP1B
bands in the different treatments were not normalized to the
B-tubulin band densities mainly because our samples were
heterogeneous systems that did not always contain the same
set of cellular proteins (ie, samples from pancreatitic pancreas
included the proteins from the infiltrates and reflected all the
histological damages associated with AP). This feature makes
it impossible to guarantee that the same amount of loading
protein/mg protein will be present in all the samples. Neverthe-
less, a significant influence (if any) of the loading in our results
can be ruled out because of the magnitude of the differences
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observed for PTP1B expression among the different conditions
tested. The images shown in the figures are from blots whose
films were exposed for optimal reproduction rather than for the
linearity of band densities.

Statistical Analyses

Data (means = SD) were analyzed (version 15.0 of the
SPSS program for MS Windows, SPSS, Chicago, Ill) using the
nonparametric Mann-Whitney U test. Statistical significance
was considered for a P < 0.05.

RESULTS

Increases in the Expression of PTP1B in AP

In Figure 1A, it can be observed that the expression of
PTP1B protein in whole postnuclear pancreatic homogenates
increased during the development of AP. The bar diagram
indicates quantitative data related to the whole pancreas. We
considered it more appropriate or even necessary to express the
data in relation to the whole pancreas because pancreatitis is
associated with the neutrophil infiltration and cell death that
render the cell composition of the pancreata of the rats in the

A C Cer C Cer C Cer B
= Sz # PTP1B

° = — v S s | s s | B-tubulin
5 2
$E mc 2 mc
£9° 6 1 p <0.002 B Cer & 20000 B Cer
co 5 p <0.037 S 17500
932 4 p < 0.002 o 15000 1 p <0.005
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£e 3] 2= 10000 | p <0013
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Time after first injection of Cer (h)

FIGURE 1. Expression of PTP1B protein (A) and serum amylase activity (B) and light microscopy of the rat pancreas stained with H & E (C)
during the development of Cer-induced AP. Rats were either administered saline (0.9% NaCl; control, C) or treated with Cer, as indicated
in the ““Materials and Methods"’ section, and then killed 2, 4, or 9 hours after the first injection of Cer. A, Quantification (graphic) of
expression (Western blots—1 representative for each time point is shown) was carried out considering the whole pancreas. Anti—3-tubulin
antibody was used as an approximate loading control. Each lane in the blots contained 30 g of proteins. Data are means + SD of

5 animals. In the histological pancreatic sections: control animal (photomicrograph A), low magnification of the pancreas showing a
normal morphology; 2-hour (photomicrograph B), 4-hour (photomicrograph C), and 9-hour (photomicrograph D) pancreatitic rats.
Compare the morphology of normal acini with other acini showing altered morphology (arrows). Note also the different and increasing
degree of leukocyte infiltration (arrowheads) through 2, 4, and 9 hours. Scale bar: 50 pm.
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control group or the pancreatitic rats different. Accordingly, the
total amount of proteins per pancreas changes with treatment,
and the exact amount of any protein, including PTP1B, should
be calculated in the whole organ rather than in a fixed amount of
proteins. We observed an increase in the expression of PTP1B
in the early phase of AP (2 hours after the first injection of
Cer; 4.1 £ 0.8—fold that of the controls) that remained in the
intermediate and later phases of AP, although to a lower extent
(ie, 2.3 + 0.7-fold that of the control at 9 hours). The estab-
lishment of AP was monitored by serum amylase determina-
tion and the histological assessment as follows: (1) a significant
increase in the serum amylase activity was observed along with
the development of AP (Fig. 1B), and (2) histological sections
of the pancreata from the control and the 2-, 4-, and 9-hour
pancreatitic rats showed clear differences concerning tissue
architecture and the degree of leukocyte infiltration. In the
control animals (Fig. 1C, photomicrograph A), the pancreatic
tissue showed normal acini, and no infiltration was observed. In
the 2-hour pancreatitic rats (Fig. 1C, photomicrograph B), small
numbers of unstructured acini and scarce lymphocytes were
observed outside the vessels. In the 4-hour pancreatitic rats
(Fig 1C, photomicrograph C), a higher degree of leukocyte
infiltration was visualized, and higher numbers of unstructured
acini were also found. In addition, neutrophils were detected.
Finally, in the 9-hour pancreatitic rats (Fig. 1C, photomicrograph
D), a higher degree of tissue disorganization was seen, and
numerous leukocytes were observed outside the vessels sur-
rounding the acini and also adhering to the vascular endothe-
lium. All these features are consistent with those described
previously.'** Moreover, in the early phase of AP (2 hours),
PTP1B mRNA increased in pancreas but not in a control organ
with Cer receptors (brain; Fig. 2) in which the expression of the
PTP1B protein remained constant (data not shown). A similar
type of behavior has been reported for SHP-1 and SHP-2, the
SH2 domain—containing PTPs.*® The edematous Cer-induced
AP is thus associated with increases in pancreatic PTP1B at the
level of both protein and mRNA.

C Cer

C Cer C Cer C Cer C Cer

5 <+ PTP1B
Pancreas
Cc Cer C Cer C Cer C Cer
-‘ !4— PTP1B
Brain

FIGURE 2. PTP1B mRNA expression in the early phase of
Cer-induced AP. Rats were either administered saline (0.9% NaCl;
control, C) or treated with Cer (P), as indicated in the ‘“Materials
and Methods’’ section, and then killed 2 hours after the first
injection of Cer. Messenger RNA expression was analyzed in
pancreas or brain by RT-PCR. 3-actin was used as loading control.
A representative RT-PCR is shown. Experiments were repeated in
4 different animals with similar results.
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FIGURE 3. Effect of neutropenia on PTP1B protein expression
during the development of Cer-induced AP. Rats were given
0.75 mg/kg i.v. vinblastine sulfate to induce neutropenia. After
4 days, these neutropenic rats were given 4 injections of saline
(0.9% NacCl) or Cer hourly over 4 hours (representing the
intermediate phase of AP) as indicated in the ““Materials and
Methods” section. The same treatments were given to control
animals (C; saline instead of vinblastine pretreatment on day 1).
Quantification (graphic) of expression (Western blots—a
representative is shown) was carried out considering the whole
pancreas. Anti-B-tubulin antibody was used as an approximate
loading control. Each lane in the blots contained 30 pg of
proteins. Data are means + SD of 4 animals.

Influence of Neutrophil Infiltration

Neutrophil infiltration is an important component in the
development of both inflammation and cell death in pancreati-
tis. We chose to study the intermediate phase of AP (4 hours)
because it has been reported that at this time, inflammatory cell
infiltration has already started or taken place,26 as shown in our
AP model (Fig. 1C). As expected, neutropenia was associated
with the disappearance of neutrophils from the blood: 39% =+
5% and 0% neutrophils in a differential leukocyte count in the
blood from Cer-induced AP (4 hours) rats not pretreated or
pretreated with vinblastine sulfate, respectively; n = 3 (data
not shown). We have previously reported that under the same
conditions described here, the Cer treatment (4 hours) caused
leukocyte accumulation in the pancreas,”® whereas the admin-
istration of vinblastine resulted in blunted pancreatic myeloper-
oxidase levels,?® pointing to the subsequent depletion in situ of
neutrophil infiltration after the vinblastine treatment. Figure 3A
shows that the depletion of neutrophils in the rats suppressed
the increase in PTP1B protein expression at 4 hours after the
Cer treatment. In Figure 3B, it may be seen that the vinblastine
treatment alone did not affect the serum amylase activity and
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that the Cer treatment in the vinblastine-treated rats did not de-
crease its levels, in agreement with previously reported data.>*

Effect of Rolipram Pretreatment on
PTP1B Expression

Based on the aforementioned data obtained on the neu-
tropenic rats, we next analyzed the role of cAMP levels in the
increase in the expression of PTP1B in the early phase (2 hours)
of AP. This was because it has recently been proposed that
intracellular cAMP levels in neutrophils might play an essential
role in the pathogenesis of AP because increases in such levels
due to rolipram administration attenuate inflammatory diseases
including AP."' Figure 4A shows that the increase in the PTP1B
protein expression due to Cer was suppressed in the rolipram-
pretreated rats: 1.0 + 0.2—fold versus 2.8 + 0.5—fold higher than
that of the control rats (injected with saline+vehicle) for the Cer+
rolipram and Cer+vehicle rats, respectively. Rolipram did not
change the PTP1B protein expression in the absence of Cer
stimulation (1.1 + 0.3—fold in the saline+rolipram—injected rats
compared with the salinet+vehicle—injected rats). On the other

‘x
& & & Q_&‘ & q~°\\

PTP1B
% wmw © | ptubulin
O ~
©°©°
£ 5
3 c
c8 4 p <0.028 b <0004
§ § 3 P <0.007 -
»n O
83T 2
s
X > 1
o8
<20 v
Q c \ X o2 2 el et
- & S ¢ce .c\e o o
oo \le“\ o\“"a \le“\c Q\‘\Q‘a
A
>
:'g 7000 - p <0.018
S 6000 p <0.n6
©
9 5000 -
_: ’§‘ 4000 -
£ > 3000 -
£ 2000
pelm W
* 0-
Sal+ Sal+ Cer+ Cer+
B vehicle Rolipram vehicle Rolipram

hand, rolipram showed a tendency (although not significant) to
reduce the serum amylase activity in the rats given Cer+rolipram
(Fig. 4B) as reported previously.>

Effect of SP600125 Pretreatment on
PTP1B Expression

The observation that the severity of the Cer-induced AP
was ameliorated after the inhibition of the JNK and ERK1/2
kinases® points toward the major role of MAPKs in the de-
velopment of hyperstimulation-induced pancreatitis. Accord-
ingly, we next investigated whether these 2 MAPKs might play
a role in the increase of the expression of PTPIB in the early
phase (2 hours) of AP by using SP600125. In Figure 4C, it
can be observed that SP600125 pretreatment reduced the in-
crease in the expression of PTP1B after the Cer treatment: 2.9 +
0.8— and 1.5 £ 0.3—fold compared with control rats (the sal+
vehicle—injected rats) for the Cer+vehicle (dimethyl sulpho-
xide)— or Cert+ SP600125—injected rats, respectively. There was
no significant effect on the expression of PTP1B in the absence
of Cer stimulation (0.9 + 0.3—fold for Sal+SP600125—injected
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FIGURE 4. Effect of rolipram or SP600125 pretreatment on PTP1B protein expression in the early phase of Cer-induced AP. Rats were
pretreated with rolipram or its vehicle (A and B), or with SP600125 or its vehicle (C and D), as indicated in the ‘’Materials and Methods"
section. Then, the animals were injected subcutaneously with either Cer or its vehicle (20 mg/kg or saline [0.9% NaCl, Sal] in 2 injections
at hourly intervals, respectively). As a positive control of the experiments, non-pretreated rats (Sal and Cer) were also included.
Quantification (graphics) of expression (Western blots—a representative is shown) was carried out considering the whole pancreas.
Anti-B-tubulin antibody was used as an approximate loading control. Each lane in the blots contained 30 g of proteins. Data are means =

SD of 3 experiments with 3 rats per group in each.
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rats compared with control rats). In addition, SP600125 was not
able to reduce the significant increase in the serum amylase
activity observed in the animals given Cer alone (Fig. 4D), as
reported elsewhere.”

DISCUSSION

It has been proposed that alterations in gene and/or pro-
tein expression within the initiation phase of AP play an impor-
tant role in its development because such changes might convert
the rapid activation of signaling pathways in acinar cells into
long-term responses.' Taking this into account, in this study, we
report an increase in PTP1B in the pancreas at the levels of both
protein and mRNA as an early event during the development of
the Cer-induced AP, a model that closely mimics clinically rel-
evant AP reflecting a relatively mild edematous pancreatitis.

The data obtained on the neutropenic rats seem to indi-
cate a central role of neutrophil infiltration as a regulator of the
PTP1B protein expression because the increase in the expression
of PTP1B was not detected in the rats treated with vinblastine
sulfate. To further investigate the role of infiltration, we treated
rats with rolipram, a strong specific inhibitor of type 4 phospho-
diesterase, which is a key enzyme in the metabolism of intra-
cellular cAMP that is abundantly expressed in inflammatory
cells such as neutrophils and that also exerts anti-inflammatory
effects, probably mediated by the inhibition of diverse leukocyte
functions, ie, the production/secretion of proinflammatory cyto-
kines such as tumor necrosis factor—.?” Our data support a role
for the neutrophil cAMP signaling pathway as a regulator of the
PTP1B protein expression in the Cer-induced AP. They are also
in accordance with a previous work describing a suppression
of inflammatory cell infiltration in the pancreas of rats pre-
treated with rolipram before Cer administration.'" A more com-
plex scenario could be considered if acinar cells can behave
as true inflammatory cells, also producing proinflammatory cy-
tokines.”® Accordingly, rolipram might also have an effect in
acinar cells. This possibility deserves further investigation,
and steps are currently being taken in our laboratory to check
whether type 4 phosphodiesterase is present also in acinar cells.

The activation of stress kinases, including JNK and ERK1/
2, regulates transcription factors and promotes gene and protein
expressions during the early phase (the first 0.5-3 hours) of the
Cer-induced AP,'%232% thus providing a potential link between
the earliest known signaling events in AP and the long-term con-
sequences that stem from changes in gene expression. Therefore,
we used the stress kinase inhibitor SP600125 to analyze their
potential influence in the observed increase in PTP1B protein.
SP600125, under the conditions used here, has been described
to almost totally inhibit Cer-induced pancreatic JNK activation
and partially inhibit ERK1/2 activation.” The underlying mech-
anism must be complex because SP600125 could target not only
pancreatic kinases but also the JNK and ERK1/2 of the infil-
trating netrophils, similar to the mitogen-activated protein kinase/
extracellular signal-regulated kinase kinase inhibition by U0126
and PD98059 in the Cer-induced AP described previously.>
Considering that MAPKs have also been shown to up-regulate
the expression of inflammatory cytokines such as tumor necro-
sis factor—a,” which also primes cell infiltration in the pancreas,
and that SP600125 pretreatment results in a blunted leukocyte
accumulation in the pancreata of the Cer-induced AP rats,” the
effects of SP600125 together with the data on neutropenic rats
on PTP1B protein expression in the Cer-induced AP seem to be
in good agreement. A link between cAMP and MAPK can be
suggested from studies addressing the role of cAMP signaling
in the regulation of cell cycle survival of human pancreatic cells.
In this system, it has been demonstrated that increasing cAMP
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levels inhibits ERK cascade.*® It can therefore be proposed that
regardless of whether rolipram and SP600125 target acinar cells,
neutrophils, or both cell types, the results obtained with both in-
hibitors should probably be similar as indeed shown in the pres-
ent work. Regarding the amylase activity, the findings of this
work and those of a previous one®® support the notion that the
observed reduction in such activity after JNK and ERK1/2 inhi-
bition” would not occur during the early phase of AP but later in
its development.

In summary, in this study, we have detected for the first time
an increase in PTP1B in the pancreas, at the level of both protein
and mRNA, as an early event during the development of Cer-
induced AP in which neutrophil infiltration seems to play an
important role. The increase in PTP1B protein expression in the
early phase of AP was mostly prevented by type 4 phosphodi-
esterase and JNK and ERK1/2 inhibition.

ACKNOWLEDGMENTS
The authors thank Dr J. M. Gonzdlez de Buitrago (Uni-
versity of Salamanca) for his help with the amylase determina-
tions and N. Skinner for his assistance in the preparation of the
manuscript. B-actin primers were kindly provided by Dr Serrano
(University of Salamancay).

REFERENCES

1. Alonso R, Montero A, Arévalo M, et al. Platelet-activating factor
mediates pancreatic function derangement in caerulein-induced
pancreatitis in rats. Clin Sci. 1994;87:85-90.

2. Pescador R, Manso MA, Revollo AJ, et al. Effect of chronic
administration of hydrocortisone on the induction and evolution of
acute pancreatitis induced by cerulean. Pancreas. 1995;11:165-172.

3. Yonet¢i N, Orug N, Oziitemiz AO, et al. Effects of mast-cell stabilization
in caerulein-induced acute pancreatitis in rats. /nt J Pancreatol. 2001;
29:163-171.

4. Zhao M, Xue DB, Zheng B, et al. Induction of apoptosis by artemisin
relieving the severity of inflammation in caerulein-induced acute
pancreatitis. World J Gastroenterol. 2007;14:5612-5617.

5. Ji B, Chen X, Misek DE, et al. Pancreatic gene expression during the
initiation of acute pancreatitis: identification of EGR-1 as a key
regulator. Physiol Genomics. 2003;14:59-72.

6. Rivard N, Rydzewska G, Lods J-S, et al. Pancreas growth, tyrosine
kinase, PtdIns 3-kinase, and PLD involve high-affinity CCK-receptor
occupation. Am J Physiol. 1994;266:G62-G70.

7. Rivard N, Rydzewska G, Lods JS, et al. Novel model of integration
of signalling pathways in rat pancreatic acinar cells. Am J Physiol.
1995;269:G352-G362.

8. Widmann C, Gibson S, Jarpe MB, et al. Mitogen activated protein
kinases: conservation of a three kinase module from yeast to human.
Physiol Rev. 1999;79:143-180.

9. Minutoli L, Altavilla D, Marini H, et al. Protective effects of SP600125
a new inhibitor of c-Jun N-terminal kinase (JNK) and
extracellular-regulated kinase (ERK1/2) in an experimental model
of cerulein-induced pancreatitis. Life Sci. 2004;75:2853-2866.

10. Satoh A, Shimosegawa T, Satoh K, et al. Activation of Al-receptor
pathway induces edema formation in the pancreas of rats.
Gastroenterology. 2000;119:829-836.

11. Sato T, Otaka M, Odashima M, et al. Specific type IV phosphodiesterase
inhibitor ameliorates cerulein-induced pancreatitis in rats. Biochem
Biophys Res Commun. 2006;346:339-344.

12. Feick P, Gilhaus S, Blum IR, et al. Inhibition of amylase secretion from
differentiated AR4-2J pancreatic acinar cells by an actin cytoskeleton
controlled protein tyrosine phosphatase activity. FEBS Lett.
1999;451:269-274.

13. Hernandez-Hernandez A, Garabatos MN, Rodriguez MC, et al.
Structural characteristics of a lipid peroxidation product,

© 2010 Lippincott Williams & Wilkins

Copyright © 2010 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Pancreas ® Volume 39, Number 5, July 2010

Resultados 85

Infiltration and PTP1B Expression in Pancreatitis

15.

16.

19.

20.

21.

22.

trans-2-nonenal, that favour inhibition of membrane associated
phosphotyrosine phosphatase activity. Biochim Biophys Acta.
2005;1726:317-325.

. Sanchez-Bernal C, Garcia-Morales OH, Dominguez C, et al. Nitric

oxide protects against pancreatic subcellular damage in acute
pancreatitis. Pancreas. 2004;28:¢9—¢15.

Bourdeau A, Dubé N, Tremblay ML. Cytoplasmic protein tyrosine
phosphatases, regulation and function: the roles of PTP1B and TC-PTP.
Curr Opin Cell Biol. 2005;17:203-209.

Yu J-H, Kim K-H, Kim H. SOCS 3 and PPAR-y ligands inhibit the
expression of IL-6 and TGF-B1 by regulating JAK2/STAT3 signalling in
pancreas. Int J Biochem Cell Biol. 2008;40:677—688.

. Case RM. Synthesis, intracellular transport and discharge of exportable

proteins in the pancreatic acinar cell and other cells. Biol Rev Camb
Philos Soc. 1978;53:211-354.

. Kubish CH, Sans MD, Arumugan T, et al. Early activation of

endoplasmic reticulum stress is associated with arginine-induced
acute pancreatitis. Am J Physiol Gastrointest Liver Physiol. 2006;291:
G238-G245.

Suyama K, Ohmuraya M, Hirota M, et al. C/EBP homologous protein
is crucial for the acceleration of experimental pancreatitis. Biochem
Biophys Res Commun. 2008;267:176—-182.

Sarmiento N, Sanchez-Bernal C, Ayra M, et al. Changes in

the expression and dynamics of SHP-1 and SHP-2 during
cerulein-induced acute pancreatitis in rats. Biochim Biophys Acta.
2008;1782:271-279.

Wimmer M, Tag C, Schreimer D, et al. Protein tyrosine phosphatase
1B is located with glucagon vesicles, and its concentration is inversely
correlated with the rate of glucagon secretion of INR1G9 cells.

J Endocrinol. 2004;181:437-447.

Bradford MM. A rapid and sensitive method for the quantitation of

© 2010 Lippincott Williams & Wilkins

23.

24.

25.

26.

27.

28.

29.

30.

microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem. 1976;72:248-254.

Clemons AP, Holstein DM, Galli A, et al. Cerulein-induced acute
pancreatitis in the rat is significantly ameliorated by treatment with
MEK1/2 inhibitors U0126 and PD98059. Pancreas. 2002;25:251-259.
Hernandez-Hernandez A, Llanillo M, Rodriguez MC, et al.
Amphiphilic and hydrophilic nature of sheep and human platelet
phosphotyrosine phosphatase forms. Biochim Biophys Acta. 1999;
1419:195-206.

Hernandez-Hernandez A, Rodriguez MC, Lopez-Revuelta A, et al.
Alterations in erythrocyte membrane protein composition in
advanced non-small cell lung cancer. Blood Cell Mol Dis.
2006;36:355-363.

Mayerle J, Schnekenburger J, Kruger B, et al. Extracellular cleavage
of E-cadherin by leukocyte elastase during acute experimental
pancreatitis in rats. Gastroenterology. 2005;129:1251-1267.

Semmler J, Wachtel H, Endres S. The specific type IV
phosphodiesterase inhibitor rolipram suppresses tumor necrosis factor-a
production by human mononuclear cells. Int J Immunopharmacol.
1993;15:409-413.

Gukovskaya AS, Gukovsky I, Zaninovic V, et al. Pancreatic acinar cells
produce, release, and respond to tumor necrosis factor-alpha. Role in
regulating cell death and pancreatitis. J Clin Invest. 1997;100:
1853-1862.

Hofken T, Keller N, Fleischer F, et al. Map kinase phosphatases
(MKPs) are early responsive genes during induction of cerulein
hyperstimulation pancreatitis. Biochem Biophys Res Commun. 2000;
276:680-685.

Boucher MJ, Duchesne C, Lainé J, et al. cAMP protection of pancreatic
cancer cells against apoptosis induced by ERK inhibition. Biochem
Biophys Res Commun. 2001;285:207-216.

www.pancreasjournal.com | 645

Copyright © 2010 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.






Resultados 87

RESULTADOS NO PUBLICADOQOS:

C Cer Tau

Expresion de PTP1B en pancreas
Total (veces sobre el control)
N

C Cer Tau
Modelo de PA

Figura 8. Expresién de PTP1B en diferentes modelos de PA. Se usaron dos modelos
distintos de PA, en producido por ceruleina (Cer) y el debido a infusién de taurocolato (Tau).
También se muestran las ratas inyectadas con solucion salina (0,9% NacCl) (Control, C). Cer
representa 9 horas de tratamiento con ceruleina, como se indica en Materiales y Métodos. La
cuantificacion (grafico) de la expresion (transferencias de Western, se muestra una
representativa) se llevé a cabo considerando el pancreas total. Cada carril en el blot contenia 30
ug de proteinas. Los datos son la media + DS de 3 animales.

Interpretacion. La especificidad del aumento de la proteina PTP1B en el
modelo de pancreatitis aguda inducido por ceruleina puede explicarse de dos
modos distintos: (1) como una respuesta especifica a un insulto especifico, de
modo similar a la induccién de otros genes por ceruleina o taurocolato (Ref 5
del paper); (2) como resultado de la severidad del modelo de PA, porque
mientras que el de ceruleina semeja una pancreatitis aguda edematosa, el
modelo del taurocolato representa una pancreatitis hemorragica. Esta gravedad
podria afectar de algun modo a la integridad y/o al intercambio de diferentes
proteinas, lo que originaria niveles menores de tales proteinas una vez que la

pancreatitis se desarrolle completamente.
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Background and aims: Lysosomes play an important role in acute pancreatitis (AP). Here we developed
a method for the isolation of lysosome subpopulations from rat pancreas and assessed the stability of
lysosomal membranes.

Methods: AP was induced by four subcutaneous injections of 20 ug caerulein/kg body weight at
hourly intervals. The animals were killed 9h after the first injection. Marker enzymes [N-acetyl-3-p-
glucosaminidase (NAG), cathepsin B and succinate dehydrogenase (SDH)] were assayed in subcellular
fractions from control pancreas and in pancreatitis. Lysosomal subpopulations were separated by Per-
coll density gradient centrifugation and observed by electron microscopy. NAG molecular forms were
determined by DEAE-cellulose chromatography.

Results: AP was associated with: (i) increases in the specific activity of lysosomal enzymes in the soluble
fraction, (ii) changes in the size and alterations in the morphology of the organelles from the lysosomal
subpopulations, (iii) the appearance of large vacuoles in the primary and secondary lysosome subpopula-
tions, (iv) the increase in the amount of the NAG form associated with the pancreatic lysosomal membrane
as well as its release towards the soluble fraction.

Conclusions: Lysosome subpopulations are separated by a combination of differential and Percoll density

gradient centrifugations. Primary lysosome membrane stability decreases in AP.
© 2010 Editrice Gastroenterologica Italiana S.r.1. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Acute pancreatitis (AP) is an inflammatory disorder of the pan-
creas that can sometimes be lethal and that has a steadily increasing
incidence [1]. In the caerulein (Cer)-induced model of mild pancre-
atitis intra-acinar zymogen activation plays an essential role [2].
Early on in the course of AP, lysosomal hydrolases colocalize with
digestive zymogens, activating them [3-7] and causing acinar cell
injury and necrosis [4,8]. However, it has not been totally elucidated
how hydrolases and zymogen meet each other. Lysosomes are the
site of degradation of both the extracellular macromolecules intro-
duced by endocytosis and phagocytosis, and intracellular material
by autophagy mechanisms [9-11]. In fact, autophagy accelerates
trypsinogen activation by lysosomal hydrolases under acidic con-

% Supported by: FIS (PS09/01075) and Junta de Castilla y Le6n (Biomedicina
SAN673/SA10/08, SA033A05, and SA126A07) of Spain.
* Corresponding author. Tel.: +34 923 294526; fax: +34 923 294576.
E-mail address: csabe@usal.es (C. Sanchez-Bernal).

ditions, thus triggering AP in its early stage [12]. A decrease
in the stability of the lysosomes in AP has also been proposed
[4,13-15].

N-acetyl-3-D-glucosaminidase (NAG, EC 3.2.1.30) is a lysosomal
hydrolase that exists in two major isoforms: A and B. These enzyme
forms were first described by Robinson and Stirling [16] and are
characterized by their acidic optimum pH, their different pI and
their thermostability. NAG is a marker enzyme for lysosomes, but
while the B form is bound to the lysosomal membrane, the A form
remains soluble inside the organelle. Although variations in total
NAG activity in the pancreas have been described previously in dif-
ferent experimental models of AP[14,15,17], the molecular forms of
this enzyme have not been analyzed, and neither have the isolation
and analysis of the pancreatic lysosome (sub)population(s) been
carried out in AP, in spite of their role in the disease. Accordingly,
the purpose of the present study was: (1) to develop a procedure
for the separation of different subpopulations of rat pancreatic lyso-
somes, checking their changes in AP by electron microscopy; (2) to
assess, by ion-exchange chromatography of the molecular forms of
NAG, the stability of the pancreatic lysosomal membranes in AP.

1590-8658/$36.00 © 2010 Editrice Gastroenterologica Italiana S.r.l. Published by Elsevier Ltd. All rights reserved.
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The procedure of lysosome isolation should provide information
for future investigations addressing pancreatitis.

2. Materials and methods
2.1. Animals

Male Wistar rats (weighing 250-280 g) were housed in rooms
maintained at 22 + 1 °C using a 12-h light/dark cycle. Animals were
fasted 24 h before the experiment but had free access to water.
Care was provided in accordance with the procedures outlined
in European Community guidelines on ethical animal research
(86/609/EEC), and the protocols were approved by the Animal Care
Committee of the University of Salamanca.

2.2. Induction and histological assessment of AP, and sample
preparation

AP was induced as previously described [18,19]. Briefly, rats
received four subcutaneous injections of 20 wg of Cer/kg body
weight at hourly intervals. Nine hours after the first injection,
the animals were killed by cervical dislocation. Control rats were
injected with equivalent volumes of saline. AP was assessed by
light microscopy (haematoxylin and eosin staining) as reported
previously [19].

Whole pancreata were obtained immediately after the rats had
been killed. Pancreata were dissected from the surrounding fat tis-
sue and a small portion of them was used for haematoxylin and
eosin staining [19]. The remaining parts of the pancreata were
homogenized with a Potter Elvehjem device in 10 volumes (w/v)
of homogenization buffer (3 mM imidazole buffer, pH 7.4 contain-
ing 0.25M sucrose, 1 mM EDTA and 100 pg/ml trypsin inhibitor).
In order to have enough material to achieve each aims of the
research, 4 pancreata corresponding to 4 control or 4 pancre-
atitic animals, respectively, were homogenized together in each
experiment. Then, subcellular fractionation was carried out in the
postnuclear homogenate following a method in which lysosomes
were coprecipitated with mitochondria at 20,000 x g after separa-
tion of the zymogen fraction at 1300 x g, as described previously
by us [18,20]. Four subcellular fractions were obtained: the zymo-
gen (Z), the lysosome plus mitochondria (L+M), the microsome
(Mic) and the soluble (S) fractions. NAG, cathepsin B and succinate
dehydrogenase (SDH) were determined in all four subcellular frac-
tions isolated. Data from 7 independent experiments (n=7) were
used for the characterization of the subcellular fractions from pan-
creas and the lysosomal subpopulations, electron microscopy and
ionic exchange chromatography, respectively. Detergent analysis
and the determination of NAG thermal stability was performed in
5 independent experiments (n=5).

2.3. Biochemical assays

NAG was assayed by mixing 50 pl of a suitably diluted sam-
ple with 100 ul of the appropriate 3 mM 4-methylumbelliferyl
substrate in 0.1 M sodium citrate buffer, pH 4.5. After 30 min
at 37°C, the reaction was stopped and fluorescence was devel-
oped by the addition of 2ml of 0.5M glycine-NaOH buffer, pH
10.4. The 4-methylumbelliferone fluorescence released was mea-
sured using a spectrofluorimeter at 465 nm (excitation at 340 nm).
The spectrofluorimeter was calibrated with freshly prepared 4-
methylumbelliferone in 0.5 M glycine-NaOH buffer, pH 10.4. One
unit of enzyme activity (U) was defined as nmol of methylum-
belliferone released/h under the assay conditions. Cathepsin B
(EC 3.4.22.1) was assayed according to Mc Donald and Ellis [21],
with CB-ala-arg-arg-4-methoxy-[3-naphthylamide as a substrate

at 20°C. SDH (EC 1.3.99.1) was determined spectrophotometri-
cally, following the method described by Pennington [22]. Serum
amylase was measured as reported previously [18,19]. Protein con-
centrations were assayed according to Marxwell et al. [23], using
bovine serum albumin as the standard.

2.4. Percoll gradient

Aliquots (0.5 ml) of the L+ M fractions diluted three times with
homogenization buffer were layered on top of discontinuous gra-
dients consisting of three layers of isotonic 17%, 10% and 5% Percoll
solutions (3.8 ml each) prepared in homogenization buffer and
placed from the bottom of the tube upwards, respectively. The
density partial-gradients were then formed by centrifugation at
50,500 x g for 30 min in a Beckman SW40 rotor. Aliquots of 0.5 ml
were collected from the top of the gradient tube with a Pasteur
pipette and assayed for NAG and SDH activities. The aliquots show-
ing the peak of the major NAG activity of the gradient (band 1 in
Fig. 2) were pooled, dialyzed and used for DEAE-cellulose chro-
matography. For the calibration of the Percoll density gradients,
density marker beads were used, following the manufacturer’s
instructions.

For electron microscopy, three bands of organelles were recov-
ered close to the interfaces of the density gradients. Each band
was collected with a Pasteur pipette, diluted with homogeniza-
tion buffer and washed by centrifugation at 50,000 x g for 15 min
to remove the Percoll reagent. The organelles, which were located
above the Percoll pellet, were finally transferred to Eppendorf tubes
and used immediately for electron microscopy.

2.5. Electron microscopy

The organelles were washed in ice-cold 0.1 M sodium phos-
phate buffer, pH 7.4, containing 6.8% sucrose and 1% CaCl, (buffer
A) and were then fixed in 5% glutaraldehyde in buffer A. Follow-
ing this, the samples were suspended in agar and slices containing
the organelles were fixed again in 3% glutaraldehyde in buffer A.
After washing in buffer A, the pellets were post-fixed in 1% OsO4 in
buffer A. Finally, the samples were dehydrated in a series of acetone
and propylene oxide and were embedded in Durcupan resin, sec-
tioned, and post-stained with 2% uranyl acetate and 2% Pb-citrate.
Sections were cut on an Ultracut E (Reichert-Jung) ultramicrotome
and examined under a Zeiss EM 900 electron microscope.

Estimates for the size of the organelles in each band were
obtained by randomly evaluating the fields (25-30 for first and sec-
ond bands, eight for third band), at a magnification of 50,000 x, with
a total of about seven hundred organelles assessed, for each control
or pancreatitic sample. Results are expressed both in control and
pancreatitic groups in terms of percent relative abundance within
the populations of vesicle sizes analyzed.

2.6. Separation of pancreatic NAG isoenzyme by DEAE-cellulose
ion-exchange chromatography

Percoll-separated lightest (primary) lysosome or soluble frac-
tion samples were dialysed at 4°C against elution buffer (10 mM
sodium phosphate buffer, pH 7.0: buffer B). Dialyzed samples were
loaded on to the top of a 2 ml disposable syringe packed with 2 ml
of DEAE-cellulose and the elution buffer was applied to obtain the
unadsorbed proteins. Bound proteins were then eluted in a linear
gradient (0-0.3 M sodium chloride) in 20 ml of elution buffer. Frac-
tions of 0.4 ml were collected, and NAG activity was determined
as indicated above. Protein contents were monitored by measur-
ing absorbance at 280 nm. The activity present in each peak was
expressed as a percentage of the activity recovered in the total
peaks.
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Table 1
Specific activities of marker lysosomal and mitochondrial enzymes in subcellular fractions from rat pancreas.
Enzyme Homogenate Zymogens Lysosomes + mitochondria Microsomes Soluble
C P C P « P C P C P
NAG 3.70+£029 407 +033 640+0.57 975+1.15 490+029 690+0.78 343+039 320+£040 250+0.26 2.224+0.25
CathepsinB 040 £ 0.03 041 +0.04 064+003 0564004 0724005 061+004 0024001 0.04+001 037+002 0.50+0.02
SDH 090+ 0.06 0.53+003 196+017 1.13+0.09 1.85+0.15 1.64+0.11 0.19+0.02 0.13+0.02 0.30+0.01 0.14 +0.01

Values are means + S.D. of specific activity expressed as nmol product released/h per mg protein.

2.7. Detergent analysis

L+ M samples were solubilised with 0.5% of the non-ionic deter-
gentIGEPAL CA-630 for 30 min, dialyzed against buffer B, and finally
applied to DEAE-cellulose as indicated above. The percentages of
the NAG forms were compared to those from samples not treated
with the detergent.

2.8. Thermal stability

Diluted primary lysosome samples were incubated at 45°C.
Samples were removed at different times and assayed for NAG
activity under standard conditions.

2.9. Statistical analyses

Data are expressed as means +S.D. They were analyzed using
the Mann-Whitney U non-parametric test. Statistical significance
was considered for a P-value <0.05. The confidence interval was
95%. Analyses were implemented using the SPSS program for MS
Windows (version 18.0).

3. Results

One of the animal models of human oedematous pancreatitis
is that induced in the rat by Cer. Here, the establishment of AP
was monitored by light microscopy and serum amylase determi-
nation (data not shown): (1) histological sections of the pancreata
showed normal acini and no infiltration in the control animals,
but tissue disorganization and numerous leukocytes adhering to
the vascular endothelium and also outside the vessels surround-
ing the acini were observed in the pancreatitic animals; (2) serum
amylase activity increased significantly in AP (12204+70U/1 vs
12,450 +£3850U/1,P<0.006, in control and pancreatitic rats, respec-
tively). All these features are consistent with those described
previously [18,19,24-26].

3.1. Marker enzyme activities in the subcellular fractions from
pancreas

Table 1 shows the distribution of the marker enzymes in the
different subcellular fractions. With respect to the homogenates,
the L+ M fraction was enriched: (i) 1.3-fold (P<0.05) and 1.7-fold
(P<0.01), and 1.8-fold (P<0.001) and 1.5-fold (P<0.05), in NAG
and cathepsin B activities (marker enzymes for lysosomes), (ii) 2-
fold (P<0.001) and 3.1-fold (P<0.001) in SDH activity (a marker
enzyme for mitochondria) in control and pancreatitic samples,
respectively. By contrast, the degree of enrichment of the Mic and
S fractions in the three marker enzymes was lower than in the
homogenates. These data support the notion that the L+ M fraction
was enriched in lysosomes and mitochondria. Additionally, NAG
specific activity increased significantly in both the Zymogen and
L+ M fractions from pancreatitic rats when compared with the con-
trol group (P<0.05). At least for the L+ M fraction, this is probably
due to the decrease in the amount of proteins from this fraction (see
below). As shown in Fig. 1, 50% of both the total NAG (Fig. 1A) and

cathepsin B (Fig. 1B) activity was located in the L+ M fraction from
control pancreas. This value decreased to 38% and 22% in the case
of the pancreatitic samples (P<0.01), and this was accompanied
by a concomitant increase in the marker enzyme activities of the
S fraction (P<0.01). Regarding total SDH activity (Fig. 1C), almost
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Fig. 2. Total NAG activity in each Percoll gradient fraction in pancreatic L + M subcel-
lular fraction from control (C) and pancreatitic (P) rats. The photograph represents
a density gradient tube showing the position of the three bands.

60% was located in the L+M fraction in both control and pancre-
atitic pancreas. Moreover, AP was associated with a decrease in the
amount of total proteins from the L+ M fraction (P<0.01) that was
closely paralleled by an increase in the S fraction (P<0.01) (Fig. 1D).
The recovery of all the above-mentioned marker enzymes, calcu-
lated with respect to the homogenates, was close to 100% (range
88-104%, data not shown). Accordingly, leakage of the lysosomal
enzymes was clearly accelerated in the pancreatitic group as com-
pared with the control group.

3.2. Isolation of lysosomes from rat pancreas

The L+M fraction was subjected to a discontinuous Percoll gra-
dient. In both control and pancreatitic pancreas NAG activity was
distributed in three peaks along the gradient, such peaks coinciding
with three bands of organelles (Fig. 2A, photography). Accordingly,
these three bands included the lysosome populations. SDH activity
was only distributed in the two peaks corresponding to the dens-
est bands of organelles, although such activity was low. Often, the
highest SDH activity was obtained at the bottom of the tube (data
not shown).

Considering the sum of total proteins present in the lyso-
some subpopulations as 100%, band 1 represented more than 80%
(86.5+£5.0% and 80.8+7.0% in the control and pancreatitic pan-
creata, respectively). A tendency, although not significant, towards
an increase in the amount of proteins included in band 2, proba-
bly at the expense of band 1, was observed in pancreatic pancreata
(12.1+£5.9% vs 17.8+6.5% in control and pancreatitic pancreata,
respectively). Finally, band 3 represented only 2% of total proteins
(2.1+1.2% and 2.0+0.4% in control and pancreatitic pancreata,
respectively).

3.3. Electron microscopy studies of lysosome subpopulations

In order to collect structural information about the bands
obtained in the Percoll gradient, electron microscopy observations
were performed. Each band was seen to have an essentially dif-
ferent morphology, indicating a good separation from the other
bands.

The first band contained the less dense (1.030 g/ml) organelles,
which in the case of the control samples had a uniform appearance
with little material (Fig. 3, 1C). This population was devoid of mito-
chondria, as indicated above. Accordingly, this band must include
primary lysosomes and endosomes. It was observed that the sin-
gle lysosomal membrane had a characteristic electron-lucent halo
on its luminal side. The sizes of the vesicles (data not shown)
ranged between 0.05-0.2 and 0.05-0.55 pm for the control and
pancreatitic pancreata, respectively (see Fig. 3, 1P, arrow for a
0.55 pm vacuole). Accordingly, pancreatitis is associated with the
presence of larger vesicles in this first band (25% of the total). The
second band contained slightly denser vesicles (1.037 g/ml) with
internal membrane fragments and even smaller vesicles inside.

Thus, this band must include late endosomes (secondary lyso-
somes, arrowhead) (Fig. 3, 2C), although smaller vesicles were
observed, with a size ranging between 0.05-0.45 and 0.05-0.70 pm
for the control and pancreatitic samples, respectively (data not
shown). The third band had the densest organelles (1.043 g/ml),
including multivesicular bodies which contained large numbers of
internal vesicles and material inside (i.e. Fig. 3C shows a double-
membrane vesicle - autophagosome). This band contained the
largest organelles, although their dimensions varied considerably
(0.1-1.6 and 0.05-0.75 m for the control and pancreatitic pan-
creata respectively, data not shown), and sometimes, in control
samples, vacuoles as large as 1.6 wm with smaller vesicles inside
were observed. It should be noted that the amount of material in
this population was scant, hindering its morphological analysis.

3.4. Patterns of pancreatic NAG isoenzymes

Since primary lysosomes corresponded mainly to the upper
band of the Percoll gradient, the remaining experiments were car-
ried out with this lysosome-enriched subpopulation. Two peaks of
glucosaminidase activity (Fig. 4) were observed with ion-exchange
chromatography. The first peak (form I) eluted with the equilibra-
tion buffer from a DEAE-cellulose column equilibrated at pH 7.0.
When a KCl gradient was applied to the column, an additional major
peak (form II) was detected. In control pancreas, the I and Il forms
represented 3.7% and 96.3% of the total enzyme activity, respec-
tively (Fig. 4A). In pancreatitic pancreas, a 4.4-fold increase in form
1 (16.5% and 83.5% of the total enzyme activity for forms I and II,
respectively) was observed (Fig. 4B).

In the S fraction from control pancreas, the relative percentages
of enzyme activity were 2.1% and 97.9% for forms I and II, respec-
tively (Fig. 4C). A 5.4-fold increase was detected in the percentage
of form I in pancreatitic pancreas (Fig. 4D).

When aL+M sample from control pancreas was treated with the
non-ionic detergent IGEPAL CA-630, dialyzed, and finally subjected
to DEAE-cellulose, a 3.7-fold increase in the percentage of form I
(10.8% vs. 2.9% in detergent treated vs. non treated sample) was
observed (data not shown).

3.5. Thermal stability

The two NAG forms from the primary lysosomes showed a dif-
ferent degree of stability when they were heated. Form II proved
to be more labile than form I (Fig. 5), since after 60 min at 45°C
the remaining enzyme activity was 70% and 25% for forms I and II,
respectively.

4. Discussion

The excess of Cer, a cholecystokinin analogue, stimulation leads
to abnormally high secretion of digestive enzymes, resulting in AP.
The pancreas of this model is histologically quite similar to the early
phase of acute pancreatitis in humans [27]. The main goal of this
study was to develop a procedure to isolate primary lysosomes from
rat pancreas in order to assess the stability of lysosomal membranes
in Cer-induced AP.

Pancreatic lysosomal enzymes were not only present in the
fraction enriched in lysosomes. They also appeared in: (i) the zymo-
gen fraction, probably because they are normal components of
granule contents, since the segregation of lysosomal and digestive
enzymes seems to be incomplete in normal acinar cells [17,28,29];
(ii) the soluble fraction, since some lysosomal hydrolases, even
under physiological conditions, undergo regulated secretion from
pancreatic acinar cells [6,30]. These processes have mostly been
attributed to a secretagogue-dependent diversion of the enzymes
into zymogen granules [31] and secretory lysosomes [32,33], which
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Fig. 3. Electron micrographs of isolated rat pancreas lysosomal subpopulations. 1-3: Percoll bands. C: control rat; P: pancreatitic rat. Insert micrograph in 1P: the arrow
indicates a 0.55 pm vacuole (<«>: 0.18 wm; insert micrograph in 1P, <: 0.59 m) (50,000 ).

could explain how lysosomal hydrolases can emerge from cells.
Thus, the enzymes will appear in the soluble fraction after a differ-
ential centrifugation of a pancreatic homogenate.

Theincrease in cathepsin B and total NAG activities in the soluble
fraction from pancreatitic animals reflects an alteration in pancre-
atic lysosomal stability, and is consistent with previously reported
data [3,4,13-15,34-38]. Also, supramaximal Cer stimulation has

been associated with increases in cathepsin B gene expression [39].
The slight increase in NAG activity in the zymogen fraction after
the induction of the pancreatitis could be due to a redistribution of
the lysosomal and digestive enzymes, as reported by other authors
[4,17].

Regarding the Percoll-separated lysosomal populations, in
non-pancreatitic samples electron microscopy confirmed the
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Fig. 4. DEAE-cellulose elution profiles of pancreatic NAG from lysosomal Percoll light (panels A and B) or soluble (panels C and D) fractions from control (panels A and C)
and pancreatitic (panels B and D) rats. (®): NAG activity, (...): absorbance at 280 nm. A representative experiment is shown.

homogeneity of the light fraction in which the primary lysosomes
are located. The observed luminal halo would probably be due to
the highly glycosylated luminal domains of lysosomal membrane
proteins. Moreover, the NAG activity would be due to both the
acid hydrolases already contained in the primary lysosomes and
to the newly synthesized lysosomal enzymes that are introduced
into the endocytic pathway through early endosomes, and even
via the plasma membrane [40-42]. The secondary lysosomes were
mainly located in the intermediate band. The larger cytoplasmic
vacuoles observed for this population in the pancreatitic samples
would probably correspond to vesicles with increased lysosomal
enzyme activities, as has been proposed previously [36].

Finally, most of the organelles present in the densest lysosome
population might be formed by multiple fusion and fission cycles
between multivesicular bodies and lysosomes [43-45]. The pres-
ence of the smallest (<0.05) free vesicles detected especially in the
second and third fractions from the pancreatitic samples might be
due not only to a higher density of such vesicles, but also, at least
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Fig. 5. Thermal stability of the NAG I (®) and Il (O) forms at 45°C.

in part, to their release from larger organelles, whose membranes
would be more fragile, probably due to changes in their compo-
sition [46]. Additionally, it has been reported that during infusion
with supramaximal doses of Cer, cathepsin B-containing organelles
become progressively more fragile [4]. Also, a close relationship
between the fragility of subcellular organelles and the pathogen-
esis of AP has been suggested by other authors [47]. Although the
first (light) Percoll-separated lysosomal population exhibited the
highest glucosaminidase activity, the other two lysosomal popu-
lations also displayed NAG activity due to condensing vacuoles, in
which lysosomal enzymes are normally present. Thus, the gradient
was able to resolve the primary and secondary lysosomes (bands 1
and 2).

Since the integrity of endosomes and lysosomes is fundamen-
tal for a suitable separation of digestive proteins [48], the greater
fragility of the organelles described here could be fatal for pan-
creatic tissue and would lead to the release of enzymes, with the
consequent danger for acinar cells.

Regarding the NAG molecular forms, since form I was less elec-
tronegative and thermosensitive than form Il and was essentially
located in the lysosomal membrane, the NAG I and Il forms reported
here could correspond to the previously described B and A forms,
respectively [16]. Our data also support the notion that putative
lysosomal damage occurring during pancreatitis would lead to an
increase in both the total and form I NAG in the pancreatic solu-
ble fraction. Such an increase could be indicative of the intensity of
lysosomal alterations, as previously proposed [49]. Alternatively, it
has also been proposed that an increase in lysosomal fragility might
also occur during stimulated pancreatic secretion [13].

In conclusion, we have developed a method for the separation of
different subpopulations of pancreatic lysosomes by using a com-
bination of differential centrifugation and a discontinuous Percoll
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density gradient. The organelles isolated are suitable for the investi-
gation of lysosomal proteins. Moreover, changes in the morphology
and size of such organelles and an alteration of membrane integrity
of primary lysosomes during AP have been demonstrated. Finally,
the altered dynamics of the NAG molecular forms observed in AP
provides additional information as an indicator of lysosomal mem-
brane damage.
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Abstract

Lysosomal LAMP-2 plays an important role in the cytoplasmic vacuolization of acinar
cells in pancreatitis. We report increases in pancreatic LAMP-2 protein and mRNA levels as
early events during the development of cerulein (Cer)-induced acute pancreatitis (AP), which
returned to below baseline levels in its later phase. The increase in protein levels was due to a
soluble-type form with a higher molecular weight (=120 kDa) than LAMP-2 in control pancreata.
Nevertheless, in a lysosome-enriched fraction LAMP-2 expression decreased along the
development of Cer-induced AP, as well as in three density-separated lysosomal subpopulations.
Immunostaining revealed that the cellular source of LAMP-2 following Cer administration was
mainly acinar and islet cells. Neutrophil infiltration was not the main cause of the increased
LAMP-2 protein levels, as observed when rats were rendered neutropenic with vinblastine
sulfate. The endoglycosidase-H resistance of the 120 kDa LAMP-2 form indicated that it was not
a high-mannose precursor. Additionally, its higher molecular weight was not due to an
association with a small protein but to a change in its glycosylation pattern (not related to a
difference in its sialic acid level), accompanied by resistance to its complete deglycosylation with
peptide N-glycosidase treatment. Together, these results indicate that the pancreatic expression of
LAMP-2 increases during the early phase of Cer-induced AP, while a different post-translational
processing in its carbohydrate content, accompanied by cellular missorting, would finally lead to

a decrease in its expression in the lysosome.

Keywords: LAMP-2; Cerulein; Acute pancreatitis
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1. Introduction

Pancreatitis is an auto-digestive disease that damages acinar cells and causes severe
inflammation [1]. One of the animal models of human edematous pancreatitis is that induced in
the rat by cerulein (Cer). The treatment used in the model of acute pancreatitis (AP) of the present
studies, results in several manifestations of pancreatitis, including interstitial edema and
hyperamylasemia, different indicators of morphological and histological damage to the pancreas,
and neutrophil infiltration [2-6]. It is reasonable to assume that the development of pancreatitis
would be based on rapid early events. It is known that early on in the course of secretagogue-
induced pancreatitis, lysosomal hydrolases colocalize with digestive zymogens and activate them
[7,8], which is believed to be essential in the development of pancreatitis [9]. Furthermore, an
inhibition of the release of secretory proteins as well as an alteration of protein trafficking occurs
in Cer-induced pancreatitis [10]. In fact, in AP this altered vesicular traffic in the secretory
pathway is involved in vacuole formation and the activation of intracellular zymogens [11]. It is
also known that in AP glycoprotein processing is inhibited in the Golgi complex [10]. Membrane
glycoproteins in the secretory pathway are believed to exert protective effects, especially for
compartments with active enzymes such as the lysosome. Thus, changes in the processing of
glycoproteins in pancreatitis may significantly alter lysosome membrane stability, which could
finally affect vacuole disruption and the release of active proteases into the cytosol [10].

LAMP-2 (lysosomal-associated membrane protein 2), also called Igp96 in the rat, is an
ubiquitous major type-1 transmembrane protein of the lysosome that is extensively glycosylated
in its large luminal/extracellular domain. It is highly expressed in normal pancreatic tissue [12].
The molecular mass of the polypeptide backbone is around 40 kDa, but after glycosylation its
mass increases up to almost 100-120 kDa [13], depending on the cell type and organism. Several
mMRNAs arising from alternative splicing of a single transcript encode three LAMP-2 molecules

that differ in their single transmembrane and short cytoplasmic tail [14]. LAMP-2, as well as
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other LAMPs, can follow two different pathways to reach the lysosome [15]: (1) from the trans-
Golgi to late endosomes or to lysosomes, (2) another different and complex pathway, involving
movement to early endosomes and the cell surface, before delivery to lysosomes after several
rounds of exocytosis and endocytosis. However, the distribution and sorting events responsible
for the transfer of lysosomal membrane glycoproteins to their final destination may differ among
cells [16]. Thus, the enrichment of different proteins in the lysosome is a dynamic condition
resulting from complex trafficking among several cellular compartments. Although the levels of
LAMPs at the cell surface are usually low at steady-state, the regulated movement of LAMPs
between the plasma membrane and the endocytic pathway may play important roles in the
maintenance of cell-cell interactions due to their complex saccharide chains [14]. In this sense,
the changes in LAMP distribution are often accompanied by alterations in the glycosylation
pattern of LAMPSs.

It has been proposed that lysosomal LAMP-2 would have several functions: (1) a specific
function in chaperone-mediated autophagy, (2) a role as a receptor on the lysosomal membrane,
designed to mediate the binding and transport of substrate cytosolic proteins into lysosomes for
degradation [17], (3) it is required for the proper fusion of lysosomes with autophagosomes in the
late stage of the autophagic process [18]. Autophagy is a cytoprotective mechanism through
which cells maintain homeostatic functions such as protein and organelle turnover. LAMP-2
depletion results in the inhibition of cytoprotective autophagy signaling secondary to the failure
of fusion between lysosomes and autophagosomes [19]. In humans, Danon disease is a
consequence of mutations in the gene encoding LAMP-2. This pathology is characterized by the
accumulation of late autophagic vacuoles in the heart and skeletal muscle [20]. Additionally,
mice deficient in Lamp-2 exhibit an accumulation of autophagic vacuoles in several tissues,
including pancreatic acinar cells [21]. Cytoplasmic vacuolization is also one of the early signs of

cellular and tissue damage in pancreatitis, although its precise mechanism is not fully understood.
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Recently, based on an alcoholic model of pancreatitis it has been proposed that pancreatitic acinar
cell vacuolization is mediated by an inhibition of the late stage of autophagy, in which the
depletion of lysosomal proteins, including LAMP-2, would play a critical role [22]. Nevertheless,
the reasons for such depletion and the dynamics of LAMP-2 during the course of pancreatitis has
not been addressed previously.

Bearing in mind the importance of unmasking the molecules or genes whose expression
changes along the development of AP, the goal of the present work was to study the expression

and cell dynamics of LAMP-2 as from the early phase of Cer-induced AP.

2. Materials and methods

2.1. Reagents

Agarose-conjugated lectin from Triticum vulgaris (wheat germ agglutinin, WGA),
cerulein, concanavalin A-sepharose 4B (Con A) from Canavalia ensiformis, monoclonal
antibody anti-p-Tubulin, Protease Inhibitor Cocktail, sodium taurocholate, Trizol Reagent,
trypsin inhibitor, and vinblastine sulfate were purchased from Sigma Chemical Co. (St. Louis,

MO, USA). Density marker beads were purchased from Pharmacia (Uppsala, Sweden). The

Oxyblot protein oxidation detection kit was obtained from Intergen (Purchase, NY, USA).

The 2-D Clean-Up Kit was obtained from GE Healthcare (GE Healthcare Europe, Barcelona,

Spain). Anti-LAMP-2 polyclonal antibody was obtained from Zymed Laboratories Inc
(Invitrogen, Carlsband, CA, USA). Biotinylated anti-rabbit immunogammaglobulin and avidin—

biotin—peroxidase complex were purchased from Vector (Burlingame, CA, USA).
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2.2. Animals

Male Wistar rats weighing 250-280 g were used. Care was provided in accordance with
the procedures outlined in European Community guidelines on ethical animal research
(86/609/EEC), and the protocols were approved by the Animal Care Committee of the University

of Salamanca.

2.3. Induction of AP and preparation of samples

AP was induced as described previously [6,23,24]. Briefly, rats received up to 4 s.c.
injections of 20 pug Cer/kg body weight or its vehicle (0.9% NaCl) at hourly intervals. At 2, 4 or 9
h after the first injection, the animals were killed by cervical dislocation. The pancreata were
rapidly harvested and used immediately for experiments. In some cases, AP was also induced by
sodium-taurocholate duct infusion or bile-pancreatic duct obstruction (BPDO), as indicated
previously [23]. After dissection and homogenization of the pancreata [23], postnuclear
homogenates were obtained [23]. Subcellular fractionation was carried out in the homogenates
following a method in which lysosomes were coprecipitated with mitochondria at 20,000 X g
after separation of the zymogen fraction at 1300 X g, as described previously by us [23,24]. Four
subcellular fractions were obtained: the zymogen (Z), the lysosome plus mitochondria (L+M), the
microsome (Mic) and the soluble (S) fractions.

Serum amylase was measured as reported previously [6,23]. Protein concentrations were

assayed according to the method of Bradford [25].

2.4. Induction of neutropenia

Neutropenia was induced in rats by intravenous (i.v.) injection of vinblastine sulfate at a

dose of 0.75 mg/kg on day 1, as previously described [6,23]. At this dose, the animals become
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neutropenic between days 4 and 6 [26]. On day 5 following vinblastine sulfate or saline
administration, the animals were treated with 4 doses of Cer (20 ug Cer/kg, administered at

hourly intervals), and killed 4 h after the first injection of Cer (intermediate phase of AP).

2.5. Percoll gradient centrifugation

Aliquots (0.5 ml) of the L+M fractions diluted three times in 3 mM imidazole buffer, pH
7.4 containing 0.25 M sucrose, 1 mM EDTA, 1ImM PMSF, 100 ug/ml trypsin inhibitor and 2
ul/ml Protease Inhibitor Cocktail (buffer A [6]) were layered on top of discontinuous gradients
(performed in ultraclear centrifuge tubes) consisting of three layers of isotonic 17%, 10% and 5%
Percoll solutions (3.8 ml each) prepared in buffer A and placed from the bottom of the tube
upwards, respectively. The density partial-gradients were then formed by centrifugation at 50,500
X g for 30 min in a Beckman SW40 rotor. For the calibration of the Percoll density gradients,
density marker beads were used, following the manufacturer’s instructions. Three bands of
organelles were recovered close to the interfaces of the density gradients. Each band was
collected with a Pasteur pipette, diluted with buffer A, and washed by centrifugation at 50,000 x g
for 15 min to remove the Percoll reagent. The organelles, which were located above the Percoll
pellet, were finally transferred to Eppendorf tubes for their use in sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. The morphologic

characterization of these bands has been described elsewhere (Sarmiento at al., 2009).

2.6. RNA preparation and RT-PCR

Total RNA was isolated from the pancreas and brain of the same rat by immediate

solubilization in Trizol Reagent and isopropanol purification. RT-PCR was performed as
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Previously described [6, 23]. The oligonucleotide sequences were as follows: LAMP2:
forward oligo: 5-CCACCGCTATGGGCACAAGGAAGTT-3
reverse oligo: 5'-CAGCTGAACATCACCGAGGAGAAGG-3'.

Product length was 427 pb. Oligonucleotide primers for p-actin were used as an internal

control : forward oligo: 5 -TCTGTGTGGATTGGTGGCTCTA-3’

reverse oligo: 5-CTGCTTGCTGATCCACATCTG-3".

2.7. Light microscopy and immunohistochemistry

Paraffin-embedded tissue sections (8-to 10-um thick) were stained with hematoxylin and
eosin (H&E staining), as indicated previously [6], or subjected to immunostaining using the
streptavidin peroxidase technique. For the latter, the sections were incubated for 30 min at room
temperature in phosphate-buffered saline (0.15 M, pH 7.2) containing 1% normal horse serum
and 0.3% Triton X-100 (buffer A) before overnight incubation at 4 °C with anti-LAMP2
polyclonal antibody diluted 1:50. Bound antibody was detected with a biotinylated anti-rabbit
immunoglobulin (Ig) G (1 h, 1:200 dilution in buffer A at room temperature) and an avidin—
biotin—peroxidase complex (1 h, 1:100 dilution in buffer A at room temperature). The tissue-
bound peroxidase was developed with H2O, using 3,3-diaminobenzidine as chromogen. To
ensure the specificity of the primary antibody, we incubated sections in either the absence of the
primary antibody or with a non-immunized rabbit 1gG antibody. In these cases, no
immunostaining was detected. For estimation of the intensity of immunostaining, random film
images were scanned, using the Adobe Photoshop program (version CS2), and the images were
then analysed with the MacBas v 2.5. program. At least 8-10 fields were evaluated at a
magnification of X 4 in both the control and Cer-treated groups. In each image, small rectangles

(50-60) of equal surface area were analyzed, which altogether basically represented all the acini
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observed in each image. The results are expressed as arbitrary units (AU) per equivalent area

(500 px2).

2.8. SDS-PAGE and Western blotting

In experiments addressing LAMP-2 expression, proteins were analysed by dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) using 8% or 10% gels, after which they were
transferred to polyvinylidene difluoride membranes. Western blots were probed with anti-
LAMP2 polyclonal or the approximate loading-control: anti-pB-Tubulin monoclonal antibodies
diluted 1:1000 and 1:4000, respectively. Blots were visualized by chemiluminescence. Analyses
of the spots on all the blots were performed as described previously [6,23]. Some samples were
pretreated with 2-D Clean-Up kit to precipitate proteins, leaving behind non-protein impurities
and allowing the rehydratation buffer to be changed. For this, the manufacturer’s instructions
were followed.

Protein carbonyl contents and profiles were measured by immunoblot detection using the
Oxyblot protein oxidation detection kit, as indicated elsewhere [27,28]. Briefly, 15 mg of protein
from each sample was incubated with DNPH for 15 min at room temperature. Samples were
neutralized, reduced by the addition of 2-mercaptoethanol, and loaded into 6% SDS-PAGE gels.
After electroblotting , oxidized proteins were revealed with an anti-DNP antibody, and visualized
by chemiluminescence.

In studies addressing the carbohydrate content of LAMP-2, samples were first incubated
with no additions for different times; with 100 mU/ml neuraminidase for up to 24 h; with 10
U/ml peptide N-glycosidase-F (PGNase-F) for 8 or 24 h, or with 100 mU/ml endoglycosidase-H
(Endo-H) for 24 h in the presence of 2 ul/ml Protease Inhibitor Cocktail, at 37 °C and under

gentle shaking. Neuraminidase treatment: samples were first dialyzed against 50 mM sodium
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acetate buffer, pH 5.5 or 6, containing 134 mM NaCl and 9 mM CacCly, after which 2.5% NP-40
(final concentration) was added before neuraminidase incubation. Aliquots were collected at
different times and used for blotting. PGNase-F treatment: 1% NP-40 (final concentration) was
added and the samples were kept on ice for 1 h with occasional shaking. Then, 0.1% SDS and
10mM B-mercaptoethanol (final concentration, dissolved in 3 mM imidazole buffer, pH 7.4 [25])
were added, and samples were boiled for 10 min After 5 min on ice, PGNase-F was added and the
samples were incubated at 37 °C. Endo-H treatment: as for PGNase-F treatment, but the pH of
samples was first adjusted to 5.5-6, and SDS and B-mercaptoethanol were dissolved in 3 mM

imidazole buffer, pH 5.5.

2.9. Treatment of solubilized LAMP-2 with lectins

Pancreatic samples were first solubilized at 4 °C with 0.5-1% NP-40 for 60 min under
continuous rotation. Fixed amounts of solubilized proteins were mixed in Eppendorf tubes with
200 pl of immobilized lectins resuspended in 3 mM imidazole buffer, pH 7.4 containing 0.5%
NP-40. The mixtures were rotated for 4 h at 4 °C and then centrifuged in a table centrifuge at full
speed for 10 min These conditions were chosen for convenience and did not represent the optimal
ones for maximal lectin binding. The supernatants represented the lectin-unbound proteins
(supernatant 1, Sp 1 in Fig. 7B) Then, the gels were washed twice with imidazole buffer,
centrifuged again, and finally the lectin-bound proteins were eluted from the lectins with 0.5 M
N-acetyl-glucosamine (WGA) or 1M methyl a-mannopyranoside (Con A) overnight at 4 °C under
rotation. Centrifugation of the mixtures afforded the lectin-bound proteins (supernatant 2, Sp 2 in

Fig. 7B).

10
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2.10. Statistical analyses

Data are expressed as means £ S.D. They were analysed using the non-parametric Mann-
Whitney U test. Statistical significance was considered for a p value <0.05. Analyses were

implemented using the SPSS program for MS Windows (version 15.0).

3. Results

3.1. Changes in the expression of LAMP-2 during the development of AP

The upper part of Fig. 1A shows representative Western blot analyses indicating LAMP-2
protein in whole postnuclear pancreatic homogenates obtained from control or pancreatitic rats at
different times after the first injection of Cer. The lower part of Fig. 1A indicates quantitative
data relative to the whole pancreas. As we have reported previously [6,23], the expression of data
with respect to the whole pancreas would be more appropriate because pancreatitis is associated
with cell death and neutrophil infiltration. These features imply that the pancreata of control and
pancreatitic rats will have different cell compositions. Accordingly, the exact amount of any
protein, including LAMP-2, should be calculated in the whole organ rather than in a fixed amount
of proteins. Here, we observed an increase in the expression of LAMP-2 in the early phase of AP
(2 h after the first injection of Cer)(3,4+0.7- fold that of controls), which persisted in the
intermediate phase (4.5 + 1.6-fold that of controls). In the later phase, once Cer-induced AP had
fully developed, LAMP-2 expression fell to levels even lower than those of the controls (0.8 +
0.1-fold that of the controls). Nevertheless, LAMP-2 from pancreatitic pancreata showed a higher
molecular weight (=120 kDa) than the well established molecular weight of LAMP-2 in control
pancreata (=96 kDa). The establishment of AP was tested by checking that serum amylase

activity did indeed increase significantly along the development of pancreatitis (Fig. 1B). Also,

11
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using histological sections of pancreata, we have previously demonstrated [6] that our model of
pancreatitis shows tissue architecture and leukocyte infiltration consistent with parameters
described previously for AP [1,3,4] [some photomicrographs of H&E staining at 2 and 4 h after
the first injection of Cer are also shown here (see Fig. 3A)]. Moreover, in the early phase of AP
(2 h), LAMP-2 mRNA levels were increased in pancreata but hardly not at all in a control organ
with Cer receptors (brain) (Fig. 2A), in which the expression of LAMP-2 protein remained
constant (data not shown). Since it has been described that oxidative stress transcriptionally
regulates at least LAMP-2A expression [29], we wondered if we could detect such stress in the
early phase of AP by analyzing the carbonyl content of the proteins from different subcelular
fractions as well as the pancreatic homogenate. As shown in Fig. 2B, this was indeed the case,
since different proteins clearly became carbonylated, or their levels of carbonylation were
increased. Previous results did not reveal individual, selectively modified proteins in Cer-induced
AP [30]. This difference seems to be due to the fact that most of the newly modified proteins
were mainly visible with 6% rather than with 10% gels. To examine the cellular source of
LAMP-2 following Cer administration, we performed immunohistochemical studies (Fig. 3). In
the control pancreata, a moderate to strong degree of immunoreactivity was present in islet cells,
and a faint immunostaining was observed in acinar cells. The ductal cells of the normal pancreata
were mostly negative for LAMP-2, as reported previously for normal human pancreas [31],
although some of them were very slightly immunostained. Blood vessel endothelial cells were
completely negative for LAMP-2. During the early and intermediate phase of Cer-induced AP, an
increase in the immunoreactivity of both acinar and islet cells was detected (Fig. 3B). In fact, the
image analysis used here revealed significant increases (~ 45% and 28%, 2 h and 4 h after the
first Cer injection, respectively) in the mean intensity of acinar cell immunostaining: 799 £ 519,
1157 + 522 and 1029 + 558 AU/500 (px2), p < 0.001, for control, 2 h and 4 h Cer-treated rats,

respectively, similar to the values observed for islet cells (data not shown). Also, in comparison

12
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with the control pancreata an increase in the number of ductal cells showing a weak

immunostaining was found, although again most of these cells were negative for LAMP-2.

3.2. LAMP-2 subcellular distribution during the development of AP

We next analyzed the subcellular distribution and dynamics of LAMP-2 (Fig. 4). Fig. 4A
shows the results corresponding to the early phase of Cer-induced AP (2 h after the first injection
of Cer). In total control pancreata, LAMP-2 was located in the four subcellular fractions
analyzed, although almost 50% was present in the L+M fraction. In the Cer-injected animals,
almost 94% of LAMP-2 was associated with the soluble fraction and, as expected, it
corresponded to the 120 kDa form. Notably, this LAMP-2 form was also detected in the
microsome fraction in significant amounts (Fig. 4A). Fig. 4B shows that the amount of LAMP-2
in the L+M fraction decreased significantly along the development of Cer-induced AP (60-90%
of the LAMP-2 expressed in total control pancreata). Additionally, in the intermediate and later
phases of Cer-induced AP (4 and 9 h after the first injection of Cer, respectively), the 120 kDa
LAMP-2 form was also detected in the L+M subcellular fraction (Fig. 4B, see Western blots),
although it was not always detectable. Finally, the decrease in LAMP-2 expression after Cer-
induced AP was also observed in three density-separated lysosomal subpopulations obtained after
Percoll-centrifugation of the L+M fraction (Fig. 4C). These subpopulations were mostly devoid
of succinate dehidrogenase activity, a marker of mitochondria, which were mainly located at the
bottom of the tube (Sarmiento at al., 2011). The 120 kDa LAMP-2 form was also detected in
another two models of AP: the BPDO and taurocholate models, although it was mainly expressed

in the BPDO model, also as a soluble-type form (data not shown).

13
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The presence of LAMP-2 in the soluble fraction is intriguing because LAMP-2 is an
integral protein. To analyze this feature, we then submitted the soluble fraction of both control
and pancreatitic pancreata to centrifugation at 400,000 X g. Fig. 5 shows that most of the 96 kDa
LAMP-2 form present in control pancreata was in fact a membrane-associated protein, because
after centrifugation it was mainly located in the precipitate (70-80%). By contrast, the 120 kDa
LAMP-2 form was mainly located in the supernatant (= 98%). This result suggests that the 120
kDa LAMP-2 form is soluble or, if membrane-associated, that the amount of lipids surrounding

the enzyme would be insufficient to allow the enzyme to reach the precipitate.

3.3. Influence of neutrophil infiltration

In pancreatitis, neutrophil infiltration is an important component in the development of
both inflammation and cell death. It has been reported that during the intermediate phase of AP
inflammatory cell infiltration has already started or taken place [32], as we observed in our AP
model by light microscopy analysis [6]. Therefore, we decided to perform the study 4 h after the
first injection of Cer. As expected, neutropenia was associated with the disappearance of
neutrophils from the blood: 40 + 6% and 0% neutrophils in a differential leukocyte count in the
blood from Cer-induced AP (4 hours) rats not-pretreated or pretreated with vinblastine sulfate,
respectively, n = 3 (data not shown). Moreover, as seen in Fig. 6A, vinblastine treatment resulted
in blunted pancreatic MPO levels, pointing to an in situ depletion of neutrophil infiltration, as
described elsewere [23]. We have previously reported that under the same conditions described
here vinblastine treatment alone did not affect serum amylase activity and that vinblastine
treatment in Cer-treated rats did not decrease serum amylase levels [6,23]. Fig. 6B shows that
although the depletion of neutrophils in the rats slightly suppressed (= 20%) the increase in
LAMP-2 protein expression at 4 h after Cer treatment, neutrophil infiltration did not seem to be

the main cause of that increase, and neither did it prevent the expression of the 120 kDa LAMP-2
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form. Furthermore, it is clear that the 120 kDa LAMP-2 form is not the LAMP-2 protein

expressed in rat lymphocytes.

3.4. Studies addressing the nature and carbohydrate content of the 120 kDa LAMP-2

In Fig. 7A we show that the higher molecular weight of the 120 kDa LAMP-2 does not
seem to be due to an association with a small protein, because its size did not change even after
rehydration in a buffer containing 7M urea; i.e., the buffer solution usually employed in two-
dimensional electrophoresis. Accordingly, we attempted to demonstrate that the 120 kDa LAMP-
2 was, as expected, a glycoprotein. In Fig. 7B we show that this protein was bound by two
different lectins. Although the experiments were not designed to be quantitative, WGA seemed to
bind the 120 kDa LAMP-2 more efficiently than Con A, possibly reflecting a better recognition
of B-N-acetylglucosamine by WGA than of a-linked mannose residues by Con A. Finally, we
performed experiments to address the carbohydrate content of the 120 kDa LAMP-2. For this, the
most appropriate conditions for the functioning of the different enzymes used were employed.
First, Fig. 7C shows that neuraminidase treatment did not significantly change the molecular size
of either the 96 kDa or the 120kDa LAMP-2 located in the soluble fraction of the control and
pancreatitic pancreata. This result suggests the absence, or very low levels, of terminal sialic
acids, whose elimination would not change the electrophoretic mobility of LAMP-2. In the left
panel of Fig. 7D we show that the complete deglycosylation of the LAMP-2 located in the L+M
fraction from control pancreata after treatment with PGNase F resulted in a decrease in the
molecular size of the protein down to 40-45 kDa, which is the molecular weight of its backbone.
Despite this, PGNase treatment of the soluble fraction from pancreatitic pancreata did not afford
the same result. In fact, the molecular weight of the120 kDa LAMP-2 was only very slightly
reduced, and did not even reach the regular 96 kDa of LAMP-2. Finally, treatment with Endo-H,

an endoglycosidase that breaks down high-mannose-content carbohydrates, did not change the
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molecular weight of the 120 kDa LAMP-2. This Endo-H resistance indicated that it was not a
high-mannose precursor of LAMP-2. Taken together, these results indicate that the higher
molecular weight of LAMP-2 seen in pancreatitic pancreata is probably due to a change in its
glycosylation pattern, accompanied by resistance to its complete deglycosylation with PGNase

treatment.

4. Discussion

It has been proposed that alterations in gene and/or protein expression within the initiation
phase of AP play an important role in its development [33]. It has also been suggested that the
final step of autophagy signalling is inhibited, presumably due to the depletion of lysosomal
proteins, which is associated with the acinar cell vacuolization observed in pancreatitis [22].
Based on these features, here we show that the pancreatic expression of LAMP-2, an integral
protein of lysosomes directly involved in autophagy, is increased at the level of both protein and
MRNA as from the early phase of Cer-induced AP. Nevertheless, it seems to have a different
post-translational processing in its carbohydrate content, which is accompanied by cellular
missorting, and hence it behaves as a soluble-type protein. As a consequence, its level of
expression decreases dramatically in the lysosome.

Previous studies of both the Cer-induced and the taurocholate models of pancreatitis have
revealed increased oxidative stress, and oxidative protein modification as an early event [30, 34].
Here we show that in fact oxidative stress, detected as the appearance or an increase in the level
of oxidized proteins in different subcelular fractions or whole pancreas homogenates, occurs
during the early phase of Cer-induced AP. This oxidative stress might be the cause of the
increased LAMP-2 mRNA level detected here. In fact, in rat liver it has been described that
oxidative stress increases chaperone-mediated autophagy (CMA), the mechanism responsible for

the selective degradation of cytosolic proteins in lysosomes during stress conditions. In this case,
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one of the LAMP-2 members, LAMP-2A, is overexpressed due to transcriptional regulation, its
MRNA level being increased [29]. LAMP-2 has been found to occur as spliced-variant molecules
(LAMP-2A, -2B and -2C), which are encoded by different transcripts in chicken, mouse and
human cells [19]. The differences in the amino acid sequences of the three variants are confined
to the transmembrane region and cytosolic tail [17]. In the mouse, it has been reported that the
LAMP-2A transcript is the most prevalent one in the pancreas during morphogenesis [35]. The
primers used in our RT-PCR analysis allowed us to follow all the LAMP-2 mRNA types. Thus,
the issue that it is indeed the LAMP-2 variant that affords the increase in LAMP-2 gene
expression detected in Cer-induced AP remains to be resolved, although the data concerning the
stress-mediated transcriptional regulation of LAMP-2A in rat liver, as indicated above, suggest
that it would be the LAMP-2 form that is involved. Additionally, there is a tissue-dependent
expression of the different forms of LAMP-2 [12], suggesting that they might have different
cellular functions. It has previously been reported that in the normal human pancreas LAMP-2
MRNA is present in islet and acinar cells, but absent in ductal cells, and that LAMP-2 protein
immunoreactivity is detected only in islet cells, macrophages, and acinar cells [31]. The
immunostaining procedure performed here revealed that in the rat LAMP-2 was also present,
mainly but not exclusively, in islet and acinar cells, and that, importantly, during its early phase,
Cer-induced AP was associated with a similar increase in LAMP-2 expression in both types of
cell. Nevertheless, the much greater numbers of acinar vs islet cells in whole pancreas means that
most of the increase observed here would reflect the increase associated with acinar cells. The
meaning of LAMP-2 overexpression in islet cells from Cer-induced AP is unknown and deserves
further investigation, although it is out of the scope of this work. Also, the overexpression of
LAMP-2 is a feature associated with a high proportion of pancreatic carcinomas, although in our

hands, it was located mainly in ductal carcinoma cells [31].
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One of the early signs of cell and tissue damage in pancreatitis is cytoplasmic
vacuolization, a common feature in pathological alterations of acinar cells that, however, is not
completely understood [36]. Such vacuoles are linked to an alteration of autophagy, a
cytoprotective mechanism through which cells deliver autophagosomes (carrying cytosolic
components and organelles) to lysosomes, thus forming autophagolysosomes or autolysosomes,
which are devoted to the degradation of the autophagic cargo. In fact, autophagy is one of the cell
responses to stress, [33], and endoplasmic reticulum stress occurs during AP, pancreatic acinar
cells being particularly susceptible to ER perturbations [37]. It is also known that the formation of
autophagolysosome is a LAMP-2-dependent process, since LAMP-2 depletion results in the
failure of lysosomes and autophagosomes to fuse [19]. Accordingly, vacuolization in Cer-induced
AP might be explained in terms of an accumulation of autophagosomes, as has been proposed in
alcoholic pancreatitis [22]. The decreased-LAMP-2 expression in lysosomes detected in this
work, as a consequence of the missorting of the protein, might be physiologically relevant
because it could be directly related to such an accumulation, although at present it is not possible
to distinguish between a specific role of LAMP-2 and a general exhaustion of the lysosomal
system as being responsible for the inhibition of autophagy observed in AP, as has been pointed
out previously [22]. In retinal pigment epithelium, a mistargeting of cathepsin D (the main
lysosomal protease) into the extracellular space has been shown to occur, probably due to an
accumulation of the products of lipid peroxidation (oxidatively damaged lipid-protein complexes)
[38]. Lipid peroxidation processes and the covalent binding of 4-hydroxyalkenals to the
sulfhydryl groups of pancreatic tissue proteins also occur in Cer-induced AP [39,40]. Notably,
LAMP proteins contain different conserved cysteine residues that, under normal conditions, form
the four disulfide loops present in the intralysosomal portion [41]. By contrast, apparently an
increase in 4-hydroxynonenal bound to pancreatic protein histidines does not occur in the

taurocholate model of pancreatitis [34], although it does occur in the lung [42]. The implications
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of the accumulation of oxidized lipid-protein cross-links in the missorting of lysosomal proteins
in pancreatitis remain to be explored. In any case, the inhibition of secretion that occurs in
pancreatitis would lead any mistargeted lysosomal protein to remain longer inside the pancreatic
cells, which might have important physiological consequences. Additionally, it is known that in
Cer-induced AP a perturbation of protein trafficking occurs, and the altered vesicular traffic in
the secretory pathway is involved in vacuole formation [11]. Also, the carbohydrate composition
of glycoproteins in the secretory pathway and vacuoles is altered in experimental pancreatitis,
indicating that glycoproteins passing through the Golgi complex are not processed normally
[10,11]. This might have important cellular implications, since highly glycosylated LAMP
proteins coat the inner face of lysosomes, probably protecting this organelle from self-
destruction, although this aspect remains unclear [43]. Accordingly, changes in the carbohydrate
content of LAMPs might also produce changes in their effectiveness regarding the protection of
the lysosomal membrane and/or their role in vacuole disruption and the release of active
proteases into the cytosol.

Interestingly, LAMP-2 is one of the major carriers of poly-N-acetyllactosamines in cells
[41], and its molecular weight increases along with the increase in its polylactosamine
glycosylation, a feature that has been observed to be correlated with a longer LAMP-2 residence
time in the Golgi complex, irrespective of Golgi integrity [44]. The extension of polylactosamine
glycosylation requires the repeated action of two transferases, a glycosyltransferase and a
galactosyl transferase, presumably within the same Golgi cisterna [45]. Galactosyl transferase has
been localized in trans Golgi cisternae and the overlapping distribution of glycosyltransferases in
Golgi cisternae has been already described [45]. All these data might be relevant with respect to
the structure of LAMP-2 in our model of Cer-induced AP since, as we have reported above,
glycoprotein processing is altered in the Golgi compartment in pancreatitis [10]. Moreover,

microtubule disorganization occurs in Cer-induced AP [46], and although the depolymerisation of
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the microtubule cytoskeleton results in the dispersion of numerous small Golgi clusters, LAMP-2
polylactosamine glycosylation still occurs in these clusters [10].

An intriguing issue is the fact that the 120 kDa LAMP-2 behaves as a soluble-type
protein. In this regard, at least in the rat liver it is known that one portion of LAMP-2 is also
located in the lysosomal matrix [47,48], whose origin is unclear. Both a direct deinsertion from
the lysosomal membrane after conformational change as well as a release by proteolytic cleavage
of the short transmembrane and cytosolic tail have been proposed [47]. Furthermore, lipids
associated with at least LAMP-2A may also play an important role in lysosomal membrane
deinsertion or reinsertion [47]. Several other membrane protein insertions/deinsertions have been
described for other type I membrane proteins, sometimes probably driven only by hydrophobic
interactions with lipids [49]. Cleavage has also been described for other lysosomal membrane
proteins [50]. The origin of the solubility of our 120kDa LAMP-2 form remains to be resolved.

In conclusion, this study shows that the pancreatic expression of LAMP-2 is increased
during the early phase of Cer-induced AP, although a different post-translational processing in its
carbohydrate content, accompanied by cellular missorting, would finally afford a decrease in its
expression level in the lysosome. The latter feature links our work to others addressing the
relevance of the depletion of lysosomal proteins in pancreatitic acinar cell vacuolization. Our
results also appear to offer a starting point for further investigations regarding the biology of the
synthesis and post-translational processing of LAMP-2 in experimental pancreatitis, and in Cer-

induced AP in particular.
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FIGURE LEGENDS

Fig. 1. Expression of LAMP-2 (A) and serum amylase activity (B) during the development of
Cer-induced AP. Rats were either administered saline (0.9% NaCl) (control, C) or treated with
Cer, as indicated in Materials and methods, and then killed 2, 4 or 9 h after the first injection of
Cer. In (A), the quantification (graphic) of expression (Western blots in whole postnuclear
pancreatic homogenates- one representative for each time-point is shown) was carried out
considering the whole pancreas. Anti-B-tubulin antibody was used as an approximate loading

control. Each lane in the blots contained 30 ug of protein. Data are mean + S.D. of 5 animals.

Fig. 2. LAMP-2 mRNA expression (A) and Western blot analysis of oxidized proteins (B) in the
early phase of Cer-induced AP. Rats were either administered saline (0.9% NaCl) (control, C) or
treated with Cer, as indicated in Materials and methods, and then killed 2 h after the first injection
of Cer. (A) mRNA expression was analysed in pancreas or brain by RT-PCR. B-actin was used as
a loading control. (B) Western blot analysis from different subcelular fractions as well as from
postnuclear pancreatic homogenates was performed using the Oxyblot Protein Oxidation
Detection Kit, in the presence of B-mercaptoethanol, as indicated in Materials and methods. Some
of the proteins with increased contents of carbonyl groups are indicated by arrows. Each lane
contained 8 pg of protein. Experiments were repeated in four different animals with similar

results. A representative is shown.

Fig. 3. Light microscopy of the rat pancreas stained with H&E (A, C, E) and immunostaining of
LAMP-2 (B, D, F) in normal pancreas (A, B) and during the early (C, D) and intermediate (E, F)

phases of Cer-induced AP. Rats were either administered saline (0.9% NacCl) or treated with Cer,
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as indicated in Materials and methods, and then killed 2 or 4 h after the first injection of Cer. In
the histologic pancreatic sections: control animal (A) showing a normal morphology; 2 h (C), 4 h
(E) pancreatitic rats. Compare the morphology of normal acini with other acini showing an
altered morphology (arrows). Note also the different and increasing degree of leukocyte
infiltration (arrowheads) from 2 to 4 h. In the immunohistochemistry, note the increased
immunoreactivity in the acinar and islet cells as from 2 h (D) and 4 h (F) pancreatitc rats

compared with control animals (B).

Fig. 4. Subcellular distribution and dynamics of LAMP-2. Rats were either administered saline
(0.9% NacCl) (control, C) or treated with Cer, as indicated in Materials and methods, and then
killed 2, 4 or 9 h after the first injection of Cer. (A) Distribution of LAMP-2 in different
subcellular fractions from pancreas 2 h after the first injection of Cer (early phase of Cer-induced
AP). The quantification (graphic) of expression (Western blots- one representative for each
subcelular fraction) is shown as relative percentages considering the sum of the integrated
densities for all subcellular fractions in the whole pancreas as 100%. (B) Distribution of LAMP-2
in the Lysosome+Mitochondria subcellular fraction during the development of Cer-induced AP.
The quantification (graphic) of expression (Western blots- one representative for each time) is
shown as relative percentages considering that of controls in the whole pancreas as 100%. (C)
Presence of LAMP-2 in 3 lysosomal subpopulations separated by Percoll density gradient
centrifugation. A representative Western blot is shown. In (A) and (B), the data are means + S.D.

of 3 experiments with 4 rats in each. Each lane in all blots contained 30 pg of protein.

Fig. 5. Membrane-association of LAMP-2 from the pancreatic soluble fraction. Equal volumes of
the soluble fractions of both control and pancreatitic pancreata [2 h (A), 4 h (B) or 9 h (C) after

the first injection of Cer] were subjected to centrifugation at 400,000 X g. Then, Western blots of
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the supernatant (Sp) and the precipitate (Pp) were developed. The quantification (graphics) of
expression is depicted as relative percentages considering the sum of the integrated densities of
the whole volume of Sp and the whole Pp as 100%. The LAMP-2 shown in the control and
pancreatitic pancreata represent the 96 and 120 kDa form, respectively. Data are means = S.D. of

3 samples from different experiments.

Fig. 6. Effect of neutropenia on MPO (A) and LAMP-2 protein expression (B) during the
development of Cer-induced AP. Rats were given 0.75 mg/kg i.v. vinblastine sulfate to induce
neutropenia. Four days after vinblastine administration, these neutropenic rats were given 4
injections of saline (0.9% NaCl) or Cer hourly over 4 h (representing the intermediate phase of
AP), as indicated in Materials and methods. The same treatments were given to control animals
(C) (saline instead of vinblastine pre-treatment on day 1). In (B) the quantification (graphic) of
expression (Western blots in whole postnuclear pancreatic homogenates- a representative is
shown) was carried out considering the whole pancreas. Samples from rat lymphocytes and 4-h
pancreatitic pancreas were also included for comparison of LAMP-2 protein molecular weight
and expression levels. Anti-p-tubulin antibody was used as an approximate loading control. The
lanes in the blots contained: 100, 60 and 30 pg of protein (lymphocytes, C and the last three

lanes, respectively). Data are means = S.D. of 4 animals.

Fig. 7. Nature and carbohydrate content of the 120 kDa LAMP-2. (A) Urea does not change the
molecular weight of LAMP-2. From the left, lanes 1 to 3 correspond to samples from the soluble
fraction from pancreatitic pancreata (Cer, 2 h after the first injection of Cer) and the soluble and
L+M fractions from control pancreata (C), respectively. The sample in lane 4 is the same as that
of lane 1, but it was treated previously with the 2-D Clean-Up kit and finally rehydrated in

sample buffer containing urea 7M, 2M thiourea and 50 mM DTT, and boiled for 5 min Each lane
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in the blot contained 100 pg of proteins. (B) The 120 kDa LAMP-2 associated with the soluble
fraction from pancreatitic rats (Cer, 2 h after the first injection of Cer) is a glycoprotein that is
bound by two different lectins: Con A and WGA. Microsomes from control pancreas (C)
expressing the normal 96 kDa LAMP-2 were also assayed for comparison. None, Spl and Sp2
represent non-lectin-treated samples and the lectin-unbound and -bound proteins, respectively, as
indicated in Materials and methods. Each lane in the blots contained approximately 40 or 4 ug of
protein for the microsomes or soluble fractions, respectively. (C) Increased LAMP-2 molecular
weight is not due to a different sialic acid content. Soluble fractions from control (C) or
pancreatitic rats (Cer, 2 h after the first injection of Cer) were digested with neuraminidase for
different times. (D) the increased LAMP-2 molecular weight is due to a different glycosylation
pattern. The L+M fraction from control pancreata (left panel) or the soluble fraction from

pancreatitic pancreata (right panel, 2 h after the first injection of Cer) were left undigested

(none) or were digested with PGNase or Endo H, as indicated in Materials and methods. The Cer
and L+M lanes in right panel represent untreated samples and were included in the Western blot
analyses only as internal controls for the assesment of the correct molecular weight of the 120

and 96 kDa LAMP-2 forms, respectively. All blots are representative of three experiments.
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SOBRE EL DISENO EXPERIMENTAL

Debido a la inaccesibilidad al pancreas humano en vida, lo fundamental
del conocimiento de la fisiopatologia de la PA estda basado en modelos
animales. Uno de los modelos animales de PA es el inducido en la rata por
estimulaciéon supramaxima con secretagogos, y normalmente, el agente trofico
utilizado es la ceruleina [un analogo de la colescistoquinina (CCK)]. EI modelo,
que es histolégicamente muy similar a la fase temprana de la pancreatitis
aguda de humanos (Cheung y Leung, 2007), simula una PA moderada y
edematosa, siendo facilmente reproducible, por lo que es muy adecuado para
el estudio de los fendmenos bioquimicos que se desencadenan durante el
desarrollo de la enfermedad. Para inducir PA en ratas se han utilizado dosis
diferentes de Cer (desde 5 hasta 100 ng/Kg). En las condiciones que
describimos en esta Memoria [inyecciones s.c. de 20 ug/Kg], las
manifestaciones de la PA incluyen hiperamilasemia, edema intersticial,
aumento del tamafo de las células acinares, aumento del peso pancreatico,
dafios histolégicos (vacuolizacion y otras alteraciones morfologicas), e
infiltracion por leucocitos (Alonso y cols., 1994; Pescador et al., 1995; Ybénetgi
et al., 2001; Zhao et al., 2007). También hemos utilizado en distintos momentos
otros dos modelos adicionales de PA: (1) la obstruccion biliopancreatica en
rata, como otro modelo de PA de tipo edematoso, que simula la etiologia mas
frecuente de la PA humana (Pandol et al., 2007), (2) la perfusion retrégrada de
taurocolato sddico (TcNa) en el conducto biliopancreatico, un modelo descrito
por Aho y colaboradores (Aho et al., 1984) y bien estandarizado
experimentalmente como modelo de PA necrotizante. Aunque se han utilizado
diferentes concentraciones de TcNa (3-5%) en distintas especies animales
(Poch et al., 1999; Vaquero et al., 2001; Liu et al., 2003; Shi et al., 2006), el Dr.
Manso, quien nos ayudo en la realizacion de este modelo, nos indicd que una
concentracion al 3,5% de TcNa permite estudiar las alteraciones que
progresivamente se desarrollan en los primeros estadios de la PA, ya que
concentraciones de TcNa del 5% resultan muy lesivas para las células

pancreaticas desde el momento de su perfusion.
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SOBRE LA DINAMICA DE LAS PROTEINA TIROSINA FOSFATASAS (PTP)

Muchas y diversas rutas intracelulares de sefializacion regulan la funcién
de las células acinares pancreaticas tras estimulacion del pancreas con CCK o
ceruleina. Ambas moléculas aumentan los niveles de calcio citosolico libre a
través de proteinas Gq. El Ca®*, el diacilglicerol y el AMPc activan los procesos
de exocitosis. Ademas, se conoce que tanto CCK como ceruleina activan
proteina tirosina quinasas (PTKs) pancreaticas (Rivard et al., 1995), y que la
fosforilacidon en tirosinas desempena funciones importantes en la regulacion de
muchas funciones celulares. También se sabe que la pancreatitis cursa con
una disociacion de los contactos célula-célula (Schnekenburger et al., 2005) y
de las uniones adherentes, y que la fosforilacion en tirosina juega un papel
central en el mantenimiento de un complejo de adhesion celular intacto (Muller
et al., 1999). Otra ruta de sefalizacion que se activa tras estimulacion del
pancreas con CCK o ceruleina, es la activaciéon de la cascada de las proteinas
quinasas activadas por mitégeno (MAPKSs), de hecho, la activacién de MAPKs
es uno de los mecanismos patogénicos centrales no solo en la pancreatitis,
sino en enfermedades inflamatorias en general (Kyriakys et al., 2001),
incluyendo a la quinasa regulada por sefales extracelulares (ERK1/2) y a la
quinasa N-terminal c-Jun (UJNK) (Widmann et al., 1999; Minutoli et al., 2004),
cuyas activaciones requieren la fosforilacion de residuos de tirosina y treonina
(Widmann et al., 1999; Minutoli et al., 2004). Los datos acerca de la activacion
de p38MAPK como respuesta a la estimulacion con Cer son contradictorios.
Asi, se ha descrito tanto su activacién (Namkung et al., 2008) como su no
activacion (Fleischer et al., 2001). En nuestras condiciones experimentales,
nuestro grupo investigador demostro recientemente que p38MAPK no se activa
(Garcia-Hernandez et al., 2014). Otra ruta de transduccidn de sefales que
también se activa en la PA es la ruta del receptor de adenosina A1 (Satoh et
al., 2000), que disminuye los niveles de AMPc intracelular. La importancia de la
activacion de estas rutas de sefalizaciéon en la PA se pone de manifiesto
porque: (1) se activan en su fase mas temprana, y (2) al menos en el caso de
ERK1/2, JNK y receptor de adenosina A1, su inhibicion disminuye la gravedad
de la PA inducida por Cer (Minutoli et al., 2004; Satoh et al., 2000).
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El descubrimiento del papel de las PTKs en la regulacion de los niveles de
fosforilacion en tirosina ha hecho que las PTPs sean consideradas como
reguladores fundamentales de las funciones celulares. Las PTPs con dominios
SH2: SHP-1 y SHP-2, que son estructuralmente muy similares, tienen
diferentes funciones en la transduccion de sefales. SHP-1 se expresa
abundantemente en las células hematopoyéticas y a menor nivel en muchos
otros tipos celulares, y juega un papel senalizador negativo en las células
hematopoyéticas. SHP-2 se expresa mas ampliamente y desempeina un papel
basicamente positivo en la transduccién de sefales que conduce a la
activacion celular. No obstante, parece que la naturaleza funcional de SHP-1 'y
SHP-2 depende de los sistemas analizados. Se ha implicado a SHP-1 en las
rutas Jak-Stat y MAPK (You et al., 1997). SHP-2 tiene funciones sehalizadoras
mezcladas, y parece implicada en una variedad de procesos de transduccion
de senales tales como las rutas Ras-Raf-MAPK, JAK-STAT, quinasa PI3 y NF-
KB (Qu et al., 2002). Precisamente, NF-«xB es uno de los factores de
transcripcion al que se le esta otorgando un papel preponderante en la
iniciacién de la cascada inflamatoria que ocurre en la PA (Liu et al., 2003;
Huang et al., 2012). SHP-2 puede actuar en multiples lugares incluso dentro de
una misma ruta de senalizacién. Respecto a PTP1B, esta PTP juega un papel
central de control en la sefalizacion por diversas citoquinas, debido a su accién
negativa en miembros especificos de la ruta JAK/STAT (Bourdeau et al., 2005).
La sefalizacién inflamatoria por JAK2/Factor de transcripcion STAT3 esta
implicada en la PA (Bourdeau et al., 2005) y JAK2 es una diana de PTP1B (Yu
et al., 2008). Aunque todas las rutas de sefializacion descritas anteriormente, y
en las que, en algun momento, interviene SHP-1, SHP-2 y/o PTP1B, se han
implicado en el desarrollo de la PA, los datos acerca de las PTPs en la PA son
muy escasos. Esta falta de datos también es llamativa cuando se considera
que estas enzimas senalizadoras se inactivan por especies reactivas del
oxigeno (ROS) (Den Hertog et al., 2005), cuya influencia en la cascada
inflamatoria es mas importante de lo que se predijo en un principio (Escobar et
al., 2012). Estos ROS se producirian en la PA, principalmente via la NADPH
oxidasa, tanto de células inflamatorias infiltrantes como de las propias células
acinares (Leung y Chan, 2009). Las PTPs también se inactivan por productos

secundarios de oxidacion (Hernandez-Hernandez et al., 2005) que se producen
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durante el desarrollo de la PA (Sanchez-Bernal et al., 2004). Esencialmente,
sélo se ha descrito la funcién de SHP-1 y PTPk en la regulacion de la adhesion
celular del pancreas de rata en la PA moderada inducida por
Cer (Schnekenburger et al., 2005). Por otro lado, se sabe que PTP1B
desempefa importantes funciones en células con alto contenido en reticulo
endoplasmatico (RE) (Bourdeau et al., 2005), como es el caso de las
células acinares del pancreas, que tienen el mayor nivel de sintesis
proteica de todos los tejidos humanos (Case et al., 1978). De hecho, las
células acinares son susceptibles a la homeostasis del RE, y se conoce
que los principales mecanismos de sefalizacion de respuesta al estrés se
activan en la PA (Kubish et al., 2006; Suyama et al., 2008; Ji et al., 2003).

Tanto JNK como ERK1/2 son mediadores importantes en la fase
temprana de la PA (horas 1-1,5) (Minutoli et al., 2004; Clemons et al., 2002;
Hofken et al., 2000). Muchos de los factores de transcripcion que se inducen de
modo temprano en el desarrollo de la PA estan regulados por la activacion de
MAPKs (Ji et al., 2003), de modo que la activacion de estas enzimas
representa el lazo de unidn entre los sucesos de sefalizacion mas tempranos
conocidos en la PA, y las consecuencias a mas largo plazo derivadas de los
cambios en la expresion génica. Ademas, se sabe que las quinasas de estrés
también regulan la traduccién proteica (Williams et al., 2001). Por otro lado, se
ha descrito que la PA cursa con un excesivo catabolismo del ATP (Lithen et
al., 1995), y que el aumento de los niveles de AMPc intracelular en las células
inflamatorias atenua la gravedad de numerosos procesos inflamatorios, incluida
la PA, por lo que el AMPc podria jugar un papel relevante en la patogénesis de
la PA (Sato et al., 2006).

Como indicamos antes, la observacién fundamental que relaciona a las
rutas de sefalizacion mediadas por MAPKs y por AMPc con la fisiopatologia de
la PA es que la inhibicion de las MAPKs y el aumento de los niveles de AMPc
intracelular disminuyen su gravedad. Desde un punto de vista mas bioquimico,
una relacion entre AMPc y MAPKSs la sugieren diversos trabajos donde se
analiza el papel de la senalizacion por AMPc y la regulacién del ciclo celular en
células pancreaticas humanas; sistema en el que se ha demostrado que el

aumento de los niveles de AMPc inhibe la cascada de seralizacién mediada
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por ERK (Boucher et al., 2001). La disminucion en la gravedad de la PA se ha
demostrado mediante el uso de inhibidores; asi, el tratamiento con SP600125,
o con U0126 o PD98059, bloquea fundamentalmente la activacion, mediada
por ceruleina, de JNK o de ERK1/2, respectivamente, y disminuye la severidad
de la PA (Minutoli et al., 2004, Namkung et al., 2008), al menos porque dicho
bloqueo impide la sobreexpresion de citoquinas inflamatorias (p. €. TNF-a)
(Minutoli et al., 2004), lo que dificulta el proceso de infiltracion del pancreas. De
hecho, el pre-tratamiento con SP600125 resulta en una disminucién de la
acumulacion de leucocitos en el pancreas de ratas pancreatiticas mediante Cer
(Minutoli y cols., 2004). Respecto a la modulacion con inhibidores de la ruta del
AMPc intracelular en la PA, se ha empleado el rolipram, un fuerte y especifico
inhibidor de la fosfodiesterasa tipo IV (PDE4, enzima clave en el metabolismo
del AMPc intracelular que se expresa de modo abundante en células
inflamatorias tales como los neutréfilos). El rolipram ejerce efectos anti-
inflamatorios ya que facilita el aumento de los niveles de AMPc intracelular al
bloquear su catabolismo. De este modo, el rolipram tiene una accion similar a
la del receptor de adenosina A2a, un tipo de receptor que se expresa
principalmente en las células inflamatorias (Satoh et al., 2000). EI aumento de
los niveles de AMPc intracelular activa a la proteina quinasa dependiente de
AMPc, la cual también reduce la produccién de citoquinas proinflamatorias
tales como TNF-a (Semmler et al., 1993). Este hecho relaciona la ruta de las
MAPKSs con la del AMPc en la PA, y podria explicar, al menos en parte, por qué
SP600125 y rolipram disminuyen la gravedad de la PA inducida por Cer. Se ha
propuesto incluso el uso del rolipram en clinica para tratar los efectos de la PA
(Sato et al., 2006).

La complejidad de las interacciones entre las diferentes vias de
sefalizacion implicadas en la PA (descritas arriba) hace que los sucesos
bioquimicos que ocurren a nivel de la célula acinar en la fase mas temprana de
la PA no estén totalmente esclarecidos. Teniendo esto en cuenta, se ha
sugerido que seria muy importante detectar eventos bioquimicos, mecanismos
de sefalizacion y alteraciones en la expresion de genes y/o de proteinas que
ocurriesen de modo rapido y temprano en la PA, porque dichos sucesos

moleculares conducirian hacia, o influirian en, las respuestas a mas largo
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término que finalmente determinarian el desarrollo de la pancreatitis (Ji et al.,
2003). Directamente relacionado con la necesidad de encontrar mecanismos
de sefalizacion y alteraciones en la expresidn de genes y/o de proteinas que
ocurriesen de modo rapido y temprano en la PA, en esta memoria describimos
por primera vez (usando ratas como modelo experimental) que en la PA
inducida por ceruleina se producen aumentos en los niveles de expresion de
SHP-1, SHP-2 y PTP1B, tanto a nivel proteico como a nivel génico. Dicho
aumento parece ocurrir mayoritariamente en las células acinares, y cursa con
cambios en la dinamica de localizacion subcelular de, especificamente, SHP-2.
Todos estos cambios suceden en las fases tempranas de la PA, lo que
potencialmente tiene un importante significado funcional en el desarrollo de la
enfermedad. El aumento de expresiéon de SHP- 2 ocerre también en otros
modelos de PA, como son los producidos por perfusion retrégrada de TcNa en
el conducto biliopancreatico, o el modelo de la ligadura del conducto bilio-
pancreatico. Ademas, la infiltracion por neutréfilos modula los niveles de
expresion proteica de SHP-2 y determina el incremento en expresién de
PTP1B.

La implicacion de la infiltracion en la expresion proteica de dichas PTPs
es muy interesante dado el papel central de la infiltracion en el desarrollo de la
PA. De hecho, la infiltracion por neutréfilos es el suceso universal de los
procesos inflamatorios agudos o crénicos, y la evidencia de activacion celular.
Por tanto, nuestros resultados indicarian un potencial entendimiento in vivo
entre mecanismos de sefalizaciéon de la célula acinar pancreatica con las
células sanguineas infiltrantes, que operaria en la fase temprana del desarrollo
de la enfermedad para modular los niveles de expresion de determinadas
PTPs. Asimismo, es significativo, como ya indicamos antes, que para el
fenobmeno de la diapédesis leucocitaria y linfocitaria que ocurre en la PA se
necesita que las uniones adherentes de la membrana basolateral celular se
disocien, permitiendo asi una acumulacion de fluido intersticial y de células
inflamatorias. En este fendbmeno se ha implicado al menos a SHP-1
(Schnekenburger et al., 2005).

Una inhibicion de JNK y ERK1/2, asi como los niveles de AMPc

intracelular también son capaces, por un lado, de modular la expresion proteica
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de SHP-1 y SHP-2 y, por otro, de suprimir el incremento en expresién de
PTP1B. Esta modulacién de la expresion de PTPs intracelulares por rutas de
sefalizacion que jugarian un papel relevante en el desarrollo de la PA (MAPKs
y AMPc) indica que la regulacion de los fendmenos de fosforilacion en tirosinas

también desempenaria un papel importante en su desarrollo.

SOBRE LA DINAMICA DE LA PROTEINA LISOSOMICA LAMP-2

Por otro lado, se ha sugerido que el paso final de la sefalizacién en la
autofagia se inhibe, probablemente, por una disminucién de las proteinas
lisosdmicas, lo cual esta asociado con la vacuolizacion de la célula acinar que
se observa en la pancreatitis (Fortunato et al., 2009). En esta memoria
mostramos que LAMP-2, una proteina integral de los lisosomas que juega un
papel directo en la autofagia, incrementa su expresion tanto a nivel proteico
como de ARNm, desde la fase temprana de la pancreatitis aguda inducida por
ceruleina. No obstante, parece sufrir un diferente procesamiento post-
traduccional en su contenido en glucidos, o que se acompafa de una
deslocalizacion celular, de modo que pasa a comportarse como una proteina
de tipo soluble. Como consecuencia, su presencia disminuye de modo muy

acusado en el lisosoma.

Se conoce que varios modelos de pancreatitis, como los inducidos por
ceruleina o por perfusion retrograda de TauNa, cursan con un aumento del
estrés oxidativo y oxidacion proteica desde sus fases tempranas (Reinheckel et
al., 1998; Reinheckel et al., 1999). En esta memoria demostramos que,
efectivamente, el estrés oxidativo, detectado como la aparicién o el aumento
del nivel de proteinas oxidadas en diferentes fracciones subcelulares o en
homogenados de pancreas, ya sucede durante la fase temprana de la
pancreatitis aguda inducida por ceruleina. Dicho estrés podria ser la causa del
aumento de los niveles del ARNm de LAMP-2 que hemos detectado. De hecho,
en higado de rata se ha descrito que el estrés oxidativo aumenta la autofagia
mediada por chaperones moleculares (CMA), el mecanismo responsable de la
degradacion selectiva de proteinas citosdlicas en los lisosomas durante las

condiciones de estrés. En este caso, uno de los miembros LAMP-2: LAMP-2A,
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se sobreexpresa debido a regulacion transcripcional y concomitante
incremento de su ARNm (Dice, 2007).

Existen tres variantes de LAMP-2 producidas por empalme alternativo:
LAMP-2A, LAMP-2B y LAMP-2C. En células de pollo, raton y humanas, estas
tres variantes estan codificadas por diferentes transcritos (Eskelinen et al.,
2002). Las diferencias en la estructura primaria de las tres variantes se
localizan exclusivamente en la region que atraviesa la membrana y en la cola
citoplasmatica (Eskelinen et al., 2005). En el raton, se ha descrito que el
transcrito para LAMP-2 es el prevalente en el pancreas durante su
morfogénesis (Lichter-Konecki et al., 1999). Los cebadores utilizados en
nuestros analisis de RT-PCR nos permiten seguir todos los tipos de ARNm de
LAMP-2. Por lo tanto, no podemos concluir cual de las tres variantes es la
responsable del aumento en la expresion génica detectada en la PA inducida
por ceruleina, aunque los datos descritos antes, acerca de la regulacion
transcripcional de LAMP-2A dependiente de estrés, en el higado de rata,

podrian sugerir que ésta seria la variante implicada.

La expresion de las distintas variantes de LAMP-2 es dependiente de
tejido (Furuta et al., 1999), lo que sugiere diferentes funciones celulares. Se ha
descrito que en el pancreas humano no patolégico, el ARNm para LAMP-2 se
localiza en las células acinares y en las células de los islotes, pero no en las
células ductales, mientras que la inmunorreactividad frente a la proteina LAMP-
2, se detecta unicamente en las células endocrinas, los macrofagos y las
células acinares (Kiinzli et al., 2002). Nuestro inmunomarcado revela que, en la
rata, LAMP-2 también esta presente principalmente, aunque no de modo
exclusivo, en las células de los islotes y en las acinares, y que, de modo
importante, durante su fase temprana, la PA inducida por ceruleina cursa con
un incremento similar en la expresién de LAMP-2 en ambos tipos celulares. No
obstante, en el pancreas total, el numero mucho mayor de células acinares
frente al de células de islotes, refleja que la mayor parte del aumento de
expresion de LAMP-2 observado corresponde a las células acinares.
Desconocemos el significado funcional de la sobreexpresiéon de LAMP-2 en los

islotes en la PA inducida por ceruleina. Asimismo, la sobreexpresiéon de LAMP-2
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es una caracteristica asociada con una elevada proporcion de carcinomas

pancreaticos (Kinzli et al., 2002).

Uno de los signos mas tempranos del dafo celular y tisular en la
pancreatitis es la vacuolizacion citoplasmatica, una caracteristica comun en las
alteraciones patologicas de las células acinares cuyas causas, no obstante, no
se conocen con exactitud (Oertel, 1989). Dichas vacuolas se asocian a una
alteracion de la autofagia, un mecanismo citoprotector por el cual las células
llevan autofagosomas (que transportan componentes citoplasmaticos y
organulos) hacia los lisosomas, formandose autofagolisosomas 0
autolisosomas, cuya mision es la degradacion de la carga autofagica. De
hecho, la autofagia es una de las respuestas celulares al estrés (Ji et al., 2003),
y el estrés en el reticulo endoplasmatico (RE) es importante en el desarrollo de
la PA, siendo las células acinares particularmente susceptibles a las
perturbaciones del RE (Kubisch y Logsdon, 1998). También se sabe que la
formacion de los autofagolisosomas es un proceso dependiente de LAMP-2, ya
que la disminucién de los niveles de expresion de esta proteina conduce a
fallos en la fusién de los lisosomas y los autofagosomas (Eskelinen et al.,
2002). Asimismo, se ha descrito recientemente un deterioro en los procesos
autofagicos, dependientes de LAMP-2, en la PA inducida por L-arginina (Zhu et
al., 2015). Por consiguiente, la vacuolizacion en la PA inducida por ceruleina
podria explicarse en términos de una acumulacion de autofagosomas, como ya
ha sido propuesto en la pancreatitis alcohdlica (Fortunato et al., 2009,

Fortunato y Kroemer, 2009).

La disminucion de LAMP-2 en los lisosomas, que describimos en esta
memoria, podria tener relevancia fisioldgica porque podria estar directamente
relacionada con la acumulacién citada anteriormente, aunque se desconoce si
en el mecanismo responsable de la inhibicidon de la autofagia que se observa
en la PA, LAMP-2 tendria un papel especifico, 0 mas bien se deberia a un
agotamiento general del sistema lisosdbmico (Fortunato et al., 2009). En el
epitelio pigmentario retiniano, la catepsina D (la principal proteasa lisosomal) se
deslocaliza hacia el espacio extracelular, probablemente por la acumulacion de
productos de peroxidaciéon lipidica (complejos lipido-proteina dafnados

oxidativemente) (Hoppe et al., 2004). Se sabe que en la PA inducida por
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ceruleina, ocurren procesos de peroxidacién lipidica y unidon covalente de 4-
hidroxialquenales a los grupos sulfhidrilo de las proteinas del tejido pancreatico
(Dabrowski et al., 1999, Dabrowski et al., 1991). Las proteinas LAMP contienen
diferentes residuos conservados de cisteina que, en condiciones normales,
forman los cuatro puentes disulfuro presentes en la parte intralisosomal
(Fukuda, 1991). El modelo de la perfusién retrograda de TcNa perece que no
cursa con incrementos de 4-hidroxialquenales unidos a residuos de histidina de
las proteinas pancreaticas (Reinheckel et al., 1998), aunque si lo hace a nivel
pulmonar (Gilgenast et al., 2001), un érgano que comunmente puede sufrir
dafno agudo de modo asociado a la pancreatitis (Elder et al., 2012; Akbarshahi
etal., 2012).

Se desconoce la implicacion de la acumulacion de agregados
lipidoproteicos en la deslocalizacion de proteinas lisosdmicas en la pancreatitis.
En cualquier caso, la inhibicion de la secrecion que ocurre en la pancreatitis
haria que cualquier proteina lisosomica deslocalizada permaneciese mas
tiempo en el interior de las células pancreaticas, lo que podria tener
importantes consecuencias fisioldgicas. También se conoce que en la PA
inducida por ceruleina el trafico proteico esta alterado, y que el trafico vesicular
modificado de la ruta de secrecion juega un papel en la formacion de las
vacuolas (Saito et al., 1987). La composicién de glucidos de las glicoproteinas
en la ruta de la secrecion y en las vacuolas esta alterada en la pancreatitis
experimental, lo que sugiere que las glicoproteinas que se transportan a través
del complejo del aparato de Golgi no se procesan de modo correcto (Saito et
al., 1987; de Lisle, 2005). Esto podria tener implicaciones celulares
importantes, ya que las proteinas LAMP, muy glicosiladas, y que recubren la
cara interna de los lisosomas, probablemente protegen a este organulo de la
auto destruccion, aunque este aspecto no estda completamente aclarado
(Andrejewski et al., 1993). Por consiguiente, los cambios en el contenido en
glucidos de las proteinas LAMP también podrian alterar la efectividad proteica
para proteger la membrana del lisosoma y/o su papel en la rotura vacuolar y

eliminacion activa de proteasas al citoplasma.

LAMP-2 es wuno de los principales transportadores de poli-

N-acetilgalactosaminas en las células (Fukuda, 1991), y su peso molecular
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se incrementa de acuerdo al aumento de su glicosilacién con polilactosaminas,
un proceso que esta correlacionado con un mayor tiempo de localizacion de
LAMP-2 en el complejo de Golgi (Nabi et al., 1993). El aumento de la
glicosilacion con polilactosaminas requiere la accion repetida de dos
transferasas, una glicosiltransferasa y una galactosiltransferasa, probablemente
en las mismas cisternas del Golgi (Nabi et al., 1998). La galactosiltransferasa
se ha localizado en las cisternas del trans-Golgi, y se ha descrito que las
glicosiltransferasas pueden distribuirse de modo solapado en las cisternas del
Golgi (Nabi et al., 1998). Todos estos datos podrian ser relevantes respecto a
la estructura de LAMP-2 en nuestro modelo de PA inducido por ceruleina, ya
que, como hemos dicho antes, en la pancreatitis, el procesamiento
glicoproteico esta alterado a nivel del aparato de Golgi (de Lisle, 2005).
Ademas, se sabe que la PA inducida por ceruleina cursa con desorganizacion
microtubular (Ueda et al., 1995), y aunque la despolimerizacion del
citoesqueleto microtubular produce la dispersion de muchos grupos pequefos
de complejo de Golgi, la glicosilacion con polilactosamina de LAMP-2 aun

ocurre en dichos grupos (de Lisle, 2005).

El aspecto mas controvertido de nuestros resultados es que la proteina
tipo-LAMP-2 de 120 kDa se comporta como una proteina de tipo soluble. A
este respecto, se sabe que, al menos en el higado de rata, una parte de LAMP-
2 también se localiza en la matriz lisosémica (Jadot et al., 1996, Cuervo y Dice,
2000a), siendo desconocido su origen. Se han propuesto tanto una desinserciéon
directa desde la membrana lisosomica después de un cambio conformacional,
como una liberacion por rotura proteolitica de los cortos dominios
transmembrana y citoplasmaticos (Jadot et al., 1996). Ademas, los lipidos
asociados con al menos LAMP-2A, podrian jugar un papel importante en la
desinsercion o reinsercion en la membrana lisosomica (Jadot et al., 1996). Se
han descrito otras inserciones/desinserciones de proteinas de membrana de
tipo | (LAMP-2 también es una proteina de membrana tipo I), a veces
probablemente dirigidas por interacciones de tipo hidrofébico con los lipidos de
su entorno (Rusch y Kendall, 2007). La rotura proteolitica también se ha
descrito para otras proteinas lisosémicas (Cuervo y Dice, 2000b), y se ha

propuesto que en pancreatitis, las proteinas LAMP se degradan por catepsinas
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(Gukovsky et al., 2012). El origen de la solubilidad de la proteina tipo-LAMP-2

de 120 kDa que describimos en esta memoria debera ser resuelta en un futuro.

En resumen, nuestro estudio muestra que la expresion pancreatica de
LAMP-2 esta aumentada durante la fase temprana de la PA inducida por
ceruleina, aunque un diferente procesamiento traduccional de su contenido en
glucidos, junto a una deslocalizaciéon subcelular, finalmente conduciria a la
disminucion de su nivel de expresion en el lisosoma. Este ultimo aspecto
relaciona nuestro trabajo con otros donde se aborda la relevancia de la
disminucién de diversas proteinas lisosémicas en la vacuolizacién de las

células acinares pancreaticas.

Los lisosomas son, junto con las mitocondrias, los organulos subcelulares
que sufren una profunda disfuncién en diversos modelos tanto in vivo como ex
vivo de pancreatitis (Gukovsky et al., 2012). Del mismo modo, como explicamos
anteriormente, también sufre gran alteracion la principal ruta degradativa
celular: la autofagia (por extensién disfunciéon lisosémica/autofagica)
(Gukovskaya y Gokovsky, 2012). Para poder realizar futuras investigaciones
sobre las glicoproteinas principales residentes del lisosoma, hemos desarrollado
un procedimiento para aislar lisosomas primarios del pancreas de rata control y
pancreatiticas. Las diferentes poblaciones lisosdmicas se obtienen por
centrifugacion de un homogenado pancreatico en un gradiente de Percoll. Los
estudios a microscopia electronica confirmaron la homogeneidad de la fraccion
ligera, en la cual se localizan los lisosomas primarios, los cuales presentan un
halo luminal que probablemente corresponda a los dominios altamente
glicosilados de las proteinas de su membrana. La actividad NAG corresponderia
tanto a las hidrolasas acidas de los lisosomas primarios como a las enzimas de
nueva sintesis que son dirigidas a la ruta endocitica via endosomas tempranos,
e incluso via la membrana plasmatica (Peters et al., 1990; Ludwig et al., 1991;
Tjelle et al., 1996). Los lisosomas secundarios se localizarian principalmente en
la banda de densidad intermedia, que en el caso de las ratas pancreatiticas, se
asocian a vacuolas citoplasmaticas mayores, probablemente vesiculas donde la
actividad de las enzimas lisosdmicas estaria aumentada (Adler et al., 1985). En

la poblacion lisosbmica mas densa se encuentran organulos formados por
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cuerpos multivesiculares y lisosomas que han sufrido multiples ciclos de fusion-
fision (Futter et al., 1996, Luzio et al., 2007; van Meel y Klumperman, 2008).
Las vesiculas libres mas pequefias (< 0,05 um), que se localizan sobre todo en
las bandas segunda y tercera de las muestras pancreatiticas, podrian deberse
no sélo a una mayor densidad, sino, al menos en parte, a un proceso de
liberacion desde organulos mayores, cuyas membranas serian mas fragiles,
probablemente por cambios en su composicién quimica (Ferreira-Redondo et
al., 2002).

Se ha descrito que el tratamiento con dosis supramaximas de ceruleina
produce organulos, que contienen catepsina B, cuya fragilidad esta
incrementada (Saluja et al., 1987). También se ha sugerido que hay una
estrecha relacion entre la fragilidad de los organulos subcelulares y la
patogénesis de la PA (Hirano et al., 1993). Aunque la poblacion menos densa
de lisosomas tiene la actividad NAG mas elevada, las otras dos poblaciones
lisosomicas también la presentan debido a condensacion vacuolar, ya que
también se localizan enzimas lisosémicas en las vacuolas. Por consiguiente, el
gradiente permite resolver satisfactoriamente poblaciones de lisosomas

primarios y secundarios.

Ya que la integridad de los endosomas y de los lisosomas es fundamental
para la correcta separacion de las proteinas digestivas (Scheele et al., 1980), la
mayor fragilidad de los organulos que describimos en esta memoria, podria
resultar perjudicial para el tejido pancratico, ya que permitiria la liberacién de

las enzimas, dafiandose, por consiguiente, las células acinares.
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1.- La obtencion de un método para la separacion de diferentes poblaciones de
lisosomas pancreaticos usando una combinacion de centrifugacion diferencial y
un gradiente discontinuo de Percoll, ha permitido demostrar que la pancreatitis
aguda inducida por ceruleina estd asociada a cambios en la morfologia y

tamano de los organulos de dichas poblaciones.

2.- La dinamica de las formas moleculares de la N-acetilglucosaminidasa
revela una alteracion de la integridad de la membrana de los lisosomas
primarios y es un indicador adicional del dafio en dicha membrana, asociado a

la pancreatitis aguda.

3.- El incremento en la expresion de SHP-1 y SHP-2, asi como los cambios en
la distribucion subcelular de SHP-2, son sucesos tempranos en el desarrollo de

la pancreatitis aguda inducida por ceruleina.

4.- El aumento en la expresién de SHP-2 en tres modelos diferentes de
pancreatitis in vivo, indica una importancia general de esta fosfatasa en la

pancreatitis aguda.

5.- Las MAPKs JNK y ERK %, asi como los niveles de AMPc intracelular

modulan de diferentes modos la expresion de SHP-1 y SHP-2.

6.- El incremento en la expresién de PTP1B es un suceso temprano en el
desarrollo de la pancreatitis aguda inducida por ceruleina, en el cual, la

infiltracion por neutréfilos parece jugar un papel relevante.

7.- En la fase temprana de la pancreatitis aguda inducida por ceruleina, el
aumento en los niveles de AMPc intracelular en las células inflamatorias, asi
como la inhibicion de JNK y ERK %, previenen, principalmente, el incremento

en la expresion de PTP1B.

8.- Expresion de LAMP-2 aumenta durante la fase temprana de la pancreatitis
aguda inducida por ceruleina, aunque un diferente procesado post-
transcripcional de su contenido en glucidos, acompafnado de una
deslocalizacion subcelular de la proteina en la patologia, finalmente conduciria

a su disminucioén en el lisosoma.
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