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Resumen 23

Son muy escasos |os estudios encaminados a analizar los efectos del enve ecimiento
sobre los 6rganos y tegjidos. En la presente tesis se analizan los efectos del envejecimiento sobre
la vejiga urinaria y la vesicula biliar, para ello se han utilizado cobayas enveecidos como
modelo animal de envegecimiento. Asi, se ha encontrado que el envejecimiento provoca
inestabilidad de la vegiga urinariajunto con una disminucion en la respuesta contractil. Una vez
realizados los estudios funcionales, se procedio a analizar |os efectos del envejecimiento sobre
la inervacion de la vejiga y sobre el detrusor. Encontrandose que los animales envejecidos
presentan una denervacion funcional de las fibras excitatorias y una hiperactivacion de los
componentes relgjantes, cambios que podrian explicar la menor capacidad contractil de la
vejiga urinaria envejecida. A nivel del detrusor, € enveecimiento provoca una sobre carga de
cacio y una mayor capacidad de movilizacion de este i6n, que se ve favorecida por las
ateraciones en los mecanismos de extrusion. Ademas, el envejecimiento disminuye la
contribucion de los mecanismos excitatorios independientes de los incrementos en la
concentracion de calcio citosdlico junto con una alteracion de la maquinaria contractil que
provoca una menor contractilidad de la vejiga urinaria envejecida y consecuentemente la
aparicion de volumen residual.

El envgecimiento del tracto gastrointestina es un hecho contrastado pero muy poco
estudiado y mucho menos en la vesicula biliar. Nosotros, en la presente tesis, hemos analizado
mecanisticamente los efectos del envejecimiento sobre la inervacion y el musculo liso de la
vesicula biliar. Aqui, el envejecimiento produce una denervacion funcional y un cambio en el
componente nervioso relgjante de la vesicula biliar. A nivel del masculo liso la entrada de
cacio y € contenido de F-actina es menor en animales envejecidos, hechos que explican la
presencia de una menor capacidad contractil.

Debido a sus propiedades antioxidantes, los animales enveecidos se trataron con
melatonina. Dicho tratamiento resulté en la reduccion del estrés oxidativo y en la
normalizacion tanto de la funcidn, inervacion y contractilidad de la vejiga urinaria y de la
vesicula biliar de cobaya. Indicando que el dafio tisular asociado & enveecimiento
probablemente es debido a un incremento en e estrés oxidativo y/o reduccién en los
mecani smos antioxidantes.

La colecistitis acal culosa es una situacion fisiopatoldgica con una incidencia y grado de
mortalidad creciente. Para analizar € impacto de la inflamacion sobre la vesicula biliar hemos
utilizado un modelo experimental muy aceptado que es la ligadura del conducto biliar conn.
El mantenimiento de dicha ligadura durante dos dias increment6 la acumulacion de radicales
libres y redujo los mecanismos celulares antioxidantes. Este incremento en el estrés oxidativo
podria explicar la reduccion de la respuesta contractil de las vesSiculas colecistiticas. Sin
embargo, en la presente tesis se han analizado mas aspectos del musculo liso vesicular,
encontrando que la inflamacion afecta a la sefializacion mediada por calcio y la maquinaria
contractil. Ademas, la colecistitis produce una denervacion funcional de las fibras eferentes
junto con una mayor excitabilidad de lainervacion aferente contractil.

El tratamiento con melatonina en éstos animales reduce el estrés oxidativo y a pesar de
normalizar algunos parametros como la sefial de calcio, no recupera la contractilidad del



24 PJ Gomez-Pinilla

organo. Un hecho importante del tratamiento con melatonina es que aumento la velocidad de
recuperacion de la contractilidad de la vesicula biliar tras la retirada de la obstruccion.

Nuestros resultados demuestran que la melatonina es una herramienta farmacologica
muy interesante para el tratamiento de alteraciones asociadas a un incremento en el estrés
oxidativo como son el envejecimiento y lainflamacion.
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2.1. Fisiologia de la vesicula biliar

La vesicula biliar es un
o6rgano del tracto gastrointestinal
gque durante los periodos
interdigestivos  produce  hilis
concentrada a partir de hilis
hepatica  diluida. Para ello,
absorbe la mayoria del agua y
electrolitos de la secrecion
hepatica, produciendo un liquido g
viscoso y de color dorado. o
Durante  esta fase  de o |
almacenamiento la vesicula se Misculos esinterionos A8
relgja, mientras que i
posteriormente y en respuesta a la hocir) 2
ingesta de alimentos, la vesicula s
se contrae y vierte su contenido al

duodeno donde participa en el Figura 1. Anatomia del arbol biliar.
proceso digestivo.

Vesicula biliar

— \ Conductos hepaticos
/AR derecho e izquierdo
7 \\f’ Conducto hepatico comon
; W
Conducto \}.
cistico 2/

{ Conducto biliar comin

Conducto accesorio del pancreas
Péncreas .

En el cobaya, |a vesicula
biliar tiene unas dimensiones de 1 centimetro de largo y 0.5 de ancho aproximadamente y se
encuentra localizada en la superficie ventral del higado. Este 6rgano se puede dividir en tres areas:
fundus, que es la porcion mas distal, cuerpo, localizado a nivel central y cuello, estrechamiento que
desemboca en el conducto cistico, que al unirse con el conducto hepatico forma el conducto biliar
comin que desemboca en el duodeno a través del esfinter de Oddi..

La pared de la vesicula biliar estd formada por tres capas: la mucosa interna, la muscular y
la serosa externa . El mayor aporte arterial a este 6rgano procede de la arteria cistica y aunque parte
de la sangre drena a la rama cistica de la vena porta, la mayoria de las venas vesiculares vierten su
contenido a interior de los capilares hepaticos. El nervio simpético esplacnico y el parasimpatico
vago inervan lavesicula biliar y los conductos biliares.

El vaciado y posiblemente e llenado de la vesicula esta sujeto a un control neural que
incluye fibras nerviosas eferentes, aferentesy el plexo intrinseco, localizado en las capas submucosa
y subserosa. Los nervios eferentes son aparentemente todos colinérgicos (Tamage et al.,1992) pero
también expresan péptido vasoactivo intestinal (VIP), neuropéptido Y (NPY), somatostatina,
polipéptido pituitario activador de la adenilato ciclasa (PACAP), takininas y 6xido nitrico sintasa, si
bien esta enzima nunca se expresa en neuronas que también sintetizan VIP (Mawe et al.,1997).
Ademas, en la vesicula existen fibras nerviosas aferentes que contienen sustancia P (SP) y péptido
relacionado con el gen de la calcitonina (CGRP) (Goehler et al.,1988).

La hormona colecistocinina (CCK), liberada en respuesta a la ingesta de alimentos, y €
neurotransmisor acetilcolina (ACh) son los principales agentes que promueven contraccion de la
vesicula biliar.

La CCK induce una contraccion midgena mediada por su unidn a receptores de tipo A del
sarcolema (Deweerth et al.,1993). Estos receptores se encuentran acoplados a la proteina Gia.3, que
a su vez activa a la fosfolipasa C especifica de fosfatidilinositoles (PI-PLC). Dicha activacion
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genera los mensgjeros intracelulares inositol 1,4,5-trifosfato (IP3), que libera calcio desde depositos
intracelulares, y diacilglicerol (DAG), que activa la PKC. Otra fuente de DAG en respuesta a la
CCK es e generado a partir del acido fosfatidico resultante de la degradacion de la fosfatidilcolina
por la fosfolipasa D (Alcon et «l,2002). La contraccion inducida por CCK también esta
parcialmente mediada por la activacion de la entrada de calcio através de canales de tipo L (Alcon
et al.,2000). Ademas, la CCK actua presinapticamente en los ganglios intramurales incrementando
laliberacion de acetilcolina desde terminales vagales (Mawe,1991).

En e caso de la ACh, la contraccion tiene lugar tras su union a receptores presentes en la
membrana de las células musculares. Dicha contracciéon depende de la entrada de Ca’” a través de
canales de tipo L (Alcon et al.,2000) y es mediada por receptores muscarinicos, principalmente el
subtipo M3. Las sefiales intracelulares involucradas en la contraccion inducida por ACh son la
generacion de IP3 y DAG por accion de la PLC, la activacion de la PKC, la fosforilacion en tirosina
y lainhibicion de la sintesis de AMPciclico (Alcon et al.,2000).

Durante lafase de llenado que ocurre en los periodos de ayuno, la vesicula sufre un proceso
de dilatacion. Esta expansion se puede producir de forma pasiva, debido a la existencia de
componentes fibroelasticos en la pared de la vesicula, o de forma activa, mediante la relajacion de la
estructura. Esta relgjacion activa puede estar mediada por incrementos en los niveles de AMPc
inducidos por los neurotransmisores VIP y PACAP (Dahlstrand et al.,1989; Ryan y Ryave,1978),
por elevaciones en d GMPc en respuesta a oxido nitrico, y por CO (Alcon et al.,2001b).
Recientemente, en nuestro laboratorio se han descrito los efectos inhibitorios del AMPc sobre la
sefial de Ca* y la contraccion asociada a ésta (Morales et al., 2004).

2.2. Fisiologia de la vejiga urinaria

Lauretray lavejiga urinariaforman el denominado tracto urinario inferior, que junto con el
tracto urinario superior (rifiones y uréteres) conforman el aparato urinario. En los rifiones la
produccion de orina es constante como resultado del filtrado glomerular en las nefronas. Esta orina
pasa alavejigaatravés de los uréteres y en ella se almacena hasta alcanzar un umbral de llenado, y
posteriormente se elimina a través de
la uretra. La vejiga urinaria es un
organo globoso, de unos 2 cm de
largo por 1 cm de ancho en € caso del
cobaya, con €l eje mayor orientado
caudoventramente. Desde un punto
de vista funcional, puede dividirse en
cuerpo y base (Elbadawi,1996). La
base de la veiga comprende las
estructuras anatomicas situadas por
debgjo del nivel de los orificios
uretrales, mientras que e cuerpo se
Stﬁa por enCima de éstos. La zona de Detrusor Relajado Relajado Se contrae Relajado
la base localizada en la cara dorsal Uretra Contraida  Contraida Se relaja Contraida
comprendida entre la desembocadura Control Simpatico Simpatico Parasimpatico Simpatico
de los uréteres y el orificio inferior
que se comunica con la uretra (meato Figura 2. Eg'.]uema del ciclo dela miccion.
uretral), se denomina trigono vesical
debido a su forma de triangulo
invertido.

Fase de llenado Fase de vaciado

= — =
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La vejiga urinaria desempefia por tanto dos funciones fisiologicamente relacionadas. En
primer lugar, se encarga de almacenar la orina durante la fase de llenado, para una vez alcanzada la
capacidad fisioldgica, expulsar la orina durante la fase de vaciado. La alternancia de ambas fases se
denomina ciclo de la miccion.La pared de la vejiga urinaria estd formada principalmente por tres
capas 0 tinicas: la mucosa interna o urotelio, la capa muscular 0 detrusor y una capa externa
compuesta por tejido conectivo denominada adventicia (Elbadawi,1996). El urotelio tiene, ademas
de la funcion de barrera protectora frente a sustancias toxicas de la orina, un papel activo en el
amacenamiento y en e vaciado de la orina (revisado por Ferguson) (Ferguson,1999). Bgjo €
urotelio se dispone un plexo nervioso, de funcion principalmente aferente, que llega a alcanzar la
base del urotelio y que es relativamente escaso en el cuerpo, progresivamente mas denso en la base
y particularmente rico en el trigono (Gabellay Davis,1998).

La capa muscular del cuerpo de
la vejiga urinaria o detrusor esta
compuesta por fibras musculares lisas Ligamento medio
que se disponen circular y uretor L8
longitudinalmente a azar. Dicha _ \ 7 erias ;N\
localizacion permite a la vejiga i E s vt
acomodarse a contenido sin que se
produzcan incrementos de presion i
intravesical  (revisado por Turner) Entrada de
(Turner y Brading,1997). Sin embargo, tos uréteres
en la base de la veiga las fibras Esfinter uretral
musculares lisas se disponen en 3 capas: e
longitudinal interna, circular media y Esitorursiral
longitudinal externa. En el trigono el -~ | |
Mmusculo detrusor es mas grueso y -
menos distensible, y consta de dos capas
distintas. La profunda o masculo Figura 3. Anatomia del tracto urinario inferior.
trigonal profundo que es indiferenciable
del detrusor del cuerpo, mientras que e musculo trigonal superficial es morfologicamente distinto,
mas fino y con un engrosamiento a lo largo de su borde superior. En el cuello y el nacimiento de la
uretra, las fibras musculares se disponen circularmente y se condensan para congtituir el esfinter
interno de lavejiga

Trigono

——————— Cuello
Prostata

Uretra
prostatica
_ Uretra
membranosa

El musculo detrusor presenta actividad contractil espontanea como resultado de la
existencia de potenciales de accion midgenos, pero ésta nNo esta asociada a episodios de miccion y es
inhibida por el urotelio. Aungue la actividad fasica estd presente en todas las especies, existen
diferencias interespecificas e incluso depende de la parte de la vejiga urinaria considerada (Buckner
et al.,2002). Aungue se considera que los potenciales de accion espontaneos del mtsculo detrusor
son los responsables de la actividad contractil fasica, no todos los potenciales de accion
desencadenan contraccion, lo que indica la existencia de un acoplamiento eléctrico pobre entre las
células musculares del detrusor (revisado por Fry,) (Fry y Wu,1997).

Durante la fase de almacenamiento o llenado la orina llega a la vejiga de forma continua a
través de los uréteres, €l detrusor se acomoda paulatinamente al contenido sin que haya un aumento
significativo en la presion intravesical a pesar del llenado. A lo largo de esta fase se mantienen
cerrados € cuello vesical o esfinter interno, el musculo liso de la uretra y el masculo estriado que
recubre la uretra, también denominado esfinter externo, Gnico componente que se encuentra bajo
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control voluntario. Todo ello hace que la presion en la uretra sea mayor que la existente en el cuerpo
de lavegjiga urinaria a canzandose asi la continencia. El mantenimiento de la contraccion durante la
fase de almacenamiento se debe a sistema nervioso simpatico. Este a su vez inhibe los ganglios y,
de este modo, disminuye la participacion de las vias excitatorias parasimpaticas durante la fase de
llenado (Degroat,1993).

La fase de vaciado se produce cuando la vejiga alcanza su maxima capacidad y el esfinter
externo se relgja voluntariamente, aumenta la luz de la uretra y se relgja e cuello vesical,
permitiendo asi el vaciado. En esta fase es fundamental la contraccion del detrusor, aumentando asi
la presion intravesical hasta hacerla superior a la existente en la uretra, condicion necesaria para la
expulsion de la orina. La contraccion del detrusor es regulada por € sistema nervioso parasimpatico.

La funciéon del tracto urinario inferior de almacenar y liberar periodicamente la orina se
controla por circuitos neurales complejos asentados en cerebro, médula espinal y ganglios
periféricos. El cuerpo de la vejiga urinaria esta inervado principalmente por el parasimpatico
pélvico, procedente del centro sacro de la miccién, mientras que el cuello vesical y la uretra
proxima son inervados por € nervio simpatico hipogastrico y € esfinter externo se encuentra
inervado por e nervio pudendo. En total € detrusor recibe sefial de entre 2000-2500 neuronas,
muchas de las cuales forman ganglios que pueden llegar a contener hasta mas de cuarenta somas
(Gabella,1990). La vejiga urinaria es un érgano que se encuentra muy inervado también por fibras
sensoriales que contienen principa mente taquiquininas (Lecci et al.,2000).

En condiciones normales la ACh es e neurotransmisor predominante en la transmision
neuromuscular y, junto con la noradrenalinay el ATP, es & principal neurotransmisor que controla
la actividad contractil del musculo detrusor. La ACh tiene un papel excitador sobre el detrusor a
través de la activacion de receptores muscarinicos, donde los mas comunes son M2 y M3, siendo los
primeros mas abundantes pero los segundos estin mas involucrados en la contraccion (Wang et
al.,1995). Los M3 inducen contraccion por liberacion de calcio desde depdsitos a través de la via
intracelular PLC/IP3 y entrada de calcio desde el medio extracelular, mientras que los receptores de
tipo M2 provocan contraccion inhibiendo la adenilato ciclasa (Caulfield y Birdsall,1998). En €
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Figura 4. Inervacion del tracto urinario inferior.
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detrusor, también existen receptores presinapticos M1 y M4 cuyo papel predominante es la
neuromodulacion de la transmision eferente (D'Agostino et al.,2000).

La distribucion de los receptores adrenérgicos es heterogénea a lo largo de la vejiga
(Godling et al.,1999). Dicha distribucion es muy importante desde el punto de vista funcional. El
cuerpo contiene una ata densidad de P-receptores cuya estimulacion provoca una relajacion
mediada por incrementos en los niveles de AMPc durante la fase de llenado, mientras que contiene
solo algunos receptores adrenérgicos del tipo a. Sin embargo, la base de la vejiga es rica en
receptores o adrenérgicos contractiles y tiene un numero pequefio de -receptores relgjantes, lo que
ayuda a mantener la continencia durante la fase de llenado (Andersson et al.,1999). El ATP es un
neurotransmisor excitatorio que actia a través de receptores que ademads son canales ionicos (P2X)
y receptores acoplados a proteinas G (P2Y). En este caso hay muchas diferencias interespecificas en
la respuesta contractil del detrusor y en el tipo de receptor involucrado (Longhurst y
Levendusky,2001). El 6xido nitrico (NO) se considera e candidato mas probable para mediar
parcia o totalmente las relgjaciones del tracto urinario inferior, sin embargo, se desconoce el papel
del NO en € detrusor (Andersson y Persson,1993; James et al.,1993). En las neuronas intramurales
de la vejiga urinaria de cobaya se ha encontrado la coexistencia de la enzima 6xido nitrico sintasa
(NOS) con acetilcolinesterasa, VIP, CGRP y sustancia P (Zhou y Ling,1998).

Los neurotransmisores inhibitorios (VIP) y excitadores (neuropéptido Y (NPY), endotelina,
angiotensina y prostanoides) también estan presentes en neuronas que inervan el detrusor, pero
existen muchas diferencias interespecificas respecto a su presencia (Andersson y Wein,2004).

La inervacion sensorial o vias aferentes discurren por los nervios pélvico, hipogastrico y
pudendo y regulan tanto la continencia como la miccién, pero también estan implicadas en
sensaciones térmicas y de dolor. Las fibras sensoriales, identificadas tanto bajo el urotelio como en
el masculo detrusor, se dividen en mielinizadas (fibras-Ad), capaces de detectar distensiones
pasivas, y fibras no mielinizadas, que responden alairritacion quimica de la mucosa y temperaturas
frias y que participan en la nocicepcion (Janig,1986).

Los principales neurcotransmisores sensoriadles de la vejiga son sustancia P (SP),
neurokinina A (NKA), péptido relacionado con el gen de la calcitonina (CGRP), péptido activador
de la adenilato ciclasa pituitaria (PACAP) y las encefalinas (Lecci et al.,2000). Los tres primeros
(SP, NKA y CGRP) pertenecen al grupo de las taquiquininas, que tienen tanto funcion aferente o
sensorial como funcion eferente periférica, actuando directamente sobre las células musculares de la
vejiga mediante receptores de membrana especificos (Lecci et al.,2000): NK1 para la sustancia P,
NK2 para NKA y CGRPr para el CGRP (Maggi et al.,1987). Lalocalizacion de los receptores esta
muy relacionada con la funcion eferente. Los receptores NK1 y CGPRr se localizan en los vasos
sanguineos sub-uroteliales y del detrusor, donde las taquiquininas producen vasodilatacion (Burcher
et al.,2000). Ademas, los receptores NK2 se encuentran principalmente en las fibras musculares del
detrusor, donde la NKA produce contraccion (Burcher et al.,2000) y la subsiguiente miccion . Las
funciones de las taguiquininas estan controladas por prostanoides y NO  (Andersson y
Hedlund,2002; Maggi et al.,1987).

Las taquiquininas también son liberadas por neuronas aferentes primarias sensibles a
capsaicina (una molécula contenida en el pimiento rojo ampliamente utilizada como herramienta
farmacol6gica especifica para revelar la participacion de vias aferentes) (Szallas y Blumberg,1999).
También el ATP tiene funcion aferente, al ser liberado desde la cara serosa del urotelio en respuesta
a la distension mecéanica de la vejiga donde es capaz de activar 10s nervios sensoriales mediante
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receptores del tipo P2X 3 (Ferguson,1999). Andersson en 2004 realizé una amplia revision sobre la
inervacion de la vejiga urinaria (Andersson y Arner,2004).

2.3. Contraccion del musculo liso

Al igual que ocurre en otros tipos musculares, e aumento en la concentracion de Ca®*
citoplasmatico es el principal evento que inicia la contracCiéon muscular lisa. En este apartado se
describira tanto el aparato contractil presente en el musculo liso como los mecanismos que
conducen ala contraccion.

2.3.1 El aparato contractil en el mtsculo liso

Existen tres tipos de filamentos que pueden diferenciarse en las células del musculo liso:
filamentos finos compuestos por actina (cuyo diametro varia entre 5-7 nm), filamentos gruesos
compuestos de miosina (con 15 nm de diametro) y filamentos intermedios compuestos por desmina
y vimentina cuyo diametro aproximado es de 10 nm. Tanto los filamentos de actina como los de
miosina forman parte del dominio contractil de la célula muscular lisa (revisado por Stromer, 1995)
(Stromer,1995). Mientras que, los filamentos intermedios pertenecen a dominio citoesquelético
(revisado por Stromer, 1995)(Stromer,1995), que es € encargado de dar forma a las células,
organizar € interior celular y transmitir las fuerzas creadas por las interacciones de los filamentos
contractiles (revisado por Somlyo, 1993)(Somly0,1993). En e musculo liso, los filamentos de
miosina y de actina no se encuentran ordenados en forma de sarcomera como en el musculo
estriado, sino que se unen a unas estructuras electrodensas compuestas por a-actinina denominadas
cuerpos densos, encontrandose los filamentos de miosina interdigitados entre los de actina
procedentes de dos cuerpos densos contiguos. Asi, las agrupaciones de filamentos contractiles
(actinay miosina) se orientan oblicuamente respecto del e mayor de la célula.

Miosin

Filamento

intermedio _— Actina

Cuerpos Filamento
densos fino

Figura 5. Organizacion de la maquinaria contractil en el musculo liso.
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Los filamentos
finos estan compuestos por

actina,  una  proteina Capr

globular (actina G) muy ese " . «

ubicua de 42 KDa que e | AR
. . e

polimeriza para formar un miosina

filamento helicoidal de dos Ca® —r—+ Ca’-CaMfCa’*CaM'MLCK—’

hebras  (actina ) Lo wd A e
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al.,1984). En las estrias de
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(caldesmonina y calponina) Figura 6. Inicio de la contractil en € masculo liso.

gue regulan la actividad de

la actina  (Sobieszek vy

Bremel,1975). Los filamentos finos son polares, un extremo se inserta en un cuerpo denso mientras
gue € otro extremo del filamento queda libre y rodeado de filamentos gruesos compuestos por
miosina. (Bond y Somlyo,1982).

Los filamentos gruesos estan formados por moléculas de miosina, proteina de unos 480
KDa compuesta por la asociacion no covalente de 6 cadenas proteicas, un par de cadenas pesadas y
dos pares de cadenas ligeras (MLCs) (Sellers y Adelstein,1982). Las dos cadenas pesadas, de 200
KDa cada una, forman una cola helicoida rigida cuya agregacion forma el filamento de miosina,
gue aparece interdigitado entre filamentos finos de actina. En el extremo contrario a la cola existe
una cabeza globular rodeada por dos cadenas ligeras distintas: una cadena ligera de 20 KDa
denominada cadena ligera reguladora (MLC20) y una cadena de 17 KDa o cadena ligera esencial
(MLC17). Cada cabeza globular posee un sitio de uniéon a la actina y capacidad para hidrolizar
Mg®*-ATP activada por la unién a la actina. En la parte de las cadenas pesadas que sobresale del
filamento de miosina se localizan dos zonas bisagra que permiten la rotacion de la cabeza globular
con respecto a filamento de miosina (Sellersy Adelstein,1982).

2.3.2 Mecanismo de contraccion del musculo liso

El mecanismo basico para la generacion de fuerza consiste en la interaccion ciclica entre la
actina y la miosina, proceso denominado “ciclo de los puentes cruzados” que permite el
deslizamiento de filamentos gruesos y finos y el consiguiente desarrollo de fuerza o acortamiento
celular.

En el masculo liso, al aumentar la concentracion de calcio intracelular, éste se une a la
calmodulina, proteina que une de forma reversible 4 iones Ca®". Una vez formado el complejo Ca?'-
calmoduling, ésta sufre un cambio conformacional y se une a la cinasa de la cadena ligera
reguladora de miosina (MLCK). La formacion del complejo terciario (Ca?*-Calmodulina-MLCK)
conduce a lafosforilacion de la cadena MLC20 y provoca un cambio conformacional en la cabeza
globular de las moléculas de miosina que aumenta su capacidad de hidrolizar el Mg?*-ATP activada
por la presencia de actina (Horowitz et al.,1996). Esto desencadena el ciclo de los puentes cruzados
y la consiguiente contraccion celular. El primero se basa en las diferentes afinidades de las
moléculas de miosina por las de actina dependiendo de si tienen unido ATP o ADP (lkebe et
al.,1987).
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Cuando disminuye la concentracion de Ca®* citoplasmatico la actividad de la MLCK
disminuye, 1o que supone €l cese del ciclo de los puentes cruzados. Ademas esto se suele ver
reforzado por la activacion de la fosfatasa de la cadena ligera de la miosina (MLCP) que provoca la
desfosforilacion de la MLC20, favoreciendo asi la relajacion del misculo. Por tanto, en el musculo
liso el factor clave en € control de la contraccion es el nivel de fosforilacion de la MLC20,
directamente regulado por lafosfatasa MLCP y |a cinasa dependiente de Ca?*/calmodulina MLCK.

. oz 2 , .
2.4. Homeostasis del ion Ca®" en el muasculo liso

Como hemos visto, la concentraciéon de Ca®* citoplasmatico ([Ca®']) es uno de los factores
gue controla el estado contractﬂ de las células musculares lisas. El aumento de [Ca®*]c esta mediado
por la entrada de C " extracelular y/o la liberacion desde depositos 1ntrace1ulares La posterior
disminucion de [Ca?*]. se debe alaextrusion de iones Ca®* a medio extracelular y/o al secuestro en
depdsitos 1ntrace1u1ares como reticulo sarcoplasmico o mitocondrias.

2.4.1. Entrada de iones Ca®* desde & medio extracelular

El calcio entra al citosol de las células musculares lisas desde el medio extracelular durante
los periodos de despolarizacion de la membrana, distorsiones mecanicas o estimulaciéon por
agonistas através de distintos tipos de canales tanto especificos como inespecificos.

Canales dependientes de voltaje (VDCC). La mayor parte del Ca®* que activa el aparato
contractil en las células musculares lisas penetra desde el medio extracelular a través de canaes
VDCC durante la fase de despolarizacion del potencial de accion. Estos canales sufren inactivacion
por despolarizaciones mantenidas o de gran magnitud y por elevaciones de la[Ca®']. que asu vez es
dependiente de voltage (Giannattasio et al.,1991). Los VDCC mas importantes en el detrusor y
vesicula biliar son los de tipo L, muy selectivos para el Ca®* (especificidad que se pierde en
ausencia de iones divalentes) (revisado por Tsien) (Tsien et al.,1987). Estos canales poseen un alto
umbral de activacion y una alta
conductancia y las corrientes a
través de ellos son prolongadas ya vbce ROC smoc socc
que su inactivacion es lenta. Otra %
caracteristica de los canales de
tipo L es su senshilidad a las |
dihidropiridinas, fenilakilaminas 1
y benzodiazepinas. En € detrusor
también se han descrito canales
VDCC de tipo T cuya apertura e
inactivacion se  produce a
potenciales mas electronegativos.

Canales no selectivos.
Ademas de los canales VDCC, el
Ca®* puede entrar en la célula por
otros tipos de canaes, como los |
canales cationicos no selectivos.
Dentro de este grupo hay varios 2b 3Nar
tipos. los canales operados por
segundos mensgjeros (SMOC),
regulados desde €l interior celular
mediante la produccion de

Figura 7. Mecanismos homeostaticos
del calcio en el masculo liso.
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segundos mensgjeros, los canales asociados a receptores (ROC), cuya apertura se produce
directamente mediante la uniéon de un ligando al receptor que es un canal idénico y canales cationicos
sensibles a estiramiento, (Wellner y 1senberg,1993).

En algunos tipos celulares, incluido e muasculo liso €l vaciamiento de los depésitos de Ca®*
intracelulares activa una via de entrada de Ca®*, proceso denominado entrada de Ca’* operada por
deposito o entrada capacitativa de Ca** (CCE) y postulado por primera vez por Putney en 1986 en
células no excitables (Putney,1986). La comunicacion entre los depositos y los canales responsables
de dicha entrada no esta clara, habiéndose postulado desde comunicacion directa entre el receptor
del depdsito con el canal de la membrana citoplasmatica (revisado por Irvine) (Irvine,1990) hasta la
existencia de mensgjeros difusibles (Pandol y Schoeffieldpayne,1990). En este sentido se han
postulado varios modelos para explicar la comunicacion deposito-membrana plasmatica (Rosado et
al.,2005; Rosado y Sage,2000). Aungue la CCE es un mecanismo que tradicionalmente ha sido
descrito en células no excitables, recientemente miembros de nuestro laboratorio han descrito la
presencia de CCE en la vesicula biliar de cobaya y que ésta entrada se asocia a la contraccion del
muasculo. La participacion del citoesqueleto de actina en este proceso, la regulacion de dicha entrada
por AMPc y la dependencia de la expresion de los canales TRPCs (posibles candidatos a ser los
canales capacitativos) de los niveles citosolicos de Ca®*, se han descrito en el masculo liso de la
vesicula biliar por miembros de nuestro grupo de 1nvest1gacic')n (Morales et al.,2004; Morales et
al.,2005b; Moraes et al.,2007).

2.4.2 Liberacion de calcio desde los depdsitos intracelulares

Otra fuente de iones Ca®* para la contraccion muscular son los depdsitos de Ca®*
intracelulares. Los principales reservorios de Ca’* dentro de la célula muscular son el reticulo
sarcoplasmico y la mitocondria en ciertas circunstancias, aunque también se han propuesto como
dep051tos de calcio el aparato de Golgi y la envoltura nuclear (Sanders,2001). Los depdsitos liberan
Ca’* al citosol mediante canales especificos actlvados en respuesta a segundos mensajeros. Los
principales canales intracelulares que liberan Ca®* desde los depositos son el receptor de inositol
1,4,5-trifosfato (1P3) y €l receptor de rianodina (RyR) (Berridge y Irvine,1989).

El receptor de IP;. En €l musculo liso, al igual que en otros tipos celulares, una variedad de
agonistas se unen a receptores acoplados a proteinas G que activan la fosfolipasa C, que a partir de
fosfatidil inositol 4,5 bifosfato genera I1P;. Este IP; se une a su receptor situado en e reticulo
sarcoplasmico, lo que provoca la liberacion de Ca®* desde ese depésito (Berridge y Irvine,1989).
Dicha liberacion esta modulada por la concentracién de Ca®* tanto del lumen del reticulo como del
citoplasma celular. Asi, se ha descrito que el Ca®* luminal controla el receptor de IP; en hepatocitos
deratay en células musculares lisas (Missiaen et al.,1992), ya que % nece%rla una mayor cantidad
de IP; para VaCIar los depdsitos que tienen menor contenido en Ca" que aguellos que estan mas
llenos. El Ca?* citoplasmatico tiene dos efectos distintos sobre el receptor de |P; dependiendo de la
concentracion del 1on y del subtipo de receptor de IP3. Un incremento en la concentracion
intracelular de Ca?* (desde niveles basales hasta 300 nM) facilita la apertura del receptor, que por
tanto puede funcionar como un canal de liberacion de Ca®* inducida por Ca2* (CICR), lo que acelera
laliberacion desde los deposltos En el caso de los receptores de 1P; tipo 1 este efecto activador deja
deser eficaz para[Ca"]; superior a300 nM, pasando a tener efectos negativos sobre la liberacion de
Ca’*, aunque en otros subtipos esto no es asi (Hagar ez al.,1998).

El eceptor de rianodina (RyR). La rianodina, un alcaloide de origen vegetal, capaz de
liberar Ca®* desde los depsitos intracelulares cuando se une a un receptor ampliamente distribuido
en € reticulo sarcoplasmico. En condiciones fisiologicas, donde la rianodina no esta presente,
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existen dos Ilgandos endogenos para este receptor: el propio Ca®" y la ADPribosa ciclica. El efecto
estimulante del Ca®* citosolico sobre su propia liberacion explico inicialmente el proceso de CICR,
aungue como acabamos de ver este proceso también puede incluir receptores de IP3. La [CaZJ']I
necesaria para activar la apertura es relativamente elevada (cercana a nivel micromolar), aunque en
miocitos de detrusor se ha comprobado que la entrada de Ca®* através de canales sensibles a DHP,
puede activar € fen(')meno de CICR (Collier et al,2000) por la aparicion transitoria de
microdominios de alto [Ca’*]; en la cercania de los RyR (Moore et al.,2004) .

La potenciacion en la apertura de ambos tipos de receptor por la presencia de Ca** permite
la interaccion entre distintas VlaS de liberacion de Ca®, ya que S los canales estan 10
suficientemente proximos el Ca* liberado a través de uno de ellos estimula la liberacién de Ca
por e otro tipo. Este tipo de interaccion podria conducir a la generacion de ondas de Ca®
regenerativas. En vesicula biliar de cobaya recientemente se ha descrito la presencia de un depdsito
de calcio que expresa tanto receptores para € 1P; como RYR, posee pérdidas espontaneas y su
recarga es através de la bomba SERCA, aunque la caracteristica mas importante de dicho deposito
es que laliberacion a través de receptores para el IP3 tiene capacidad pro-contractil mientras que el
calcio liberado através de RYRstiene un papel pro-relgante (Morales et al.,2005a).

Otro agonista endogeno de los RyR, la ADP-ribosa ciclica (ADPRc), es un derivado del
NAD presente en e masculo liso. La accion de la ADP-ribosa-Ciclica sobre el receptor de rianodina
es complgla y requiere proteinas accesorias y la calmodulina como cofactor (revisado en
Lee)(Lee,2001). Mediante estudios de reconstitucion, farmacolégicos y funcionales se ha
comprobado que las caracteristicas del canal sensible a ADPRc son similares a las del canal de
rianodina (Perez et al.,1998).

Los canales de rianodina median en Ias células musculares lisas, un tipo de liberacion de
ca denom| nado spark através del cual el Ca®* puede inhibir la contraccion muscular. Un spark de
Ca’* consiste en una elevacion de [Ca); transitoria, intensa y localizada en una pequefia zona del
citosol adyacente alos depoésitos. A diferencia de los sparks del musculo cardiaco, que colaboran en
la contraccion (Lederer et al.,2004), en e masculo liso la disposicion de los depositos que los
originan permite que los sparks activen canales de membrana hiperpolarizantes que contribuyen ala
inhibicion de la contraccion (Nelson er al.,1995). Asi, se ha comprobado en diferentes tipos de
musculos lisos, incluyendo € musculo detrusor y el de la vesicula biliar, que los sparks estan
asociados a corrientes de potasio transitorias espontaneas (denominadas STOCs) producidas por la
activacion de canales de tipo BK, que generan hiperpolarizacion celular (Herrera et al.,2001; Nelson
et al.,1995; Pozo et al,2002). Ademas en el detrusor se ha descrito la presencia de “unidades
liberadoras de calcio” compuestas por receptores de rianodina localizados cercanos al plasmalema y
alli contactan con los receptores de tipo BK (Moore et al.,2004).

Mientras que los sparks son bloqueados por la rianodina (que en funcion de la
concentracion utilizada inhibe el RyR o lo activa, Va01and0 el depdsito,), existen incrementos
transitorios rapidos en la concentracion citoplasmatica de Ca®" que no son bloqueados por rianodina
pero si por xestospongina C, un bloqueante de los receptores de IP3, |0 que indica que se deben d
receptor de 1P;. En e misculo 1iso de colon se han denominado “puffs” para diferenciarlos de los
sparks asociados a RyR. Una diferencia existente entre los puffs y los sparks es que los primeros
activan también los canales de K de tipo SK (Bayguinov et al.,2000). No se ha descrito Ia
presencia de este tipo de eventos (puffs) en células musculares del detrusor. Los puffs de Ca®
pueden ser importantes en el acoplamiento entre los receptores acoplados a proteinas G y la
activacion de canales ionicos dependientes de Ca®* presentes en la membrana plasmatica.
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Dado que las concentraciones citoplasmaticas elevadas del i6n calcio pueden resultar muy

toxicas para la célula y también para provocar la relajacion muscular, la célula dispone de
: 2+ 2+ .

mecanismos que reducen la [Ca™]; como son € transporte de Ca™ a medio extracelular y la

recaptacion hacia los depdsitos.

2.4.3 Mecanismos parala extrusién de Ca®*

Este transporte se puede producir a través de una bomba de calcio denominada PMCA o
mediante un intercambiador Na'/Ca’". La velocidad de descenso de la concentracion citoplasmatica
de Ca™ hasta niveles basales depende de la concentracién alcanzada, es mayor después de un
aumento prolongado de la concentracion citoplasmatica de Ca® y €s un proceso aparentemente
saturable (Becker et al,1989). De estos mecanismos, el cuantitativamente mas importante varia
dependiendo del tejido estudiado, aunque en el caso del misculo detrusor parece ser mas importante
el intercambiador.

Labomba PMCA (plasma membrana Ca®* ATPase) es eléctricamente neutra porque el Ca®*
bombeado al espacio extracelular es intercambiado por dos H, que son expulsados a exterior por
intercambiadores H'/Na" de la membrana plasmatica. En el musculo liso la PMCA se activa por
calmodulina y por fosforilaciones, que eliminan su autoinhibicion e incrementan la afinidad de la
PMCA por el Ca®* y la velocidad de extrusion de éste (Zhang y Muallem,1992). El potencial de
membrana también modula la actividad de la bomba PMCA, de tal forma que la despolarizacion de
membrana del misculo liso estimula a la bomba PMCA y acelera la salida Ca®*, mientras que la
hiperpolarizacion de membrana la inhibe (Furukawa et al.,1989).

La extrusion de Ca®" por e intercambiador Na'/Ca®* utiliza la energia del gradiente
electroquimico de Na® y parece seguir una estequiometria 3 Na* /1 Ca?". Pero e sistema de
intercambio Na'/Ca®*, no es un sistema unidireccional, sino que puede mover Ca?* en ambas
direcciones dependiendo del gradiente transmembrana para e Na'. Asi, el aumento del Na'
intracelular o la disminucion de Na* en e medio extracelular aumenta la entrada de Ca®* en la
célula, todo lo contrario al proceso de extrusion detallado anteriormente. De hecho, en el musculo
liso detrusor, en el que este sistema parece ser predominante (Liu et al.,2006), se ha postulado que
el intercambiador puede ser tanto un sistema de extrusion como una via de entrada en funcion de los
cambios de la concentracion intracelular de Na* al excitarse la célula muscular (Wu y Fry,2001).
Existiendo mucha controversia sobre la contribucion relativa del intercambiador Na'/Ca”™ en el
musculo liso .

2.4.4 Recaptacién de Ca®* hacialos depésitos

La entrada de Ca®* dentro de las organelas tiene lugar en contra de gradiente de
concentracion por lo que se requiere energia para producirse. En el caso del reticulo sarcoplasmico,
la energia es proporcionada por una ATPasa especializada denominada SERCA (smooth
endoplasmic reticulum Ca®* ATPase), mientras que en la mitocondria, la fuerza conductora es
aportada por e potencial de membrana fruto de la cadena respiratoria, negativo en el interior.

En el reticulo sarcoplasmico, principal almacén de Ca®* en el masculo liso y responsable de
mantener bajas concentraciones citoplasmatica de Ca®* (Devine et al.,1972), la captacion de calcio a
través de la SERCA genera un gradiente de concentracion entre el citoplasma y la luz del reticulo de
entre tres y cuatro o6rdenes de magnitud. Se estima que la concentracion de calcio total en el lumen
del reticulo sarcoplasmico puede ser superior a 15 mM, si bien la mayoria de dicho calcio se
encuentra unido a las proteinas calsecuestrina y calreticulina, asi la concentracion de Ca®* libre
presente en laluz del reticulo es inferior. En el reticulo sarcoplasmico se producen pérdidas o salida
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de Ca®* de forma espontanea y a favor de gradiente que podrian conducir a contraccion, pero las
bombas SERCA se encargan de reintroducir dicho calcio a deposito evitando asi la contraccion e
induciendo un recambio del Ca®* del deposito. La velocidad de este proceso depende del tipo
celular, asi en el musculo liso de la vesicula biliar la velocidad de intercambio es relativamente
rapida, con una vida media de pocos minutos (Morales et al.,2005a), por lo que al disponer las
células en un medio libre de Ca®* e deposito se vacia en apenas 2-3 minutos.

La actividad de las bombas SERCA esta inhibida por una pequefia proteina transmenbranal
denominada fosfolambano, sin embargo las bombas SERCA pueden ser inhibidas especificamente
por tapsigargina (Tps) o acido ciclopiazonico (CPA), lo que experimentalmente ha supuesto una
buena herramienta farmacol 6gica para poner de manifiesto € papel tan importante que desempeiian
estas bombas y los deposito que las albergan (Ganitkevich,1999).

En algunos tipos de musculo liso se ha descrito la coexistencia de dos vias diferentes para
e rellenado del reticulo sarcoplasmlco Asi, en arterias mesentéricas existe un deposito que es
reIIenado por una bomba de Ca”* con actividad ATPasay otra via que no necesita de la bomba de
Ca®*. Esta ultima via de llenado se bloquea por nifedipina, un bloqueante del canal de Ca’
dependlente de voltaje, y aumenta con Bay K 8644, un activador de ese canal, por lo que se ha
postulado que dicho depdsito estaria unido a la membrana plasmatica por una conexion sen51ble a
voltaje que contribuiria al llenado del deposito de forma independiente a las bombas de Ca®* del
tipo SERCA.

Desde los afios 50 se sabe que las mitocondrias acumulan grandes cantidades de Ca
gracias a la presencia en la membrana interna mitocondrial de un transportador de Ca’*
unidirecciond. Este transporte utiliza como energia el gradiente eléctrico negativo de la membrana
interna mitocondrial producido debido al bombeo de protones hacia el citosol por la cadena de
transporte de electrones, de modo que por ejemplo la utilizacion de CCCP un protondforo que
colapsa este gradiente, aumenta la concentracion citoplasmatica de Ca®* en miocitos vasculares
(Greenwood et al.,1997). Recientemente hemos revisado la participacion de la mitocondria en la
homeostasis del calcio (Camello-Almaraz et al.,2006).

Se ha descrito que la entrada de Ca’ dentro de la mitocondria podria ser mas importante
cuando la concentracion citoplasmatica de Ca®* son mayores, mientras que la entrada dentro del
reticulo sarcoplamico, via SERCA, es mas importante cuando los niveles de Ca’" citoplasmatico son
mas bajos. (Nicholls,2005).

2.5 Sensibilizacion al calcio

La fosforilacion del residuo Ser19 de la MLC20 mediante la MLCK es esencial para
estimular la actividad ATPasa de la cabeza de miosina y, de este modo, iniciar la interaccion entre
laactinay la miosina que desencadenan la contraccion. Tal y como se ha comentado anteriormente,
en este fendmeno esta directamente implicado el ion calcio, ya que, de no unirse a la calmodulina, la
MLCK no se activaria y no se produciria la contraccion. Sin embargo, un hecho constatable es que
el calcio desencadenante del proceso inicial de la contraccion se retira del citoplasma de manera
rapida y efectiva por la recaptacion del ion al RS o los mecanismos de extrusion anteriormente
descritos. A pesar de esta disminucion de la [Ca?*]. y de la actividad de la MLCK, la realidad
fisiologica del musculo liso refleja que la fosforilacion de la MLC20 y, por lo tanto la contraccion,
se mantienen. Himpens y cols. propusieron en 1990 que el acoplamiento farmacomecamco puede
modular la contraccién alterando la sensibilidad del aparato contractil a la [Ca®*]; mediante un
mecanismo acoplado a proteinas G, actuando conjuntamente con el mecanismo clasico de la
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contraccion que lleva implicito el incremento en la [Ca®]i.(Somlyo y Somlyo,1994) Este
mecanismo de contraccion “no clasico” se ha denominado ““sensibilizacion al calcio™.

Asi, el nivel de fosforilacion de la MLC20 y por tanto el grado de contraccion, es
determinado por €l balance entre las actividades de fosforilacion y desfosforilacion de la cadena
ligera y por tanto por la relacion de actividlad MLCK/MLCP (Somlyo y Somlyo,1994). El
mecanismo de sensibilizacion al calcio en el musculo liso cobra gran importancia en el
mantenimiento de la respuesta contractil y alteraciones de este mecanismo pueden explicar
condiciones patol6gicas de este tejido (Murthy,2006; Somlyo y Somlyo,1994).

Tanto la activacion de la fosforilacion de la MLC20 por mecanismos independientes de la
[Ca?*];, como lainhibicion de la desfosforilacion de esta cadena, darén lugar a un aumento global en
los niveles de P-MLC20 para un determinado incremento de [Ca?']; y por tanto a una mayor
sensibilidad al Ca®* por parte de los filamentos contractiles.

2.5.1 Fosforilacion de MLC20 independiente de [Ca®'] i

La actividad ATPasica de la miosina, relacionada con la contraccion del musculo liso,
depende de la fosforilacion de los residuos Ser19 o Thr18 de la MLC20. En 1996, Amano y cols.
pusieron de manifiesto que la Rho-cinasa (ROCK) inducia la fosforilacion del residuo Serl9 sin
estar ésta asociada a cambios en el calcio citosolico (Amano et al.,1996). Posteriormente, se han
descrito otras cinasas como ILK y ZIP cinasa que son capaces de fosforilar la MLC
independientemente del calcio , i bien estas cinasas promueven fosforilacion tanto de Ser19 como
de Thr18, mientras que la MLCK dependiente de Ca’* solo fosforila el residuo Serl9. A pesar de
gue ROCK es capaz de fosforilar ambos residuos en células no musculares, en células de muasculo
liso solo fosforila Ser19 (Amano et al.,1996).

2.5.2 Inhibicion de 1a MLCP.

Estructuralmente, la MLCP de muasculo liso esta compuesta por tres subunidades, una
subunidad catalitica fosfatasa de tipo 1 (isoforma 3) de 38 kDa (PP1cs), y dos subunidades
reguladoras. la subunidad reguladora/diana Ilamada subunidad diana de la cadena de miosina
(MYPT) de 110-130 kDa; y la subunidad de funcion desconocida y de tamafio pequefio (20 kDa),
[lamada M20. La familia de los MYPT tiene muchas isoformas que proceden del splicing de un
unico gen. Todas ellas incluyen en el extremo N-terminal una region con repeticiones de ankirinas
(7ankirinas) por la que se une ala MLC20 y entre este dominio y el extremo amino, se localiza €
dominio por € que se une alaPP1c. Launion con la subunidad M20 se establece en €l extremo C-
termina del MYPT (Ito et al.,2004). La union de MYPT generalmente MYPT1 a la MLC20,
ademas de servir de plataforma para la posterior interaccion de la subunidad catalitica- MLC20,
reduce la Km de la PP1c por su sustrato, aumentando su actividad. En el extremo carboxilo de la
MY PT también existe otro sitio para la union al filamento de miosina, cuya fosforilacion (Thr850)
puede inhibir esta union, impidiendo la posterior interaccion con la MLC20. Por tanto la subunidad
MYPT1 y sus interacciones con €l resto de las subunidades, €l sustrato y los filamentos de miosina
son esenciales parala accion fosfatasa del trimero (Hirano et al.,2004).

Las perturbaciones en las interacciones proteina-proteina descritas arriba conducen a una
disminucion de la actividad fosfatasa. Asi, el acido araquidonico (AA) que disocia la subunidad
MY PT1 delaPPic, inhibelaMLCPy aumentala sensibilizacion de la maquinaria contractil al Ca®*
(Hirano et al.,2004). La PKC, que fosforilale region de ankirinas de MYPT 1, reduce su interaccion
con PP1c y MLC20 causando sensibilizacion y contraccion (Hirano et al.,2004). Del mismo modo,
la contraccion sostenida producida en vena porta por PGF2a, estd asociada a una disociacion de
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MYPT1, que queda anclada en la membrana tras la estimulacion del receptor, mientras que PPlc
vuelve a su localizacion citosoélica, dando lugar ainhibicion de la act1v1dad fosfatasa y a contraccion
sostenida en respuesta a PGF2o por el mecanismo de sensibilizacion al Ca?* (Shin ez al.,2002).

La fosforilacion de MYPT1 es uno de los principales mecanismos mediadores de los
procesos de sensibilizacion. Existen varios residuos en la estructura de esta subunidad que pueden
ser fosforilados. Estas fosforilaciones pueden inhibir o activar la actividad fosfatasa del trimero. El
mecanismo mejor establecido es la fosforilacion del residuo Thr-696 por parte de la ROCK, que
provoca lainhibicion de la actividad fosfatasa (Hirano et al.,2004). Posteriormente se han descrito
otras cinasas que fosforilan este sitio inhibidor como son la ZIP cinasa (también conocida como
cinasa parecida a ZIP), cinasa ligada a la integrina (ILK); y la cinasa de la distrofia mitonica
(DMPK) (Hartshorne et al.,1998; Somlyo y Somlyo,2003).

También se han descrito fosforilaciones en otros residuos de la subunidad que sin tener
efectos directos en la actividad catalitica, reducen la actividad fosfatasa por alterar las interacciones
proteina-proteina necesarias para su correcto funcionamiento. Un gemplo es la fosforilacion, por
parte de ROCK, del residuo Thr853 que disocia la uniéon MYPT1-filamento de miosina (Velasco et
al.,2002) y como esta interaccion incrementa la actividad fosfatasa hacia la MLC20, genera de un
modo indirecto la inhibicion de la de la MLCP. La fosforilacion por la PKC del dominio de
ankirinas comentado con anterioridad también inhibe de forma indirecta la actividad fosfatasa de la
MLCP (Hartshorne et al.,1998).

La fosforilacion de MYPT1 puede tener un papel estimulante en la actividad de la MLCP,
por ejemplo la fosforilacion en Ser-430 durante la mitosis incrementa su afinidad por la miosina'y
su actividad fosfatasa (Hirano et al.,2004). Recientemente se ha descrito la fosforilacion por las
cinasas dependientes de nucledtidos ciclicos PKG y PKA de los residuos Ser 692, Ser695 y Ser852:
Pese a que estas fosforilaciones no tienen caracter inhibidor las fosforilaciones en Ser695 y Ser852
impiden la actuacion de la ROCK antagonizando su inhibiciéon de la actividad fosfatasa
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(Wooldridge et al.,2004).Un estudio realizado por Takizawa y cols en 2002 demostré que la
fosforilacion de MYPT1 es muy resistente a la defosforilacion mediada por fosfatasas,
especialmente cuando se trata del residuo inhibitorio Thr-696. Esto quiere decir que, una vez la
subunidad MY PT1 se ha fosforilado, permanece en este estado durante mucho tiempo. Por lo tanto,
el control delaMLCP através de MYPT1 es una regulacion a largo plazo (Takizawaet al.,2002).

La inhibicion directa de la subunidad PPlc, conduce obviamente a una pérdida en la
capacidad fosfatasa de la MLCP. Dicha inhibicion la produce la proteina inhibitoria dependiente de
fosforilacion por PKC o CPI-17, siendo por tanto otro mediador de la sensibilizacion al calcio, pero
en este caso independiente de la fosforilacion de MYPT-1. El CPI-17 y su posible regulacion a
través de la PKC se describi6 por primera vez en aorta porcina, siendo su funcion principal regular
la extension de la fosforilacion de MLC20 que ocurre en la contraccion del musculo liso (Eto et
al.,1995). El CPI-17 es un péptido con un peso molecular de 17 kDa cuya fosforilacion en el residuo
Thr-38 inhibie la PP1c (Eto et al.,1995). El sitio Thr-38 se fosforila generalmente por la PKC,
aunque también pueden hacerlo otras cinasas como ZIPL, PKN, ILK, PAK y ROCK (Hirano et
al.,2004). Se ha demostrado que la fosforilacion de CPI tiene lugar tras la estimulacion con el
agonistay su defosforilacion ocurre antes de que termine €l estimulo que activo a la cinasa. Por eso,
se cree que la fosforilacion de CPI-17 tiene una funcion importante en la fosforilacion de MLC20
durante €l ciclo de relgjacion-contraccion inducido por agonistas . De todos modos, la relevancia del
CPI-17 en lavia de la sensibilizacion al calcio depende del nivel de expresion de la proteina, mayor
en masculo liso tonico que en fasico (Kitazawa et al.,2003).

’ ~ 18 . oy eqe .y 2+
2.5.3 Vias de senializacion reguladoras de la sensibilizacion al Ca

Segiin se describe en la seccion previa, es evidente la implicacion de una compleja red de
protefnas cinasas e interacciones proteina-proteina en los mecanismos de sensibilizacion al Ca?".
Ademas de los mecanismos descritos, la estimulacion de diferentes vias intracelulares que conducen
ala activacion de las diferentes cinasas que intervienen en este mecanismo, complica mucho mas
este proceso de sensibilizacion a calcio.

Los mecanismos sensibilizadores al Ca®* en musculo liso se describieron asociados a la
estimulacion de receptores de membrana acoplados a proteinas G. Los receptores acoplados a
proteinas G constituyen una gran familia de proteinas cuya funcion principa es traducir estimulos
externos en sefiales intracelulares. Basandose en su homologia con la rodopsina, contienen 7 hélices
transmembranales cuyo extremo amino se encuentra en el exterior y el carboxilo en € interior de la
membrana. Estos receptores interaccionan con proteinas G mediante sus dominios intracelulares
participando éstas en la sefializacion como segundos mensajeros (Kroeze et al.,2003).

En 1994, Alfred Gilman y Martin Rodbel recibieron el premio nobel por el descubrimiento
de las proteinas G (proteinas fijadoras de nucledtidos de guanosina) que regulan los procesos
intracelulares mediante un intercambio de GDP por GTP tras ser activadas por sus receptores
especificos. Las proteinas G pertenecen al grupo de las GTPasas entre las que encontramos las
proteinas G triméricas (formadas por las subunidades a, B Y y) y las proteinas G monoméricas o de
bajo peso molecular (Gilman,1987). La superfamilia de las GTPasas de bao peso molecular
comprende mas de 100 proteinas estructuralmente relacionadas que experimentan cambios en su
conformacion espacial y localizacion subcelular dependientes del nucledtido guanina. La
superfamilia se ha dividido en 5 subfamilias: Ras, Rho, Rab, Arf y Ran. Hasta la fecha se han
descrito diez Rho GTPasas diferentes en mamiferos (algunas de ellas con miltiples isoformas): Rho
(isoformas A, B, C), Rac (isoformas 1, 2, 3), Cdc42 (isoformas Cdc42Hs, G25K), Rnd1/Rho6,
Rnd2/Rho7, Rnd3/RhoE, RhoD, RhoG, TC10 y TTF. La funcién principal de esta subfamilia es
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regular el estado del citoesqueleto de actina 'y procesos dependientes del mismo como fagocitosis,
pinocitosis, migracion celular, morfogénesis y crecimiento axonal, aunque también se ha descrito su
intervencion en transcripcion genética, metabolismo lipidico y contraccion del musculo liso .

2.5.3.1 Activacion de la GTPasa monomérica de bajo peso molecular Rho A

La GTPasa monomérica RhoA parece ser la principal reguladora de la via de la
sensibilizacion al calcio participando en la inhibicion de la fosfatasa de la cadena ligera de miosina
através de su efector ROCK. Los receptores acoplados a proteinas G triméricas Gaq y Ga12,13 son
los iniciadores de la via de la sensibilizacion al calcio mediada por RhoA/ROCK a través de
mecanismos complejos. En estado de reposo de la célula muscular lisa, la proteina RhoA se
encuentra localizada en e citosol asociada a GDP, encontrandose su cola hidrofobica insertada en
unaregion hidrofobica de la proteina RhoGDI (inhibidor de la disociacion del GDP) que mantiene a
esta proteina hidrofoba en solucion en el citosol. Este complejo impide el intercambio de GDP por
GTP incluso cuando la concentracion de GTP supera a la de GDP. El complegjo GDP-RhoA-
RhoGDI mantiene por tanto ala RhoA en estado inactivo, debiendo disociarse tanto del GDP como
de RhoGDI paraunirse al GTPy pasar a estado activo (Gosser et al.,1997; Somlyo y Somlyo,2003).
El intercambio de nucleodtidos (GTP por GDP) precede la translocacion de RhoA a la membrana, su
disociaciacion de GDI y su activacion (Somlyo y Somlyo,2003) . Para que se produzca €
intercambio de nucledtidos se necesita la participacion de los factores de intercambio de nucleoétidos
(GEFs), de los que se han descrito diferentes tipos: PDZ-RhoGEF, LARG, Vav y p115RhoGEF,
entre otros. Estas proteinas contienen un dominio homoélogo a DBL (DH) responsable de la
actividad intercambiadora de nucledtidos, un dominio homologo a pleckstrina (PH) relacionado con
las interacciones proteina-proteina y proteina —fosfatidilinositol y un dominio parecido a RGS
(regulador de la sefializacion de proteinas G) denominado RGSL, por el que se asocian con las
subunidades o de las proteinas triméricas (Ga q y G a 12,13), lo que permite su activacion en
respuesta a la activacion de receptores acoplados a estas proteinas. Los factores encargados de
inhibir a RhoA se denominan GAP (proteina activadora de la actividad GTPasa), que, actuando a
través de las Ga, activa la hidrélisis de GTP-RhoA a GDP-RhoA, que se liga a GDI pasando al
citosol y aestado inactivo (Gong et al.,2001).

Algunos subtipos de RhoGEFs pueden activarse por fosforilacion a través de proteinas
cinasas como c-Src, FAK, o paxilina. Lainhibiciéon variable de la activacion de Rho A en presencia
de inhibidores de diferentes tirosinas cinasas, deja entrever la participacion de mas de una tirosina
cinasay fosfatasa en laregulacion de RhoGEF dependiendo del agonista (Barker et al.,2004).

Las tirosinas cinasas también participan en los mecanismos de sensibilizacion al Ca®* como
consecuencia de intervenir en la translocacion de RhoGEFs y ROCK a la membrana por
fosforilacion de las proteinas paxilina, p125FAK y p130CAS. Las interacciones lipido-proteina o
proteina- proteina que se producen en la membrana plasmatica favorecen tanto el intercambio de
nucledtidos asociados a RhoA como la activacion de ROCK, efectora de RhoA en el mecanismo de
sensibilizacion al Ca?* (Somlyo y Somlyo,2003).

2.5.3.2 Cinasaasociada a Rho A (ROCK)

La ROCK es una serinatreonina cinasa muy ubicua. Actuamente se conocen dos
isoformas de esta enzima ROCKII/ROKa,, y ROCKI/ROK ambas de 160 kDa de peso molecular y
presentes en masculo liso (Noma et al.,2006). Las ROCKSs son la diana de la GTPasa monomérica
RhoA, que cuando se encuentra trandocada en la membrana y en estado activo, interacciona con
ROCK produciendo un cambio conformacional, la autofosforilacion de la cinasa 'y su activacion.
Para que esto ocurra, ROCK también debe trasocarse a la membrana, desconociéndose los
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mecanismos intimos de dicha trandocacion. La ROCK puede activarse directamente por € 4cido
araquidonico producido en respuesta a la estimulacién con agonistas, conduciendo a una
contraccion mediada por mecanismos de sensibilizacion al Ca®* (Somlyo y Somlyo,2003), pero en
este caso independientes de la RhoA.

Tal y como se ha comentado con anterioridad, el principal sustrato de ROCK esel MYPT1
lo que conlleva a la inhibicion de MLCP, aunque esta inhibicion también puede estar relacionada
con lafosforilaciéon de CPI-17. Tanto ROCKI como ROCKII son inhibidas especificamente por Y-
27632 (Somlyo y Somlyo,2003), habiéndose usado ampliamente este inhibidor para el estudio de
esta via.

2.5.3.3 Activacion de la proteina cinasa C (PKC)

La estimulacion de receptores acoplados a proteinas G no solo activa la via de la RhoA sino
gue también activa la familia de las proteinas cinasas C, implicadas en la traduccion de un gran
namero de sefiales. La PKC es una enzima que fue descrita originalmente como una proteina cinasa
activada por calcio y dependiente de fosfolipidos. En la actualidad su analisis bioquimico y
molecular ha revelado que la familia la constituyen diferentes subespecies con estructuras
estrechamente relacionadas. Las isoformas de la PKC se clasifican en tres grupos en base a su
estructura y regulacion por cofactores. Las que primero se descubrieron fueron las PKC
convencionales (cPKC): PKCa, dos variantes PKCB1 y PKC B2 , y PKCy. Estas cPKC se
distinguen de las demas porque su funcion esta regulada por calcio ya que su dominio C2 contiene
un lugar de union para el ion. El siguiente grupo, las PKC néveles (nPKC) lo constituyen la PKC3,
PKCe, PKCn, PKCup y PKCOque son similares al grupo anterior, diferenciandose
fundamental mente en que carecen de la region C2 y por tanto no requieren Ca®* para su activacion.
El altimo grupo lo integran las PKC atipicas { y A cuyas caracteristicas estructurales radican en la
presencia de un solo dominio mano de zinc rico en cisteina, que son dependientes de la
fosfatidilserina pero no se estimulan por DAG, ésteres de forbol ni Ca®* (Nishizuka, 1995).

En musculo liso, se ha descrito la presencia de las diferentes isoformas de PKC , estando
relacionado el patron de expresion con el tipo de muisculo liso o estado de diferenciacion de los
miocitos. Asi, en la aorta de rata las isoformas presentes son PKCa, 6 y { mientras que en la arteria
mesentérica estan estas presentes ademas de la PKCy y ¢ y la PKCa esta regulada negativamente
cuando las células musculares de fenotipo “contractil” pasan a fenotipo “secretor” . En e musculo
liso la PKC promueve la fosforilacion de la Gi que se traduce en una activacion de la adenilato
ciclasa, inhibe canales de K* de tipo BK, y voltaje-dependientes, activa las ATPasas de Ca®* PMCA
y SERCA, facilitando la extrusion de ion que explica la naturaleza transitoria del incremento en
Ca®* que sus agonistas promueven, y también puede fosforilar y activar el intercambiador Na*/H" y
por tanto incrementar € pH intracelular (Barman et al.,2004).

La PKC también fosforila proteinas reguladoras del citoesqueleto y filamentos contractiles
del masculo liso. Asi se ha descrito que la PKC fosforila a vinculina, proteinas del citoesqueleto
localizadas en las placas de adhesion focal, por lo que controla la forma y adhesion celular. Tal y
como se ha descrito con anterioridad € CPI-17 es sustrato de la PKC, inhibiendo la MLCP e
induciendo sensibilizacion al Ca®*, reforzada por sus efectos sobre la subunidad MYPT1 pero
contrarrestados por la fosforilacion con caracter relajante que produce en la MLC20 y MLCK
(Inagaki et al.,1987). La estimulacion de esta via se ha estudiado ampliamente mediante el uso de
ésteres de forbol como PDBu y el uso de inhibidores especificos de esta cinasa como GF109203X
(Toullec et al.,1991), herramienta farmacoldgica muy utilizada para poner de manifiesto la
participacion de la via PKC/CPI-17 en la sensibilizacion al calcio en diferentes tejidos.
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2.5.4 Desensibilizacion al calcio

También se ]z)roducen en el musculo liso relajacidon muscular sin que se produzca una
reduccion en la [Ca’'], lo que se conoce como desensibilizacion al calcio Los mecanismos
implicados en la relajacion de la contraccion sostenida de la célula muscular lisa estimulan la
actividad de la MLCP, mediante la inhibicion de RhoA o sus dianas (como MYPTI) y
defosforilacion del CPI-17. En algunos casos esta relgjacion se produce por la activacion de la PKA
o delaPKG en respuesta a incremento en sus nucledtidos especificos (AMPc y GMPc).

La PKG desensibiliza la célula mediante diferentes mecanismos: desinhibicion de la MLCP
acelerando la defosforilacion de CPI-17 (Bonnevier et al.,2004), e inhibicion de la via RhoA/ROCK
a través de la fosforilacion del residuo Ser-188 de RhoA. Se cree que PKG inhibe la via de
RhoA/ROCK fosforilando la GTP-RhoA activa antes de disociarse del GDI, previniendo asi la
union de RhoA a ROCK y otros efectores (Somlyo y Somlyo,2003). Tal y como se ha descrito
previamente, la fosforilacion de residuos cercanos a los fosforilados por ROCK en la subunidad
MYPT, puede inhibir la activacion de la via RhoA/ROCK dando lugar a la relajacion de la
contraccion mantenida por ROCK. También es posible que la PKG incremente la actividad de la
MLCP por interaccion de los dominios cremallera de leucina de PKG1 y MYPT1 (Murthy,2006).

En cuanto ala PKA, su importancia radica en su capacidad de fosforilar las proteinas G13
inhibiendo la via de 1a RhoA , ademds de fosforilar el MYPT1. Tanto PKA como PKG aceleran la
inactivacion de Gq unida a GTP finalizando la activacion de la via RhoA (Murthy,2006).

2.5.5 Expresion y participacion de las vias de sensibilizacion al calcio en el muasculo liso

El mecanismo de la sensibilizacion al calcio se ha descrito en multitud de muasculos lisos,
habiéndose demostrado, que la via PKC/CPI-17 es mas importante en musculos tonicos mientras
gue la via RhoA/ROK tiene una mayor participacion en musculos fasicos(\WWoodsome et al.,2001).
A pesar de que tanto la expresion como la participacion de estas vias estda ampliamente
generalizada, existen multitud de diferencias entre especies y organos estudiados lo que quizas esté
relacionado con la aproximacion experimental utilizada para su estudio (tgjido intacto,
permeabilizado, wester blot, etc. Esta via se ha descrito en la traquea (Schaafsma et al.,2005),
bronquios (Sakai et al.,2005), estomago (Ratz et al.,2002), iledon (Sward et al.,2000), pared vascular
(Seko et al.,2003), miometrio (Friel et al.,2004), uréteres (Hong et al.,2005), uretra (Malmagvist et
al.,2004) y vasos del cuerpo cavernoso (Chang et al.,2005). Recientemente se ha descrito que en la
vesicula biliar de oveja, cobayay humanos se expresa ROCK y que su activacion estd implicada en
la respuesta contractil inducida por estimulaciones eléctricas de campo, CCK, acetilcolina , entrada
capacitativa e incluso por despolarizacion con KCl (Buyukafsar et al.,2006; Quinn et al.,2006;
Sahan-Firat et al.,2005).

Respecto a la vejiga urinaria se han descritos mecanismos de sensibilizacion al calcio en
humanos, congjo, rata y cobaya. En este tgido se ha demostrado que los agentes colinérgicos
activan solo la via de la RhoA/ROCK o de ambas vias de sensibilizacion, en funcion de que se
estudiaran en tejido intacto o permeabilizado, no existiendo un explicacion satisfactoria para este
fenémeno (Peters et al.,2006).

2.5.6 Alteracion de las vias de sensibilizacion al calcio en el muasculo liso

Quizas una de las posibles razones que convierten al mecanismo de sensibilizacion al calcio
en objeto de estudio es su relacion con las enfermedades. Existen multitud de situaciones
patologicas en las que la funcion alterada es el resultado de una desregulacion de la via de la
sensibilizacion al calcio. En la mayoria de los casos coincide con una sobreexpresion o
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sobresctivacion de dichas vias, como en modelos animales que generan hipertension y
vasoespasmos espontaneamente (Uehata er al.,1997). Tanto en modelos animales o en pacientes la
hiperreactividad de |as vias aéreas asociada a asma se debe a una mayor participacion de las vias de
sensibilizacion al calcio (Chiba et al.,1999).

En la respuesta contractil del miometrio los cambios en la sensibilizacion al calcio,
dependen de la situacion fisiologica en la que se encuentre el animal. Asi, durante el embarazo etapa
en la que e miometrio permanece relativamente quiescente las vias de sensibilizacion al calcio se
encuentran disminuidas, mientras que en € parto se ha descrito una sobreactivacion de estas vias
gue generan la fuerza necesaria parala expulsion del feto (Cario-Toumaniantz et al.,2003).

En la disfuncién eréctil parece existir una sobre-activacion de la via RhoA/ROCK
impidiendo la relgjacion de las arteriolas cavernosas y el incremento del flujo sanguineo necesario
para la ereccion, por lo que la inhibicion de esta via puede suponer una nueva aproximacion
terapéutica en esta condicion patologica (Chitaley ef al.,2001).

Las vias de sensibilizacion al calcio también se encuentran alteradas en situaciones
patologicas de la vejiga urinaria, como es el caso de la vejiga hiperreactiva de ratas hipertensas
(Persson et al.,1998) asociada a un incremento en la expresion de RhoA y se normaliza con €
tratamiento con Y-27632. En la diabetes experimental se ha encontrado una menor actividad de la
MLCP (Su et al.,2004) y una sobreexpresion de CPI-17 y de ROK | (Chang et al.,2005) en lavejiga
urinaria. En la obstruccion parcial de la vejiga (PBOO) debido a hiperplasia prostatica benigna se
producen alteraciones en lafuncion y en la estructura de la vejiga urinaria, sin embargo con respecto
a la sensihilizacion al calcio hay autores que describen una sobre-expresion de ROCK I y
consecuentemente una mayor inhibicion de la MLCP (Bing et al.,2003; Chacko et al.,2004),
mientras que otros autores han descrito una disminucion de la sensibilidad al calcio viéndose
afectada la via RhoA/ROK pero no la via PKC/CPI-17 (Stanton et al.,2004). La sensibilizacion al
calcio en lavejiga urinaria también varia durante el desarrollo, de tal forma que se ha descrito que
en ratones recién nacidos la sensibilizacion al calcio es mayor debido a una menor expresion de la
MYPT y a una menor actividad de la MLCP (Ekman et al.,2005). Sin embargo, se desconoce €l
efecto del envejecimiento sobre lavia de la sensibilizacion al calcio en la vejiga urinaria.

2.6. El envejecimiento

El envejecimiento es una situacion que altera moléculas (DNA, proteinas y lipidos), células
y organos de forma deletérea, progresiva, universal e irreversible. Dichas alteraciones provocan una
serie de cambios, sintomas o signos como la pérdida de capacidad auditiva, capacidad para
distinguir sabores, caida del cabello, aparicion de arrugas, deshidratacion de la piel, cataratas,
incremento del porcentgje de grasay pérdida del tono muscular (Thirion ez al.,2006). Sin embargo,
muchos de estos sintomas no conducen a la muerte del individuo, sino que son biomarcadores del
paso del tiempo.

Ya desde 1825, se conoce que la mortalidad en la especie humana crece de forma
exponencial con la edad después de la madurez y es sobre los ochenta afios cuando ésta disminuye.
La forma de la grafica resultante nos lleva a plantearnos las causas del envejecimiento y en este
sentido existen dos tendencias: 1.- la teoria del envejecimiento programado o teorias deterministas
donde & envejecimiento es e resultado de un programa genético especifico muy controlado como
es el caso de algunos insectos que se reproducen una sola vez y luego mueren y 2.- la teoria del
envejecimiento por desgaste o teorias estocasticas. Esta tiltima considera que el envejecimiento es el
resultado de la suma de ataques ambientales, el gemplo mas clasico de esta tendencia son los
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roedores donde la desaparicion de sus dientes por uso, es el punto critico al no poder comer mas y
por tanto mueren.

En mamiferos la esperanza de vida esta estrechamente relacionada con el tamafio corporal y
con e peso del cerebro en su caso, sin embargo los humanos poseemos una esperanza de vida
superior ala que nos corresponde tedricamente debido a una falta de depredadores, un nivel bajo de
produccion de radicales libres, una baja insaturacion de los acidos grasos y un alto nivel de enzimas
reparadoras del DNA. Sin embargo, evolutivamente una longevidad mas alla de la edad de
procreacion podria ser una desventaja para la especie provocandose una competencia por los
recursos. Asi mismo, el incremento de la longevidad va en paralelo con una disminucioén de la
calidad de vida desde el punto de vista de la salud, sobretodo en edades avanzadas. La esperanza de
vida también depende del sexo, asi en humanos la esperanza de vida es de tres a cuatro afios
superior en mujeres, sin embargo la calidad de vida de los hombres es mayor, de tal forma que el 44
% de los hombres con 80 afnos se mantienen robustos e independientes, mientras que para el caso de
las mujeres es solo el 28 %. En las mujeres alrededor de los cincuenta aparece la menopausia y
asociada a ella es muy comun la aparicion de ciertas enfermedades que disminuyen la calidad de
vida. De hecho, la terapia de sustitucion hormonal reduce los efectos adversos de la menopausia y
protege de la aparicion de enfermedades post-menopausia como la enfermedad de Alzheimer
(Birge,1996). Los efectos del envejecimiento sobre e sistema reproductor femenino, es e mejor
ejemplo de envejecimiento programado. Sin embargo, existen multitud de sintomas indicando que
el envejecimiento es el resultado del deterioro general debido a ambiente. Tal es € caso de la
disminucion del filtrado en los rifiones, la aparicion de enfermedades cardiovasculares, la reduccion
de masa 6sea y muscular y la pérdida de elasticidad de la piel. Por ello, actualmente estd muy
aceptado que el envejecimiento es una consecuencia colectiva de factores genéticos y ambientales.

2.6.1 Teorias del envejecimiento

Puesto que en los paises desarrollados la esperanza de vida es elevada, las posibles causas
gue conducen al envejecimiento han sido ampliamente investigadas y agrupadas en varias teorias.
Dichas teorias se pueden agrupar en cuatro: teorias a nivel de individuo, de organo, celular y
molecular. Las teorias sistémicas o a nivel de animal adscriben el envejecimiento de todo el
organismo a una disminucion de la funcion de determinados sistemas fisiologicos. Las teorias a
nivel de 6rgano apoyan que el envejecimiento es debido a una alteracién hormonal y/0 inmune. Las
teorias celulares relacionan los cambios que se producen en los elementos estructurales y
funcionales de las células con el paso del tiempo. Las teorias moleculares proponen que la duracion
de la vida de cualquier especie esta gobernada por la acumulacion de lipidos, proteinas o acidos
nucleicos cuyo funcionamiento se encuentra alterado.

2.6.1.1 Teoria de los radicales libres

Una teoria molecular y mixta, es la teoria del envejecimiento por radicales libres. Fue
propuesta por Harman en 1956 del siguiente modo:“el envejecimiento resulta de los efectos nocivos
generados por los radicales libres que se producen en e curso del metabolismo celular normal y que
son acumulados alo largo de toda la vida de un organismo”. De acuerdo con la teoria de Harman, €l
envejecimiento es consecuencia del acaimulo de radicales libres en las células, debido a una
sobreproduccion o a una disminucion en los mecanismos antioxidantes, que desencadena estrés
oxidativo y consecuentemente dafio celular (Harman,1956). Los radicales libres son moléculas
inestables caracterizadas por poseer electrones impares 0 no apareados en su orbital mas externo.
Dicha inestabilidad hace que reaccionen con otras moléculas convirtiéndolas a su vez en especies
reactivas, dando lugar a reacciones en cadena. Las principales especies reactivas de oxigeno son: el
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oxigeno singlete, el anién superdxido, el perdxido de hidrégeno y el radical hidroxilo, ademads las
especies reactivas de nitrogeno como el 0xido nitrico y el anion peroxinitrito que también tienen
efectos perjudiciales sobre la célula. Los radicales libres pueden provenir tanto de fuentes
metabolicas endogenas como de agresiones externas. Puesto que los radicales libres son compuestos
muy dafinos para la célula, ésta posee mecanismos de proteccion frente a los agentes oxidantes
generados como la enzima superoxido dismutasa, que reduce los niveles del anion superéxido, la
catalasa que cataboliza el agua oxigenada generada por la superoxido dismutasa y el sistema
glutation que detoxifica la célula de agua oxigenada. Las principales dianas para las especies
reactivas son: lipidos los cuales sufren peroxidacion lipidica, proteinas donde la oxidacion proteica
provoca una inactivacion funcional y una mayor subceptibilidad a proteasas, hidratos de carbono
cuya oxidacion produce especies reactivas que desestabilizan a otras proteinas y acidos nucleicos
los cuales pueden sufrir mutaciones y alteraciones estructurales, inutilizando asi a estas
macromoléculas. Las mutaciones provocadas por los radicales libres son una de las causas mas
importantes del envejecimiento y de la transformacion maligna de diferentes células (Burcham y
Kuhan,1996). En nuestros dias la teoria de los radicales libres como inductores del envejecimiento
esta bastante aceptada puesto que una gran cantidad de evidencias experimentales |a apoyan .

2.6.1.2 Teoria mitocondrial del envejecimiento

Es una teoria que trata de ligar las tendencias estocésticas con las deterministas y postula
gue la mitocondria produce radicales libres que conducen a dafio en el DNA mitocondrial y sobre la
propia organela, induciendo la pérdida de la funcién mitocondrial y consecuentemente, una
alteracion de la fuente de energia celular (Miquel et al.,1980).

Las mitocondrias son organulos subcelulares que generan aerdbicamente energia en forma
de ATP utilizando la cadena de transporte de electrones y las enzimas encargadas de la sintesis de
ATP. La cadena de transporte de electrones o cadena respiratoria esta formada por cuatro complejos
intercomunicados por lacoenzimaQ y e citocromo C. El paso de los electrones desde el O, hasta el
H,0 provoca el bombeo de H' que genera un gradiente electroquimico utilizado para la sintesis de
ATP proceso que se denomina fosforilacion oxidativa. La ruptura o desacoplamiento de la cadena
respiratoria conlleva una produccion de especies reactivas. De hecho, el envejecimiento esta
asociado con un incremento en la produccion de superdxido por parte de la cadena respiratoria y
una disminucion de la fosforilacion oxidativa (Corda et al.,2001). La produccion de radicales libre
por la cadena de transporte de el ectrones se puede convertir en un circulo vicioso ya que las mismas
especies reactivas pueden aterar a la propia cadena y hacerla mas inefectiva, provocando asi la
pérdida de funcionalidad de la mitocondria. Asi mismo, la mitocondria posee mecanismos para
defenderse frente a excesos de radicales libres como son la coenzima Q y su propio DNA que
codifica para los diferentes miembros de la cadena de transporte de electrones (Berneburg et
al.,1999). Sin embargo, ante un estrés oxidativo excesivo estos mecanismos de defensa resultan
inefectivos y consecuentemente el aporte energético se frena. Esta ampliamente aceptado que dichos
mecanismos de defensa no son muy efectivos, ya que el DNA mitocondrial no esta muy protegido
al no poseer histonasy ser las enzimas reparadoras de dicho DNA menos efectivas que las nucleares
(Brunk y Terman,2002). Ademas, se ha descrito que con la edad disminuye la cantidad de coenzima
Q (Kaen et al.,1989).

Otro parametro que controla la acumulacion de mitocondrias dafiadas es la velocidad de
degradacion de las mismas. En este sentido, se ha postulado que mas que la gravedad del dafio, es
una menor degradacion de mitocondrias dafiadas el factor que conduce a su acumulacion
(Degrey,1997). Asi mismo, la velocidad de division celular esta relacionada inversamente con el
acumulo de mitocondrias dafiadas ya que tras una division celular el dafio inflingido a la membrana
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mitocondrial disminuye porgue los lipidos sintetizados de nuevo no se encuentran dafiados. De
cualquier modo, este planteamiento solo es aplicable al dafio asociado a la membrana y no al DNA
mitocondrial (Degrey,1997).

A su vez, la mitocondria participa en los fendémenos de apoptosis o muerte celular
programada, que se inducen por una sobrecarga de calcio en la mitocondria. Esta provoca la
apertura del poro de transicion mitocondrial y la salida de citocromo C desde la mitocondria al
citoplasma, evento que inicia la destruccion celular por las enzimas caspasas. Actualmente existe
mucha controversia sobre s estateoria es o no unateoria distinta de la de los radicales libres.

2.6.1.3 Teoria basada en la longitud de los telomeros

Dichateoria molecular se basa en que los teldmeros son el reloj bioldgico que conduce al
envejecimiento provocado por el acortamiento de los mismos. Los telémeros son fragmentos de
DNA de arededor 10000 pares de bases compuestos por determinadas repeticiones localizadas en
los extremos de los cromosomas. La longitud de los telémeros va disminuyendo a lo largo de las
divisiones celulares debido a que los cromosomas se separan antes de su replicacion total,
provocandose asi un acortamiento de los mismos. En humanos, durante los primeros nueve meses
de vida, la longitud de los telomeros se reduce hasta la mitad debido al gran nimero de divisiones
celulares que se producen en ese periodo de la vida. Es entonces cuando disminuye € numero de
divisiones y consecuentemente la velocidad de acortamiento de los telémeros (Rohme,1981). De
hecho, cuando experimentalmente se activa la enzima telomerasa (encargada de elongar los
telomeros) esa relacion entre envejecimiento y acortamiento de los telomeros desaparece (Mathon et
al.,2001). La desaparicion de la proteccion de los cromosomas por los teldémeros provoca la pérdida
de genes. Ademas la presencia de cromosomas desnudos provoca la conexion entre cromosomas y
aumenta la probabilidad de que se produzcan mutaciones y consecuentemente incrementa € nimero
de anormalidades.

Existen algunos sindromes que conducen a envejecimiento acelerado debido a una alta
velocidad de acortamiento de los teldmeros como son sindrome de Werner , Huntchinson-Gilford ,
Bloom y sindrome de Down. Igualmente, las alteraciones que se producen en las enzimas
reparadoras de modificaciones resultantes de replicaciones alteradas también llevan a sindromes
caracterizados por un envejecimiento acelerado como es el caso del sindrome de Cockayne (Tuo et
al.,2003) , xeroderma pigmentosum y ataxia telangiectasia (Weizman et al.,2003). Todos estos
Sindromes en los que la aparicion de envejecimiento estd relacionada con la longitud de los
teldmeros, ponen de manifiesto la relacion existente entre longitud de los telomeros y longevidad.

2.6.1.4 Teoria genética

Segtin esta teoria, perteneciente al nivel celular, la longevidad esta regulada y/o controlada
por cientos de genes que se expresan juntos para formar una red que mantiene e metabolismo y
homeostasis de la célula, y son alteraciones en dichos genes las que conducen a envejecimiento
(Holliday,2000). Algunos de estos genes son age-1, Chico, clk-1, daf-2 (Hamet y Tremblay,2003) y
pueden ser clasificados en cuatro categorias: genes anti-estrés, genes relacionados con el
metabolismo energético, genes involucrados en la prevencion de mutaciones y genes que protegen
lahomeostasis y sefializacion celular mediada por hormonas (Bohr ez al.,2002).

2.6.2 Envejecimiento y sefializacion celular.

Independientemente de las causas que lleven a enveecimiento, que parece ser un
fenémeno multifactorial mas que debido a una tUnica causa, éste provoca dafio en los lipidos,
proteinas y acidos nucleicos que conducen a ateraciones en el funcionamiento celular. El actmulo
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de radicales libres asociado a envejecimiento puede generar oxidaciones y glucosilaciones de las
proteinas no mediadas enzimaticamente que conducen a su agregacion y a la pérdida de elasticidad
de los tejidos, caracteristica muy comun en los tejidos envejecidos. Pero la agregacion y pérdida de
funcion de las proteinas no es la unica alteracién que provoca el envejecimiento, sino que también
puede inducir isomerizaciones, racemizaciones, y deaminaciones (Baynes y Thorpe,2000). El
envejecimiento también afecta a la maquinaria encargada de sintetizar las proteinas y puede
provocar la sintesis de proteinas no funcionales. Ademas, el envejecimiento puede aterar los
mecanismos celulares que conducen ala degradacion de las proteinas.

En células envejecidas los cromosomas se encuentran mas compactos, lo que indica que
hay una menor expresion génica. El dafio sobre grandes zonas de los cromosomas es mas perjudicial
gue mutaciones puntuales y a su vez en € envejecimiento las enzimas reparadoras se encuentran
alteradas, |0 que conduce a una mayor acumulacion del dafio.

Asi, modificaciones en las proteinas y en los acidos nucleicos provocan alteraciones de las
vias de sefalizacion celular, aunque existen multitud de diferencias entre tejidos y especies.
Respecto a los receptores, los que poseen actividad tirosina cinasa son mas susceptibles al
envejecimiento que los acoplados a proteinas G, que 0 no cambian o incluso incrementan su
participacion para compensar el dafio sobre los primeros (Yeo et al.,2002). Asociados d
envejecimiento en varios tipos celulares, incluido e musculo liso, se han descrito cambios
cuantitativos y cualitativos de los receptores para los factores de crecimiento incluyendo una menor
expresion y una menor activacion (Yeo et al.,2002). Estas alteraciones en los receptores con
actividad tirosina cinasa se han atribuido a cambios en € reciclaje de receptores por endocitosis,
debido a un retraso en & mecanismo mediado por clatrinas 0 a una inhibicion a través de la
caveolina (Park et al.,2000). Ademas de alterar los receptores con actividad tirosina cinasa, €
envejecimiento también puede afectar a los miembros de las vias intracelulares localizados tras los
receptores como Ras, PLC, PLD y PKC cuya activacion disminuye con la edad, estando también
alteradalatranslocacion de algunos factores de transcripcion (Park et al.,2000; Y €0 et al.,2002).

Respecto a los receptores acoplados a proteinas G, los efectos no estan tan claros. En el
corazon se ha descrito una disminucion de la densidad de receptores -adrenergicos y una menor
cantidad de la enzima adenilato ciclasa (Shu y Scarpace,1994), mientras que en el cerebro dichos
cambios parecen ser dependientes de la region considerada y no se descartan posibles alteraciones
en la PKA y CREB . La activacion de receptores acoplados a proteinas G puede conducir a la
formacion de 1P através de la PLC, pero el efecto del envejecimiento sobre dicha formacion varia
mucho segin los tejidos (Huang et al.,1991).

2.6.3 Enfermedades relacionadas con €l envejecimiento.

Las alteraciones o dafios sobre los organos, tejidos, células o moléculas inducidas por el
envejecimiento conducen a enfermedades como artritis, osteoporosis, cardiopatias, cancer,
enfermedad de Alzeheimer, enfermedad de Parkinson, incontinencia urinaria, etc... denominadas
enfermedades asociadas a envejecimiento ya que su incidencia incrementa con la edad (Reiter er
al.,1998).

La enfermedad de Alzheimer suele aparecer a partir de los 50 afios, afecta a unos 15
millones de personas en e mundo y es la mayor causa de pérdida de capacidad cognitiva en la
poblacion envejecida. Esta ampliamente aceptado que € acimulo de especies reactivas asociado al
envejecimiento provoca las principales ateraciones neuro-morfo-fisiologicas presentes en esta
enfermedad como son: formacion de placas B-amiloideas, acimlo de neurofilamentos y pérdida
neuronal sobre todo a nivel del hipocampo y cortex cerebral (Chen y Fernandez,2001). La
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enfermedad de Parkinson se caracteriza por un deterioro progresivo de las neuronas dopaminérgicas
presentes en la sustancia negra del tallo cerebral. La pérdida de estas neuronas se debe a una auto-
oxidacion de la dopamina debido a la exposicion a altas concentraciones de radicales libres,
condicién estrechamente relacionada con el envejecimiento (Fahn y Cohen,1992; Reiter,1998). Un
incremento de las enfermedades neoplasicas y una depresion del sistema inmune asociadas €l
envejecimiento también se han relacionado con e envejecimiento (Ginaldi et al.,1999).

Laacumulacion de dafos en el sistema cardiovascular debido al envejecimiento provoca un
incremento en la probabilidad de sufrir un infarto o fallo cardiaco. Si bien, los efectos del
envejecimiento sobre € sistema cardiovascular dependen del tegjido considerado, ya que e
envejecimiento provoca un incremento de la contractilidad del tejido adrtico incrementando la
rigidez del vaso, lo que puede conducir a incrementos en la presion sistdlica, mientras que la
contraccion de la vena cava merma,dichos cambios podrian provocar ateraciones en la precarga
cardiaca y en la presion diastolica (Et-Taouil e al.,2003). A nivel del corazén el envejecimiento
provoca un incremento en el peso del 6rgano debido a un aumento del tamaiio de los cardiomiocitos
acompanado de una mayor deposicion de colageno . Ademas, otro cambio descrito en el corazon
envejecido es una degeneracion parcial de los nervios simpaticos (McLean ef al.,1983).
Funcionamente, e corazéon envejecido sufre un menor llenado temprano y un incremento en el
Ilenado tardio, lo que hace que los individuos envejecidoS sean mas propensos a desarrollar un fallo
cardiaco diastolico (Lakattay Yin,1982). A nivel de las grandes arterias, el envejecimiento produce
un engrosamiento de la capa intima y media vascular debido a hiperplasia y acamulo de filamentos
que forman la matriz extracelular, aumentando €l riesgo de desarrollo de arteriosclerosis e
hipertension (Jacob,2003). La hiperplasia vascular asociada a envejecimiento puede ser debidaaun
incremento en la capacidad proliferativa celular o a una reduccion en la incidencia de apoptosis . El
engrosamiento de la pared vascular provoca la acumulacion de sustancias relacionadas con procesos
inflamatorios y/o de formacion de ateromas, asi como una menor distensibilidad que puede
incrementar la presion sistolica (Li et al,1999). Dicha hiperplasia lleva asociada un cambio
fenotipico de las células en el que varian las proteinas que forman parte del citoesqueleto y de la
maquinaria contractil (Owens,1995). Asi mismo, el cambio fenotipico va asociado a alteraciones en
la sefializacion celular como son: una mayor expresion de iNOS, una reduccién de eNOS, un
incremento en receptores a-adrenérgicos acompafiada de una disminucién de receptores  y una
menor capacidad de respuesta ante agentes pro-inflamatorios (Lundberg y Crow,1999). Estos
cambios en e sistema cardiovascular asociados a envejecimiento aumentan el riesgo de sufrir
enfermedades cardiovascul ares.

2.6.4. Efecto del envejecimiento sobre lavejigaurinaria

Todos los componentes del tracto urinario inferior tienen que estar coordinados para
conseguir un almacenamiento y evacuacion normal de la orina desde la vejiga. Las alteraciones en
esta coordinacion tienen consecuencias severas sobre el individuo como la merma de la continencia.
La incontinencia urinaria puede definirse como la pérdida involuntaria de orina que constituye un
problema higiénico y/o social, y que se puede demostrar objetivamente (Abrams et al.,1988). La
incontinencia urinaria es una alteracion bastante frecuente en la actualidad, como consecuencia del
envejecimiento que sufre la poblacion, afectando aproximadamente a dos millones de personas en
Espafia. De hecho, la incidencia de alteraciones del tracto urinario inferior es mayor en individuos
envejecidos, afectando a 15-35 % de la poblacion mayor de 65 afios (Damian et al.,1998).

El falo en la continencia puede darse durante la fase de vaciado o durante la fase de
almacenamiento, dando lugar en ambos casos a la pérdida de orina de forma involuntaria. Ejemplos
de fallo durante la fase de vaciado son el vaciamiento incompleto o el goteo postmiccion. Con
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respecto a las alteraciones en la fase de almacenamiento podemos diferenciar varios tipos de
incontinencia como son: incontinencia de urgencia, incontinencia de esfuerzo, incontinencia mixta,
incontinencia por rebosamiento y nicturia. Los sintomas debidos a alteraciones en lafase de vaciado
suelen acompanarse de obstruccion infravesical o a dafios en el detrusor, mientras que los
relacionados con la fase de llenado suelen ser debidos a disfuncion uretral o inestabilidad de la
vejiga. Se denomina detrusor inestable cuando éste presenta contracciones involuntarias durante el
Ilenado vesical. Laincidencia de vejiga inestable es elevada en la poblacion anciana (25-63 %) y €
origen puede ser neura (hiperreflexia) y/o midgeno (Andersen et al.,1978; Jensen et al.,1984).

2.6.4.1 Efectos sobre €l ciclo de lamiccion

La miccion es un proceso complejo que depende tanto de la inervacion como de las
propiedades del detrusor y de la uretra, los cuales deben estar perfectamente coordinados. Para
determinar e impacto del envejecimiento sobre la funcion del tracto urinario inferior, se han
realizado multitud de estudios cistométricos tanto en humanos como en modelos animales de
envejecimiento, pero los resultados obtenidos en los modelos animales son contradictorios
probablemente debido al tipo de animal utilizado: la cepa, el género, la edad o el tipo experimental
escogido, animales anestesiados o conscientes.... En humanos se ha descrito que € envejecimiento
provoca la aparicion de un patrén de miccion caracterizado por un incremento en la frecuencia de
miccion y un menor volumen de orina expelida (Douenias et al,1990). Asi mismo, el
envejecimiento disminuye la capacidad para posponer €l vaciado, la distensibilidad de la vejiga, la
contractilidad del detrusor, € flujo de orinay la resistencia uretral (Gorton y Stanton,1998; Resnick
et al.,1989). Otros cambios importantes observados en hombres y mujeres de elevada edad son un
incremento en la incidencia de contracciones involuntarias del detrusor y la presencia de volumen
residual tras el vaciado (Hampel et al.,1997). En conjunto, 0s parametros anteriormente descritos se
agrupan en un sindrome denominado detrusor hiperactivo con la funcién contractil alterada (DHIC),
gue fue descrito inicialmente por Resnick y Yalla en 1987 (Resnick y Y alla,1987). Dicha situacion
es muy frecuente en la poblacion envejecida, donde puede provocar alteraciones de la coordinacion
del tracto urinario inferior y consecuentemente de la continencia urinaria (Resnick y Yalla,1987;
Semins 'y Chancellor,2004). Se desconoce el proceso que conduce a DHIC y dichos pacientes tienen
un rango de opciones terapéuticas muy estrecho .

Respecto a los estudios que abordan los efectos del envejecimiento sobre la vejiga urinaria
en modelos animales es de destacar que arrojan datos en comin con humanos como es la presencia
de contracciones espontaneas durante el periodo de llenado, indicativas de inestabilidad de la vejiga.
Mientras que para € patrén de miccion y la contractilidad del detrusor, los datos procedentes de
animales senescentes son contradictorios entre si y en ocasiones no coinciden con los encontrados
en humanos.

2.6.4.2 Efectos sobre lainervacion de la vejiga urinaria

El tracto urinario inferior se encuentra inervado por € sistema nervioso autéonomo
(sSmpatico y parasimpatico) y por nervios sensoriadles que forman circuitos neurales que lo
comunican con los centros superiores de lamiccion. Ya hace tiempo que se conoce que en humanos
el envejecimiento provoca una reduccion de un tercio en la densidad de fibras nerviosas autonomas
encargadas de controlar la vejiga urinaria (Elbadawi et al.,1997a). Se desconoce la causa de dicha
denervacion, pero podria producirse por una hipoxia cronica de la vejiga o por hipertrofia del
detrusor. La primera podria originarse por el estiramiento de la vejiga durante lafase de llenado.

Estd bien establecido que la acetilcolina y el ATP se liberan desde motoneuronas
localizadas postganglionarmente y actuan como neurotransmisores excitatiorios sobre el detrusor
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(Hoyle,1994). Sin embargo, la importancia relativa de estos dos neurotransmisores depende de la
especie estudiada. Por jemplo, en ratas y cobayas ambos neurotransmisores inducen contraccion
del detrusor, mientras que en humanos, en condiciones normales las contracciones de la vejiga son
exclusivamente colinérgicas y solo en determinadas situaciones patologicas el componente
purinérgico tiene relevancia (Wu y Fry,1998). Asi, en el 2001, Yoshida describio que el
envejecimiento en humanos provoca una disminucion de la participacion colinérgica y un mayor
papel de la inervacion purinérgica, aunque la respuesta contractil inducida por ATP y acetilcolina
no se afectaba, indicando la existencia de una alteracion de la liberacion de los neurotransmiSores
(Yoshida et al.,2001). De hecho, cuando se midieron las cantidades de acetilcolinay ATP liberadas
en respuesta a estimulaciones eléctricas de campo, se encontré una correlacién negativa entre la
edad y la cantidad de acetilcolina liberada, mientras que para € caso de la liberacion de ATP, la
correlacion era positiva (Y oshida et al.,2004). Al igual que ocurria con los parametros procedentes
de estudios funcionales, € efecto del envejecimiento en modelos animales no es similar alo descrito
en humanos, ya que en los modelos animales la inervacion colinérgica o no cambia (Lluel et
al.,2000) o seincrementa (Latifpour et al.,1990)mientras que la inervacion purinérgica presenta un
incremento similar a encontrado en humanos (Kageyama et a/.,2000) o no se atera (Lluel et
al.,2000).

A pesar de laimportancia de lainervacion aferente como sensor del estado de llenado de la
vejiga urinaria, no se ha descrito el efecto del envejecimiento sobre dicha inervacion en humanos.
En modelos animales se ha encontrado una denervacion sensorial asociada al envejecimiento (Chal
et al.,2000) con disminucion de los nervios sensoriales que contienen PACAP, sin afectar a los que
contienen CGRP, SPy VIP (Mohammed et al.,2002).

2.6.4.3 Efectos del envejecimiento sobre el detrusor

Actualmente se acepta que el detrusor de los ancianos es diferente a de los jovenes. Sin
embargo, se desconoce si dichos cambios causan las ateraciones tipicas del detrusor envejecido o
son meramente efectos secundarios del envejecimiento.

El envejecimiento provoca un incremento del espacio entre los fasciculos de fibras
musculares que forman el detrusor (Elbadawi et al.,1997b). Dicha separacion es debida a un mayor
acamulo de colageno, fibroblastos e infiltracion de tejido conectivo que puede ser responsable, en
parte a menos, de los tipicos cambios funcionales asociados al envejecimiento como disminucion
de la distensibilidad, de la capacidad y de la contractilidad vesical, asi como la aparicion de
volumen residual (Hald y Horn,1998). Este distanciamiento entre fibras también produce un menor
acoplamiento eléctrico entre células, puesto de manifiesto por la presencia de una mayor resistencia
€léctrica y una menor expresion de conexina 45, 43 y 40, principales componentes de las uniones
intimas entre células (Sui et al.,2003). Estos hallazgos no explican lainestabilidad del detrusor, pero
Si podrian ser la causa de la menor contractilidad encontrada en el detrusor envejecido. Si a este
menor acoplamiento eléctrico, le sumamos que el detrusor envejecido produce menos sustratos
energéticos como ATP (Yu et «l,1997), las posibilidades de encontrarnos un detrusor con la
capacidad contractil disminuida son altas. Se ha demostrado también que esta disminucion en la
fosforilacion oxidativa y consecuentemente en la sintesis de ATP asociada al envejecimiento, es
debida a un proceso de anoxia (Lu et al.,2000). Este menor metabolismo energético conduce a que
el mantenimiento de las contracciones a lo largo del tiempo disminuya con la edad , puesto que en
el detrusor envejecido existe una menor cantidad de energia disponible (van Mastrigt y
Griffiths,1986). Aungue una menor disponibilidad de energia podria ser la causa de la aparicion de
hipocontractilidad del detrusor, otras causas como menor aporte sanguineo, cambio en los
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neurotransmisores liberados, alteraciones en la sefializacion celular y en las proteinas contractiles
podria conducir también a una menor contractilidad del detrusor asociada al envejecimiento.

En humanos, e envejecimiento reduce e nimero de receptores colinérgicos de tipo M2 y
M3 presentes en las fibras musculares del detrusor, sin embargo la respuesta contractil inducida por
agonistas colinérgicos no esta afectada por el envejecimiento (Yoshida et al.,2001). Ademas, en
ratas en las que se ha descrito una menor expresion de receptores muscarinicos, la expresion de los
subtipos de proteinas G asociadas a estos receptores no estd afectada por el envejecimiento, lo que
podria explicar la falta de efecto sobre la respuesta contractil (Schneider et al.,2005). Sin embargo,
estudios funcionales “in vivo” han puesto de manifiesto que la menor contractilidad de la vejiga
podria deberse a la menor expresion de l0s receptores muscarinicos (Siroky,2004).

En modelos animales de envejecimiento y ancianos se ha encontrado una reduccion en la
expresion y funcion de receptores B-adrenérgicos, que se traduce en una menor respuesta relajante
inducida por los agonistas de dichos receptores (Fraeyman et al.,2000). A nivel intracelular, se ha
descrito un incremento en las proteinas Gi asociado al envejecimiento, que inhiben a la adenilato
ciclasa, y conducen a una menor produccion de AMPc (Derweesh et al.,2000), a pesar de no existir
cambios en los efectores del AMPc (Nishimoto et al.,1995). Esta menor capacidad relgjante del
detrusor podria determinar la menor complianza y el menor intervalo de miccién asociado al
envejecimiento.

El i6n calcio es el principal mensajero intracelular encargado de regular el estado contractil
del detrusor. Los estudios realizados para determinar € efecto del enveecimiento sobre la
homeostasis de dicho ion describen un incremento en la entrada de calcio a través de los canales L
asociada a un aumento de la cinética de activacion y disminucion de la velocidad de inactivacion
(Gallegos y Fry,1994). La presencia de otros canales iénicos como canales de K™ y Cl” activados
por Ca™ (Fry y Wu,1998) podrian regular la activacion-inactivacion de los canales de tipo L.

2.6.4.4 Tatamiento de las alteraciones de la vejiga urinaria asociadas a envejecimiento

Puesto que en la poblacion mayor de 65 afios la incidencia de vejiga inestable es de
alrededor del 30 % (Geirsson ef al.,1993), lamayoria de las estrategias terapéuticas estan dirigidas a
paliar la presencia de esa hiperactividad vesical (Andersson et al.,1999). Los agentes terapéuticos
mas utilizados en este sentido son los antimuscarinicos, ya que la mayoria de las contracciones de la
vejiga son colinérgicas y su eficacia bloqueando las contracciones depende de la via de
administracion, siendo mas efectivos cuando se aplican intravesicalmente (Cardozo y
Stanton,1979). Sin embargo, € uso de antimuscarinicos esta muy limitado debido a la existencia de
un gran numero de efectos secundarios como son: paralisis del tracto gastrointestinal, estrefiimiento,
taquicardia y sequedad de las mucosas. Otros agentes utilizados para paliar la inestabilidad del
detrusor son los antagonistas de los canales de calcio como nifedipina o verapamilo y activadores de
los candes de potasio como pinacidil y cromakaling, a pesar de que € uso de estos agentes ha
resultado efectivo en el tejido vascular, en la vejiga urinaria los resultados son contradictorios
(Andersson,1992). Otra alternativa paratratar la hiperactividad de la vejiga es el uso de antagonistas
de los receptores a-adrenergicos y agonistas de los receptores -adrenérgicos, pero sus efectos son
moderados y los efectos secundarios inevitables (Castleden y Morgan,1980; Jensen, Jr.,1981). En
base a la importancia que esta tomando la sensibilizacién al calcio en el musculo detrusor, el
tratamiento con inhibidores de esta via podrian ser una herramienta farmacol 6gica interesante para
evitar la hiperactividad del detrusor (Peters et al.,2006). En la actuaidad existen muchas mas
alternativas terapéuticas para paliar la hiperactividad vesical, incluyendo tratamientos hormonales y
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agentes con efectos mixtos, sin embargo la presencia de graves efectos secundarios es el principal
factor limitante para su uso (Andersson et al.,1999; Andersson,2002; Andersson y Hedlund,2002).

2.6.5. El envelecimiento del tracto gastrointestinal

Al igua que ocurre con otros sistemas organicos, la incidencia de alteraciones del tracto
gastrointestinal se incrementa en personas mayores de 65 anos (Firth y Prather,2002). Dichas
alteraciones conducen a disfagia, reflujo gastro-esofagico, dispepsia, desordenes en la funcion
coldnica, sobrecrecimiento bacteriano, estrefiimiento e incontinencia fecal (Firth y Prather,2002) y
son debidas a que € envejecimiento afecta a la absorcion, secrecion y motilidad del tracto
gastrointestinal. Asi, los efectos del envejecimiento varian a lo largo del tracto gastrointestinal,
puesto que existen areas con mayor riesgo de desarrollar alteraciones como son € tracto
gastrointestinal superior (particularmente la orofaringe y el es6fago) y las regiones distales como €l
colon (Phillipsy Powley,2001).

En e caso del esofago se ha descrito que en ancianos las contracciones esofagicas
presentan una menor velocidad y duracion, provocando una disminucion en el transito esofagico y
disfagia (Castell,1990). Aunque parece que el envejecimiento no provoca cambios en la funcion del
estdmago, en ocasiones se ha descrito un retraso en el vaciamiento gastrico en ancianos (Clarkston
et al.,1997). Las alteraciones provocadas por el envejecimiento sobre a intestino delgado incluyen
la disminucion del peristaltismo postpandrial, la reduccién en la frecuencia de migracion del
complejo motor y de la propagacion de contracciones agrupadas (Anuras y Sutherland,1984).
Dichas alteraciones llevan asociadas un menor transito a nivel del colon y consecuentemente
estrefiimiento, el cual puede estar también asociado a una mayor pasividad del anciano y mejorara
mediante una dieta rica en fibra y agua (Cheskin et al.,1995). El envejecimiento de la region ano-
rectal se caracteriza por una menor distensibilidad, pérdida de sensibilidad rectal y menor presion
basal del esfinter anal interno, que conducen a incontinencia fecal (Akervall et al.,1990). De forma
similar a lo descrito en la vejiga urinaria, en el tracto gastriontestinal los trastornos asociados &
envejecimiento son debidos a alteraciones en el sistema nervioso entérico y al propio musculo liso.

2.6.5.1 Efectos sobre €l sistema nervioso entérico

En multitud de estudios realizados en humanos y en animales de laboratorio se ha descrito
unareduccion en el nimero de neuronas del sistema nervioso entérico (Saffrey,2004). La velocidad
de deterioro suele ser linea y e resultado final oscilaentre un 20 y 60 % de reduccion, dependiendo
de la especie y de la region analizada. Asi en humanos el eséfago sufre un 30 % (Meciano et
al.,1995), @ colon un 40 % (Gomes et al.,1997) y € intestino delgado un 40 % de reduccion (de
Souza et al.,1993), mientras que la inervacion del estdmago permanece practicamente inalterada
(Madsen,1992). En cuanto a las subpoblaciones neuronales mas vulnerables, se ha descrito que el
plexo submucoso sufre una menor denervacion (15-20 % de reduccion) que el plexo mientérico (40
% de reduccion) (Wade,2002). Ademas, se conoce que la inervacion colinérgica es mas susceptible
gue lainervacion nitrérgica, que permanece inalterada o poco afectada por el envejecimiento (Wade
y Cowen,2004). En los nervios colinérgicos, se ha descrito que la sintesis de acetilcolina permanece
invariable, sin embargo la liberacion del neurotransmisor es menor, debido a una reduccion en la
actividad del canal de calcio detipo N presente en las terminaciones nerviosas. De hecho con el uso
de ionoforos para el calcio, la liberacion de acetilcolina se restaura hasta niveles similares a jovenes
(Roberts et al.,1994). Ademas de una menor liberacion de acetilcolina, se ha descrito un incremento
en la actividad acetilcolinesterasa asociada a envejecimiento que se traduce en una menor
participacion de las fibras colinérgicas en la respuesta contractil del tracto gastrointestinal (Kobashi
et al.,1985).
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Parece que €l incremento en las especies reactivas de oxigeno es la principal causa de
pérdida neuronal asociada a envejecimiento (Hall y Wiley,1998). De hecho se ha demostrado que
las dietas hipocaloricas reducen la produccion de especies reactivas de oxigeno en las neuronas
entéricas, y consecuentemente, pueden provocar una recuperacion de dicho plexo. Ademas,
asociado a envejecimiento se ha descrito que, tanto la generacion de ciertas sustancias en el sistema
inmune gastrointestinal (Degiorgio et al.,1995) como la reduccion de los factores neurotroficos
secretados por las células de Schwann y de los sistemas neuroprotectores, estan implicadas en la
aparicion de algunas patologias neurales del tracto gastrointestinal (Degiorgio ef a/.,1995) .

2.6.5.2 Efectosdel envejecimiento sobre el musculo liso del tracto gastrointestinal

Aungue en la mayoria del musculo liso que forma parte del tracto gastrointestinal el
envejecimiento provoca una pérdida de la contractilidad que se traduce en una menor peristalsis, el
musculo mas estudiado a nivel celular es el colon. En el esdfago se ha descrito un engrosameinto de
la capa muscular y fibrosis que conducen a una menor cinética esofagica (Lock,2001). En e afio
2003 Bitar describié que las células procedentes del colon de ratas envejecidas presentaban una
menor longitud, lo que podria ser un impedimento estérico para el deslizamiento de los filamentos
contractiles, presentando asi una menor velocidad de acortamiento y una menor respuesta contractil
(Bitar,2003). Otro efecto del envejecimiento que provoca pérdida de la contractilidad del musculo
liso es la reduccion en la senal de calcio, tanto a nivel de entrada de calcio desde el medio
extracelular como de la liberacion desde deposito intracelulares de calcio (Lopes et al.,2006).
Ademas, la reduccion en la respuesta contractil del colon de ratas asociado al envejecimiento,
parece deberse a una menor expresion y activacion de algunas isoformas de la PKC, de la via Src-
MAPK, de la maquinaria contractil y de las proteinas reguladoras de la contracciéon como es la
HSP-27 (Bitar et al.,2002). Al igual que en €l colon, e envejecimiento provoca una reduccion de las
vias intracelulares que conducen a contraccion del recto apareciendo asi incontinencia feca
(Bitar,2005).

2.6.5.3 Efectosdd envejecimiento sobrelavesicula biliar

La incidencia de formacion de calculos biliares incrementa con la edad (Diehl,1991) como
consecuencia de un incremento en la secrecion biliar y absorcion intestinal de colesterol. Ademas, la
disminucion en la sintesis y secrecion hepatica de las sales biliares y la menor contractilidad de la
vesicula biliar conducen a la formacion de dichos calculos biliares a medida que avanza la edad
(Wang,2002). También se ha descrito que la formacion de célculos biliares es una enfermedad
multifactorial en la que estan implicados los genes litogénicos denominados Lith y condiciones
ambientales como una dieta rica en sustancias litogénicas (Wang,2002).

En humanos se ha descrito un incremento en el volumen residual de hilis tras la contraccion
(Sacchetti et al.,1973) y una disminucion en la sensibilidad a CCK por parte del masculo liso
vesical asociado a envejecimiento. Dicha pérdida de sensibilidad se pone de manifiesto por la
necesidad de una mayor liberacion de CCK desde el duodeno en individuos envejecidos para
alcanzar la misma contraccion que en jovenes (Khalil er al.,1985). La pérdida de sensibilidad a
colecistokinina por parte del muasculo liso aparece también en conejo y en cobaya (Poston er
al.,1988). En este ultimo caso el envejecimiento provoca una disminucion de la respuesta contractil
a CCK “in vivo” e “in vitro”, debida a una disminucion en la densidad de receptores para la CCK
(Poston et al.,1988). No se conocen efectos del envejecimiento sobre la funcion neuromuscular de
lavesicula biliar.



56 PJ Gomez-Pinilla

2.7 La colecistitis acalculosa

Las enfermedades del tracto biliar son bastante comunes y suponen un coste econémico
superior a de cualquier otra enfermedad gastrointestinal. Una alteracion en la motilidad de la
vesicula puede ocurrir en presencia 0 en ausencia de calculos biliares. La colecistitis acalculosa es
una enfermedad que se caracteriza por la aparicion de inflamacion aguda, pérdida de
contractibilidad, una menor eyeccion y un aumento del volumen de la vesicula biliar a pesar de la
ausencia de calculos biliares. Sin embargo, se desconoce la relacion causal existente entre el éstasis
biliar y la colecistitis acalcul osa.

Esta enfermedad es bastante frecuente en ancianos y en pacientes ingresados en unidades de
cuidados intensivo y la tasa de mortalidad en pacientes que la presentan es elevada (Kalliafas et
al.,1998). Sin embargo, la etiologia exacta de la colecistitis acalculosa aguda no se ha podido
determinar debido, sobre todo, ala complejidad clinica de los pacientes que la padecen.

2.7.1 Modelos experimentales.

Puesto que la disponibilidad de muestras humanas es muy limitada, gran parte de los
estudios sobre la colecistitis acalculosa se han realizado en modelos experimentales en animales,
tratando de imitar |as condiciones que se producen en la colecistitis acal culosa humana

Los modelos animales desarrollados se pueden dividir en dos grandes grupos: los que
utilizan sustancias quimicas para inducir lainflamacion y los que se basan en procesos fisicos como
lainduccion de obstruccion. Los primeros se fundamentan en la infusion de lisolecitina (Kaminski
et al.,1995) o laingtilacion del lipopolisacarido (LPS) proveniente de Escherichia coli (Prystowsky
y Rege,1997). El uso de sustancias pro-inflamatorias en combinacion con la retirada de la bilis
almacenada es una maniobra utilizada para imitar los primeros paso del proceso inflamatorio (Al
Jiffry et al.,2004). Entre los modelos basados en fenémenos fisicos se encuentran: la introduccion
de calculos dentro de la vesicula (Kaminski et a/.,1985), la ligadura del conducto cistico en
combinacion con la sobresaturacion de colesterol en la bilis (Rodyn et al.,1980) o la ligadura del
conducto biliar comian (Myers et al.,1988).

El modelo de ligadura del conducto biliar comin provoca una inflamacion aguda
comparable a la que ocurre en la colecigtitis acalculosa aguda humana, sin producir cambios en €l
indice litogénico biliar. Por ese motivo y porgue no requiere demasiadas maniobras que provogquen
artefactos, es un modelo muy utilizado para € estudio del proceso inflamatorio y de sus efectos
sobre la vesicula biliar, siendo éste el modelo de eleccion en la presente tesis.

2.7.2 Agentes pro-inflamatorios.

Como ocurre en otros procesos inflamatorios, la colecigtitis esta asociada con la liberacion
de componentes paracrinos desde leucocitos. Existen estudios describiendo la produccion de
guininas como un evento temprano en la cascada inflamatoria seguido de la produccion de otros
mediadores inflamatorios (Al Jiffry et al.,2004) . Estos mediadores pro-inflamatorios asociados a la
colecigtitis aguda son: las prostaglandinas (PG), las especies reactivas de oxigeno (ROS) y la
histamina.

Al igua que en la pancreatitis aguda, las infecciones hepatica y la colitis , en la colecistitis
aguda las endotelinas (ET) son uno de los mediadores inflamatorios primarios, actuando en las
primeras fases del proceso inflamatorio (Al Jiffry et al.,2004). De hecho, se ha descrito que las
células epiteliales de la mucosa producen altos niveles de ET-1y ET-2 en lavesicula biliar humana
con colecistitis aguda (Al Jiffry et al.,2001)).
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Existen multiples estudios que demuestran que en humanos hay una correlacion positiva
entre niveles elevados de prostaglandinas (particularmente prostaglandina E2 (PGE2)) vy la
aparicion de colecistitis, siendo la severidad de la inflamacion dependiente de la concentracion de
PGE2 presente tanto en la mucosa como en la capa muscular de la vesicula biliar del paciente
(Myers et al.,1992; Myersy Bartula,1992). Laliberacion de PGE2 se prolonga por bradiquininas y
la formacion de éstas se aumenta por la distension y progresiva inflamacion de la vesicula,
resultando en una estimulacion de la sintesis de PGE2 (Bogar et al.,1999; Myers et al.,1993) a
través de la ciclooxigenasa (COX), principalmente de tipo 2 y prostaciclina sintasa (Myers et
al.,2005) . Lainterleucina |l (IL-1) y €l factor de necrosis tumoral (TNF) también activan la sintesis
de PGE2 mediante la activacion de la fosfolipasa A2 (Grossmann et al.,2000). La relacion entre los
niveles de PG y colecigtitis en parte es controvertida, ya que las prostaglandinas, ademas de agentes
pro-inflamatorios pueden tener un efecto protector induciendo contraccion (Wood y
Stamford,1977), como agentes antioxidantes (Xiao et al.,2001b) y preservando la integridad de la
mucosa (Thornell et al.,1981). En este sentido, existen estudios en los que los sintomas de
colecistitis aguda desaparecian parcialmente tras la administracion del inhibidor de la
ciclooxigenasa, indometacing, tanto en humanos como en modelos experimentales (Parkman et
al.,2001b).

Durante la inflamacion también se generan radicales libres, que pueden ser especies
reactivas de oxigeno (ROS) o de nitrogeno. Bajo condiciones normales estas ROS son eliminadas
por los mecanismos antioxidantes de la vesicula biliar, ya sean o no enzimaticos (Cullen et
al.,1999). Sin embargo, durante lainflamacion, la generacion de ROS puede superar la capacidad de
los sistemas antioxidante de la vesicula, produciéndose asi una acumulacion de radicales libres. La
colecistitis experimental provoca un incremento en la generacion de H,O, y de la actividad SOD y
catalasa de la vesicula biliar pero, una vez superada la capacidad antioxidante celular, la
acumulacion de ROS es inevitable (Xiao et al.,2001b). Respecto a las especies reactivas de
nitrogeno sus efectos relajantes o contractiles dependen de la especie acumulada (Alcon et
al.,20013).

La histamina es un mediador inflamatorio que puede ser liberado por los mastocitos, que se
encuentran distribuidos por todas las capas de la vesicula biliar. En el musculo estan presentes los
receptores H1 y H2 para la histamina mediando procesos contrarios, los H1 causan contraccion y
despolarizacion mientras que los receptores H2 median relajacion e hiperpolarizacion mediante
canales Katp (Jennings et al.,1995). El efecto neto de la histamina sobre la vesicula biliar es una
contraccion (Lee et al.,1989). Como es posible que la colecistitis aguda tenga asociada una
infiltracion y degranulacion de mastocitos, esto provocaria una liberacion endogena de histamina
produciendo efectos excitatorios sobre el musculo liso de la vesicula, ejerciendo de este modo un
efecto protector la histamina.

Los resultados procedentes de estudios en humanos y en modelos experimentales indican
gue la colecigtitis afecta a la respuesta contractil de la vesicula biliar mediante dos mecanismos:
directamente sobre la contractibilidad del musculo liso e indirectamente disminuyendo las
contracciones mediadas por nervios (Parkman ef al.,1999; Parkman et al.,2000).

2.7.3 Efectos de la colecistitis sobre la inervacion de la vesicula biliar

La colecigtitis en humanos (Merg et al.,2002) y en los modelos experimentales con
animales (Parkman et al.,2000) reduce la respuesta contractil inducida por estimulaciones eléctricas
(EFS). Dichas estimulaciones activan a los nervios presentes en la vesicula biliar que liberaran su
neurotransmisor y éste ejercera su efecto sobre el musculo. Asi una disminucion en la respuesta
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contractil inducida por EFS podria indicar que la inflamacién aguda provoca una denervacion de la
vesicula biliar. Al menos en cobaya, esta disminucion de la respuesta inducida por estimulacion
eléctrica se debe a una menor participacion del componente colinérgico contractil junto a una mayor
participacion del componente nitrérgico inhibitorio que estaba ausente en los animales control
(Parkman et al,2000). Estos resultados estan en conflicto con los estudios estructurales y
funcionales que demuestran la existencia de fibras nitrérgicas en la vesicula biliar (Mawe et
al.,1997; Mourelle et al.,1993).

2.7.4 Efectos de lacolecistitis sobre el musculo liso de la vesicula biliar

Desde € punto de vista histologico la colecistitis provoca una invasion de células
inflamatorias (principalmente neutrofilos y eosindfilos), edema e infiltracion de fibroblastos tanto a
nivel submucoso como en la capa muscular (Parkman et al.,2000).

Estd ampliamente demostrado que la colecigtitis disminuye la respuesta contractil de la
vesicula biliar “in vivo” e “in vitro”. Esta disminucion se debe en parte a una disfunciéon miogéna,
ya que agentes que actiian directamente sobre el musculo como el betanecol y/o despolarizaciones,
provocan una ateracion de las contracciones vesiculares .

En humanos parece que la alteracion de la respuesta contractil asociada a la colecistitis
aguda se localiza a nivel de la maquinaria contractil, ya que los receptores para la CCK y los
canales L no parecen estar afectados(Xiao et al.,2001a). Ademas, en modelos experimentales se ha
demostrado que € dafio provocado por la inflamacion parece localizarse en la membrana celular de
lafibra muscular, ya que la contraccion es normal cuando las células se estimulan con agonistas que
atraviesan la membrana celular sin necesidad de unirse a sus receptores de membrana, como pueden
ser los activadores de proteinas G, IP; y DAG. Estas alteraciones en los receptores acoplados a
proteinas G y en canales ionicos asociados a membrana son debidas a una disminucion del
contenido de fosfolipidos de membrana y a un incremento en la peroxidacion lipidica como
consecuencia del aumento de ROS durante la inflamacion gXiao et al.,2002; Xiao et
al.,2003).Puesto que no existen estudios sobre la homeostasis del Ca”™" en este estado patoldgico de
la vesicula biliar, una parte de esta tesis se ha centrado en los efectos que provoca la colecistitis
sobre los cambios en la [Ca®]. en respuesta a estimulos y la posible relacion entre dichas
alteraciones anivel celular y los cambios en lamoatilidad de la vesicula.

2.7.5 Posibles estrategias terapeuticas parala colecistitis acalculosa

En contraste con los 4acidos hidrofébicos cuya acumulacion y precipitacion conduce a
colecigtitis, e enriquecimiento de la bilis con acidos hidrofilicos como el acido ursodeoxycolico
reduce la incidencia de colicos biliares, de colecistitis aguda y las alteraciones que la colecistitis
provoca sobre € muasculo liso de la vesicula biliar (Akriviadis et al.,1997). Ya en |os afios ochenta
se conocia que el tratamiento con indometacina (un inhibidor de la sintesis de prostaglandinas)
podia aliviar el dolor asociado a los colicos biliares y sus efectos se atribuian a sus propiedades para
revertir los defectos en la absorcion/secrecion que ocurren con la inflamacion (Parkman et
al.,20014d). Veinte afios después, con el uso del modelo experimental de la ligadura del conducto
biliar comiin, se ha demostrado que el tratamiento con indometacina reduce la inflamacion y
protege parcialmente la respuesta contractil del musculo liso de la vesicula biliar, durante las
primeras 24 horas tras la ligadura (Myers et al.,2005). Estudios mas recientes han puesto de
manifiesto que el incremento de la liberacion de PGE asociado a la colecistitis es debido a un
incremento en la expresion de COX-2. Estos resultados sugieren que €l tratamiento con inhibidores
de COX-2 (como la indometacing) durante las primeras etapas, podria prevenir el incremento en la
liberacion de PGE y disminuir o prevenir la aparicion de este sindrome clinico.
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2.8 La melatonina

La melatonina (N-acetil-metoxitriptamina) es una neuro-hormona que se ha estudiado en
profundidad para determinar su funcion exacta y su posible uso como agente farmacoldgico. El
interés puesto en esta hormona radica en que se ha demostrado que en determinadas situaciones, la
melatonina es capaz de paliar los dafios inducidos por las especies reactivas de oxigeno sobre los
lipidos, proteinas y acidos nucleicos. A partir de estas observaciones se ha sugerido que la
melatonina seria eficaz para combatir los sindromes asociados la acumulacion de radicales libres y
por ello se ha probado su posible papel terapéutico en multitud de situaciones fisiopatologicas.

2.8.1 Melatonina: Sintesis y secrecion

La melatonina se produce a partir del aminoacido triptofano, el cual sufre una hidroxilacion
y posteriormente una descarboxilacion, formandose respectivamente S-hidroxitriptéfano vy
serotonina. Las enzimas encargadas de estos primeros pasos tienen una distribucion muy ubicua.
Sin embargo, la transformacion de serotonina en melatonina esta restringida a ciertos 6rganos en los
gue se localizan las enzimas N-acetiltransferasa e hidroxiindol-O-metiltransferasa. Dichas enzimas,
actuando de forma secuencial, conducen a la conversion de serotonina en melatonina
(Huether,1993). La principal fuente de melatonina es la glandula pineal, pero se ha descrito que
otros tejido pueden sintetizar y secretar melatonina. Entre ellos se incluyen la retina, las glandulas
lacrimales, €l intestino, el epitelio de los bronquios, € pancreas, las glandulas suprarrenales, el
tiroides, el timo, € tracto urogenital y la placenta (Huether,1993). Es de especia relevancia la
produccion de melatonina en las células enterocromafines del intestino, habiéndose estimado que la
cantidad de melatonina normalizada por gramo de tegjido es 400 veces superior a la existente en la
glandula pineal (Cavall0,1993; Haimov et al.,1995).

En la mayoria de individuos y animales jovenes, la produccion de melatonina por la
glandula pineal sigue un ritmo circadiano con maximos de produccion y secrecion por la noche, que
van disminuyendo durante €l dia. La presencia de este potente ritmo circadiano regulado por la luz,
esta controlada por un tracto optico-pineal que va desde la retina hasta la glandula pineal pasando
por el nicleo supraquiamatico. Asi, durante la fase oscura el nucleo supraquiasmatico estimula al
ganglio cervical superior y a la glandula pineal provocando la secreciéon de melatonina
(Reiter,1992). Cuando laluz llega alareting, el nicleo supraquiasmatico deja de excitar la glandula
pineal y frena la produccion y secrecion de melatonina. Los pinealocitos, células endocrinas de la
glandula pineal, tras la sintesis de la melatonina vierten su contenido al torrente sanguineo, de tal
forma que el incremento nocturno de la sintesis y secrecion de melatonina, se refleja rapidamente en
los niveles sanguineos de dicha hormona. Un hecho importante es que la presencia de este ritmo
circadiano de produccion y secrecion de melatonina de la glandula pineal esta limitada a individuos
jovenes y adultos, ya que el envejecimiento produce una disminucion notable de la sintesis de
melatonina (Henden et al.,1992). Esta reduccion se debe a una menor expresion de los receptores o
y B-adrenérgicos de la membrana del pinealocito (Poeggeler et al.,1993) y a una pérdida de las
neuronas glutamatrérgicas, las cuales regulan la sintesis de melatonina y son muy sensibles al
envejecimiento (Hazlerigg et al.,2001).

2.8.2 Receptores parala melatonina

En humanos y en animales superiores se han descrito tres tipos de receptores para la
melatonina, que pueden locdizarse en la membrana plasmatica (MT1 y MT2) o a nivel
citoplasmatico (MT3 también denominado QR2). Los dos primeros se caracterizan por ser
receptores acoplados a proteinas G que conducen a la formacioén de inositoles fosfato ¢ inhiben la
adenilato y guanilato ciclasa, mientras que |os receptores citoplasmaticos parecen estar involucrados
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en procesos antioxidantes. Los receptores para la melatonina pueden localizarse a nivel neura
(nucleo supraquiasmatico o en la capa flexiforme interna de la retina) y a nivel no neuronal como en
lapars tuberalis de la hipéfisis y en arterias caudales y cerebrales (Deacony Arendt,1994).

A pesar de existir cientos de trabajos describiendo las acciones beneficiosas de la
mel atonina sobre la mayoria de los procesos fisiopatoldgicos, es dificil determinar si las acciones de
la melatonina son mediadas a través de sus receptores o a través de su actividad antioxidante. En
este sentido la substancia luzindol (un bloqueante de los receptores para la melatoning) es una
herramienta muy 1til para determinar si los efectos de la melatonina estan mediados o no por
receptores.

2.8.3 Acciones bioldgicas de la melatonina

La melatonina, gracias a su secrecion en forma circadiana, informa a sistema endocrino
sobre las condiciones ambientales, especiamente sobre e fotoperiodo. En este aspecto las
principales funciones de la melatonina son: la regulacion de los ritmos de otras hormonas, de los
ciclos sueno-vigilia, de laépoca reproductiva y de la temperatura corporal (Tan et al.,1993).

Ademas, entre las acciones de la melatonina se encuentra una potente capacidad
antioxidante, desarrollando un papel defensivo contra €l estrés oxidativo. Esto la convierte en una
herramienta farmacolégica cuyos efectos beneficiosos han sido ampliamente recogidos en la
bibliografia.

2.8.4 Capacidad antioxidante de la melatonina

La capacidad antioxidante de la melatonina se basa en sus propiedades como neutralizador
de radicales libres y en su habilidad para activar otros mecanismos antioxidantes. La melatonina es
altamente difusible y por tanto es capaz de gercer sus efectos directos como antioxidante en la
membrana citoplasmatica, en el citoplasma y en el nacleo. Sus caracteristicas estructurales que le
permiten actuar como un potente secuestrador de radicales libres son: e grupo metilo localizado en
posicion 5 del indol y e grupo acetilo, de tal forma que sin estos grupos su capacidad para
neutralizar radicales libres merma e incluso se puede convertir en un compuesto pro-oxidante
(Reiter er al,2002). Pero ademas, la melatonina puede promover la activacion de las defensas
antioxidantes endogenas por su efecto estimulador sobre la superoxido dismutasa, la catalasa, la
gutation reductasa y la glutation peroxidasa (Arendt et «l,1988). Adicionamente, agunos
metabolitos de la melatonina como la N-acetil-5-metoxikynureamina, son también muy eficiente
reduciendo el dano ocasionado por los radicales libres, asi se ha definido la cascada antioxidante de
lamelatonina.

2.8.5 Posibles indicaciones terapeuaticas de la melatonina

Es indudable que las propiedades antioxidantes de la melatonina la convierten en una
herramienta farmacoldgica muy efectiva para tratar los efectos devastadores provocados por el
envejecimiento, en e que la acumulacion de radicales libre juega un papel fundamental. Este
aspecto sera revisado mas ampliamente en otro apartado.

El uso de la melatonina para tratar 10s desordenes del suefio resultd muy satisfactorio en
multitud de casos (Arendt y Deacon,1997). Ademas, su uso estd muy indicado frente a desordenes
circadianos provocados por la ceguera, cambios de turnos de trabajo y vuelos transcontinentales en
los que se cruzan varias zonas horarias (Sainz et al.,2003). Adicionalmente, a la melatonina se le
han atribuido propiedades oncostaticas , cardioprotectoras e inmunomodul adoras (Huether,1993).
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2.8.5.1 Indicaciones terapéuticas de la melatonina en €l tracto gastrointestinal

El tracto gastrointestina es la principal fuente extrapineal de melatonina, encontrandose en
una concentracion de hasta 400 veces mayor que en la glandula pineal (Bubenik ef a/.,1999). En la
bilis se detectan niveles de melatonina 10-40 veces superior a resto del tracto gastrointestinal (Lane
y Moss,1985), como consecuencia de ser e higado la via metabdlica de la melatonina
(Huether,1993) y la bilis su principal via de excrecion aunque también se excreta melatonina activa
en la bilis que se concentra en la vesicula biliar (Huether,1994) . sin embargo ain no se ha descrito
la funcién de dicha neuro-hormona en e tracto gastrointestinal. La produccion y secrecion de la
melatonina por parte del tracto gastrointestinal esta totalmente regulada por la ingesta (Bubenik y
Pang,1994). La gran abundancia de melatonina indica que podria ser un regulador local de la
funcion gastrointestinal , de hecho en ratones la melatonina regula el transito intestinal
(BargjasLopez et al.,1996). En cobayas se ha descrito que los efectos de la melatonina sobre la
motilidad digestiva se producen a través del bloqueo de los canales activados por acetilcolina
localizados a nivel postsinaptico . Pero los efectos pro o anti-Cinéticos de la melatonina sobre el
tracto gastrointestinal dependen de ladosisy de laduracion del tratamiento, asi tratamientos cronico
y abajas dosis tienen efectos estimulatorios (Cho et al.,1989).

Interesantemente, la melatonina puede considerarse como un posible agente protector en
varias patologias del tracto gastrointestinal. Existen un gran numero de evidencias experimentales
gue apoyan € uso terapéutico de la melatonina. Estudios bastantes antiguos indicaban que la
melatonina tenia efectos protectores y sanadores frente a la formacion de tlceras gastricas
(Méelchiorri et al.,1997). Estudios mas recientes han propuesto que la prevencion de las lesiones
gastricas por parte de la melatonina se debe probablemente a su efecto antiserotoninérgico, que
bloguea la reduccion del flujo sanguineo inducida por la serotonina, restaurdndose asi la
microcirculacion . En su accion gastroprotectora estan implicados los receptores para la melatonina
de tipo MT2, la prostaglandina E2 debido a una sobreexpresion y sobreactivacion de COX-2 y la
liberacion de CGRP desde los nervios sensoriales (Kato et al.,2001). Ademas de los efectos
beneficiosos sobre la circulacion, las propiedades antioxidantes de la melatonina desempefian un
papel importante en la recuperacion del estomago (Cho et al.,1989). Asi, la administracion
intragastrica de melatonina a ratas con tlceras gastricas disminuye significativamente la incidencia
de ulceracion y el tamafio de las lesiones, ya que la melatonina provoca un descenso del contenido
de radicales libres en la pared del estomago y en plasma (Sener-Muratoglu et al.,2001). Los efectos
gastroprotectores de la melatonina son comparables a los del omeprazol y la famotidina
(Bandyopadhyay et al.,2002) y en este sentido la efectividad de la melatonina supera la de otros
antioxidantes clasicos como las vitaminas C, E, etc.. y la de farmacos como la ranitidina (Sjoblom y
Flemstrom,2003). Ademas, la melatonina también protege la mucosa del tracto gastrointestinal
estimulando la secrecion de bicarbonato desde los enterocitos. Dicha secrecion se produce mediante
la estimulacion de los receptores de la melatonina de tipo MT2 que provocan un incremento del
calcio citoplasmatico en el enterocito y la consecuente secrecion de bicarbonato (Lu ef al.,2005).

En el sindrome de intestino irritable la melatonina podria tener efectos terapéuticos, ya que
es efectiva aliviando el dolor abdominal, la distension abdominal y la tenesmo, a pesar de no
mejorar las alteraciones del suefio que presentan este tipo de pacientes (Head y Jurenka,2003). De
forma similar a lo que ocurre con las ulceras gastricas, en el sindrome de intestino irritable, e
tratamiento con melatonina redujo € nimero de dafios en la mucosa intestinal inducidos por un
modelo de colitis experimental (Dong et al.,2003). Ademas de reducir € dafio, la melatonina
disminuye la cantidad de NO en el colon y la liberacion de prostaglandina E, debido a una menor
expresion de la enzima o6xido nitrico sintasa inducible y de la COX-2 en la mucosa del colon
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(Fuss,2003; Sans et al.,1999). Asi mismo, se ha descrito que la inflamacion inducida por los
modelos de colitis experimental se debe a un incremento en la expresion de moléculas
proinflamatorias, una excesiva activacion del factor de transcripcion NF-xB y una menor
participacion del factor de transcripcion IkB (Li et al.,2005). El tratamiento con melatonina redujo
la sintesis de moléculas proinflamatorias y normalizd la participacion de los factores de
transcripcion NF-xB y IkB  (Sartor,1997). Ademas, algunos estudios demuestran que la inflamacion
del intestino se debe a una ateracion de la inmunoregulacion (Mahida,2000) estando los
macrofagos involucrados en este proceso. Esta hipotesis defiende que los macrofagos inician el
atague a las células epiteliales presentes en la mucosa del colon y que este es e primer paso que
provoca dafio en el colon (Li et al.,2002). Los macréfagos secretan citoquinas proinflamatorias
(talescomo IL-1, IL6 y TNF-a) junto a radicales libres como NO, iniciando la cascada inflamatoria
e incrementando el dafio al colon. Se ha demostrado que la administracion de la melatonina intranal
disminuye los sintomas de colitis y disminuye €l dafio a la mucosa. Dichos efectos beneficiosos de
la melatonina estan mediados por una disminucién en la liberacion de IL-1, TNF-a y NO, ya que la
melatonina puede reprimir la expresion de la enzima 6xido nitrico sintasa inducible (iNOS) y
suprimir la actividad del factor de transcripcion NF-kB, que es el principal factor de transcripcion
involucrado en la regulacion de la expresion de citoquinas proinflamatorias y genes relacionados
con laiNOS (Ozacmak et al.,2005).

Mediante el uso de modelos de isguemiareperfusion para imitar las condiciones
patol6gicas que en ocasiones ocurren en € organismo, se ha puesto de manifiesto otras posibles
aplicaciones terapefiticas de la melatonina. Tal es el caso del modelo de isquemia-reperfusion en el
ileon, el cual provocd una reduccion de la respuesta contractil de dicho tejido, probablemente
debida a una acumulacion de especies reactivas de oxigeno y al dafio tisular. En este caso el
tratamiento con melatonina redujo € dafio tisular, la acumulacion de radicales libres debido a un
incremento en la actividad glutation reductasa y consecuentemente mejoré la respuesta contractil
del ileon (Fraschini et al.,1998).

Pese a que la melatonina tiene efectos inmunoestimulantes, no hay evidencias directas de
dicho efecto en e tracto gastrointestinal. Si bien, existen evidencias indirectas que indican que la
administracion de melatonina a ratas incrementa el tamafio de las placas de Peyer, el principal
componente del sistema inmune localizado en €l tracto gastrointestinal (Marquez et al.,2006). Sin
embargo, se ha demostrado que el tratamiento con melatonina puede tener efectos perjudiciales
debido ala sobre-estimulacion del sistema inmune en patologias como la enfermedad de Crohny la
colitis experimental (Drake et al.,2004).

2.8.5.2 Indicaciones terapeiticas de la melatonina frente a alteraciones del tracto urinario inferior

Los estudios sobre las posibles aplicaciones terapefticas de la melatonina frente a las
alteraciones del tracto urinario inferior son escasos. Asi, se ha descrito que el tratamiento con
melatonina en pacientes que sufrian nocturia redujo la frecuencia de miccion durante la noche,
aunque se desconoce € mecanismo por el que la melatonina gjerce dicho efecto (Paskaloglu er
al.,2004). En base a las propiedades antioxidantes de la melatonina, su uso resulto util en un modelo
experimental de isquemia-reperfusion de la vejiga urinaria, maniobra que redujo la respuesta
contractil de la vejiga y € contenido de glutation reducido e increment6 la peroxidacion lipidica.
Los efectos perjudiciades de la isquemiareperfusion fueron eliminados tras el tratamiento con
melatonina, que restaur la respuesta contractil, probablemente debido a una disminucion del estrés
oxidativo (Maestroni et al.,1988).
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2.8.6 Melatonina, envejecimiento y enfermedades relacionadas con la edad

Como se ha descrito anteriormente, el envejecimiento es un fenémeno multifactorial y por
ello ain no se ha conseguido llegar a una teoria consensual que explique este proceso. Sin embargo
hay algunas teorias que asignan a la glandula pineal y a la melatonina un papel fundamental en el
proceso del envejecimiento. Se sabe que los niveles de melatonina disminuyen gradualmente a lo
largo de lavida, o que disminuye la calidad del suefio y altera otros ritmos circadianos. Ademas, la
melatonina posee propiedades inmunomoduladoras, que a perderse conducirian a envejecimiento.
Y por ultimo, la melatonina es un potente protector contra el estrés oxidativo ya sea directa o
indirectamente. De hecho, la acumulacion de radicales libres asociada a envejecimiento puede
contribuir a incrementar la incidencia y severidad de algunas enfermedades relacionadas con la
edad.

El envglecimiento de la sociedad actual es un hecho, que tiene asociado problemas
relacionados con una menor calidad de vida de este segmento poblaciona teniendo ademas
repercusiones econdémicas y sociales. Desde el punto de vista de la salud, el principal problema es el
incremento en laincidencia de determinadas enfermedades como son la enfermedad de Alzheimer y
enfermedad de Parkinson, arteriosclerosis, enfermedades neoplasicas, incontinencia urinaria y/o
fecal.... las cuales merman de formaimportante la calidad de vida de las personas e incrementan su
grado de dependencia.

Existen teorias que relacionan el envejecimiento con la melatonina. Asi, se ha descrito que
el envglecimiento es debido a que el sistema inmune es menos efectivo, a una desregulacion de los
ritmos circadianos y a un acumulo de radicales libres. Parece ser que la menor secrecion de
melatonina es la principa causa que conduce a las ateraciones anteriores y por tanto a
envejecimiento (Reiter et al.,1998). Sin embargo, la evidencia experimental mas importante que
relaciona a la melatonina con el envejecimiento es que la produccion y secrecion de la melatonina
disminuye con la edad. Dicha pérdida tiene una serie de consecuencias entre las que destacan las
alteraciones de los ritmos circadianos que conducen a cronopatol ogias como alteraciones del suefio
y consecuentemente, al deterioro de la salud (Skwarlo-Sonta,2002). El papel regulador del sistema
inmune por parte de la melatonina disminuye con la edad, provocando una reduccion en el niimero
de las células inmunes, una menor proliferacion de linfocitos, diferentes niveles de expresion de
citocinas y la alteracion del indice de fagocitosis, de modo que la administracion exdgena de
melatonina provoca un restablecimiento del sistema inmune . Pero quizas, las propiedades
antioxidantes de la melatonina 0 mas bien su ausencia, sean la principal causa que conduzca a
acimulo de radicales libres asociado al envejecimiento (Milesy Dement,1980).

El dafio oxidativo desempefia un papel importante en la patogénesis de algunas
enfermedades neurodegenerativas caracteristicas de la poblacion envejecida , habiéndose descrito
gue la melatonina tiene efectos terapéuticos en pacientes con enfermedad de Alzheimer y
enfermedad de Parkinson . En ciertas neoplasias la melatonina redujo la velocidad de division
celula, aunque parece ser que dichos efectos son mediados a través del sistema inmune (Parola et
al.,1996).

En conclusién, la menor produccion de melatonina en ancianos juega un papel muy
importante en las enfermedades relacionadas con la edad. Esto sugiere que la pérdida de este agente
antioxidante, regulador de ritmos circadianos e inmunomodulador, puede tener relacion con el
incremento de la incidencia y la severidad de ciertas patologias. Asi, la administracion de
mel atonina puede tener un uso terapéutico y en esta tesis se ha puesto de manifiesto dicho uso sobre
las alteraciones que provoca el envejecimiento en lavesicula biliar y en la vejiga urinaria.
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2.8.7 Meatoninay ligadura del conducto biliar comun.

Los modelos de colecistitis acalculosa experimental inducidos por la ligadura del conducto
biliar coman, ademas de producir inflamacion de la vesicula biliar, provocan dafio hepatico (Ohta ef
al.,2003; Polat y Emre,2006) probablemente asociados a un incremento del estrés oxidativo. Por
este motivo, el tratamiento con melatonina mostré efectos beneficiosos gracias a su capacidad
antioxidante directa o indirecta (Montilla ef a/.,2001) siendo mucho mas efectiva que la vitamina E
y que S-adenosil-L-metionina (Barlas et al.,2004). Ademas de estos efectos relacionados con su
capacidad antioxidante, en € higado la melatonina inhibio la infiltracion de neutréfilos en el tejido
(Padillo et al.,2004), redujo la apoptosis y necrosis (Ohta et al.,2003; Reiter et al.,2000) y su efecto
anti inflamatorio previno la translocacion del factor de transcripcion NF-KP ademas de reducir la
sintesis de citocinas proinflamatorias como interleucinas y €l factor de necrosis tumoral .

Sin embargo, se desconoce s la melatonina eerce efectos beneficiosos sobre la
inflamacion y los cambios que ella produce en la inervacion y el propio musculo liso de la vesicula
biliar, habiéndose abordado estos temas en varios trabajos que integran la presente tesis.
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El envejecimiento de la poblacion ha sido uno de los eventos demograficos mas distintivos
del siglo XX y de acuerdo con €l incremento previsto en la expectativa de vida, la poblacion anciana
constituira el 20% de la poblacion total mundial en 50 afios. El envejecimiento se entiende como un
proceso lento, gradua y pasivo influenciado por la interrelacion de multiples factores relacionados
con la genética del individuo y el medio ambiente. Esta aceptado que el envejecimiento no es una
enfermedad, pero la division entre envejecimiento normal y patoldgico es realmente estrecha y gran
cantidad de ancianos sufren las denominadas “enfermedades relacionadas con el envejecimiento”
entre las que se encuentran trastornos neurodegenerativos, enfermedad cardiovascular, diabetes,
incontinencia y trastornos gastrointestinales. Estas enfermedades contribuyen a la incapacidad,
disminucion en calidad de vida y elevados costes en los sistemas publicos de salud, por lo que es
necesario investigar en las bases celulares y moleculares del envejecimiento para identificar asi
dianas terapéuticas y desarrollar tratamientos que mitiguen sus efectos en los diferentes tejidos.

Entre los diferentes 6rganos compuestos mayoritariamente por musculo liso, la versicula
biliar y vejiga urinaria comparten la caracteristica de servir de reservorios en las rutas de excrecion
metabdlica y por tanto estan sometidos a una mayor influencia de moléculas potencialmente toxicas,
lo que puede hacerlos especialmente sensibles a envejecimiento. En el tracto urinario y mas
concretamente la vejiga urinaria, los estudios encaminados a conocer |as alteraciones que produce €
envejecimiento en los diferentes componentes del 6rgano no son numerosos y ademas existen
discrepancias entre sus hallazgos. Mas escasos atin son los esfuerzos dedicados a comprender las
alteraciones que aparecen en el tracto digestivo en general y la vesicula biliar en particular.

La funcion primordial del musculo liso, contraccion en respuesta a sefiales nerviosas y/o
hormonales, se sustenta fundamentalmente en mecanismos de sefalizacion celular que conducen a
cambios en la concentracion citosolica del i6n Ca®*. Alteraciones en los diferentes componentes de
la sefial de calcio se traducen generalmente en modificaciones de la contractilidad del musculo y
disfuncion organica. Sin embargo, y a diferencia de los misculos estriados, la capacidad contractil
del muasculo liso también esta regulada por mecanismos independientes de la [Ca®];, como
consecuencia del control de lafosforilacion de la cadena ligera reguladora de la miosina por cinasas
y fosfatasas especificas, proceso denominado mecanismos de sensibilizacién al Ca**. Ello abre un
nuevo punto sobre e que pueden incidir situaciones fisiologicas y/o patologicas como
envejecimiento e inflamacion repercutiendo en la capacidad contractil global del musculo liso.

La melatonina, hormona producida principalmente por la glandula pineal, es actualmente
considerada una excelente herramienta terapéutica en procesos que cursan con agresion por especies
reactivas. Entre otras, ha mostrado su potencial en alteraciones neurodegenerativas asociadas a la
enfermedad de Alzheimer, colitisy ulceras gastricas. Sin embargo, no existen estudios mostrando su
efecto sobre envejecimiento de la vejiga urinaria y de la vesicula biliar. Puesto que tanto el
envejecimiento como la inflamacion comparten agresiones debidas a estrés oxidativo (gradual y
Crénico en un caso e intenso y agudo en el otro), seria interesante evaluar la eficacia de este
tratamiento sobre el mismo 6rgano en las dos situaciones, envejecimiento a inflamacion.
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Por todo €ello, los objetivos de esta memoria han sido:

1.- Caracterizar los cambios que el envejecimiento produce en la funcion de ambos organos,
estudiando las alteraciones de la funciéon neuromuscular y modificaciones en los mecanismos
homeostaticos del i6n calcio y sensibilizacion al mismo responsables de los cambios de la capacidad
contractil.

2.- Andlizar el efecto de lainflamacion aguda sobre la motilidad de la vesicula biliar, su regulacion
neural y mecanismos homeostaticos del calcio.

3.- Determinar € efecto de la administracion “in vivo” de melatonina sobre los cambios que €
envejecimiento produce en ambos 6rganos y los ocasionados por la colecistitis.
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Cada uno de los suiguientes trabajos experimentales que forman parte de la presente
memoria incluye un apartado en el que se detallan debidamente el material y métodos utilizados
para su gjecucion, por lo que no se ha considerado conveniente reincidir en [0S mismos.
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1-ABSTRACT

Purpose: The incidence of urinary
incontinence increases with age, but the cause-
effect relationship between aging and atered
bladder function is poorly understood. It has
been suggested that melatonin can ameliorate
negative effects induced by aging by its free
radical scavenging activity and its ability to
reduce oxidative stress. This study was
designed to investigate the changes on bladder
function evoked by aging and the possible
benefits of melatonin treatment on aged-related
bladder disturbances.

Materials and Methods: Urinary
bladder function was assessed using cystometry
in conscious, freely moving female guinea pigs.
Animals were grouped according to age in
young adults (4 months old), and senescents
(18-20 months old). A group of senescent
animals were treated with 2.5 mg.Kg'day™ of
melatonin for 21 days.

Results: Aging led to increased
detrusor activity, as demonstrated by short
micturition intervals, reduced bladder capacity,
and the presence of spontaneous contractions
during the filling phase. During the voiding
phase aged animals showed lower micturition
pressures than young adults. Melatonin
counteracted the cystometric changes in
senescent animals and restored the micturition
parameters to those of young adults.

Conclusions: These results show that
in guinea pigs aging induces detrusor
overactivity. Melatonin treatment improved the
age-induced changes in bladder function. If
similar effects can be demonstrated in humans,
melatonin treatment may congtitute a new
approach to reduce the impact of age-related
bladder disorders.

2-INTRODUCTION

The urinary bladder has two different
but related functions: storage and voiding of
urine. These functions depend upon an
appropriate sensory system that monitors the

filling status of the bladder, an integration
system that processes the sensory input and
initiates an appropriate effector signal and an
effector organ that relaxes or contracts. Both
relaxation and contraction of the bladder are
under autonomic nervous system control:
storage is facilitated by stimulation of a-
adrenoceptors (AR) in the bladder base and B-
ARs in the body, while contraction is mediated
through muscarinic and purinergic receptors. In
addition, urine storage and emptying need a
complex coordination of the bladder and
urethra. Disturbances in the system due to
various conditions, including aging, can lead to
urinary incontinence.*

It is well known that disturbances of
bladder function are common in the elderly
population and that the incidence of such
disorders increases with age, but the altered
mechanisms leading to bladder dysfunction are
poorly understood. There are severa studies in
the literature regarding the effect of aging on
isolated detrusor muscle (e.g., *7), but in vivo
studies carried out on conscious animals are
scarce.#1°

It has been proposed that cellular,
tissue and organ damage associated with aging
is caused by an increase in the content of
reactive oxygen species and a decrease in the
natural antioxidant mechanisms™ There is
evidence indicating that melatonin can
ameliorate the harmful effects induced by
aging. Melatonin shows free radical scavenging
activity by itself,*> and also reduces oxidative
stress by activating several antioxidant
systems™ In addition, melatonin secretion
decreases with aging, which may lead to
oxidative imbalance in the elderly.** Dueto its
antioxidant properties, melatonin treatment has
been suggested to have beneficial effects on
age-related illnesses such as Alzheimer’s,
Parkinson’s and neoplastic diseases™ The
potential utility of melatonin is supported by its
very low toxicity, its availability in a pure form
and the fact that it isinexpensive.



100 PJ Gomez-Pinilla

To date, there seems to be no study
aimed at investigating the benefits of melatonin
treatment in bladder function during aging.
Therefore, using continuous cystometry, we
have studied and compared micturition in
conscious young adult, and senescent guinea
pigs. In addition, we have treated senescent
guinea pigs with melatonin to investigate its
effects on aging-induced changes in bladder
function.

3-MATERIALS AND METHODS

Animals: Female guinea pigs were
divided in two groups according to age: young
adults (4 months old), senescents (18-20
months old). A group of senescent animals was
treated oraly with melatonin (25
mg.Kg'day™?). This treatment was applied
daily, 1 hour before the dark phase for 21 days.
Animals were housed in light (12 h light-dark
cycle) and temperature (20 °C) controlled
rooms and had free access to water and food.
The experiments were performed according to
European guidelines for animal research and
approved by the Animal Ethics Committee,
Court of the City of Lund, Sweden.

Catheter implantation.: During
anesthesia (ketamine 20 mg.Kg* and xylazine 5
mg.Kg?, intraperitoneally) a lower midline
abdominal incison was made to open the
abdominal cavity and expose the urinary
bladder, and a small incision was made at the
back of the neck, creating a subcutaneous
pouch. A polyethylene catheter (PE-10) was
inserted into the dome of the urinary bladder
and secured in place using a purse string suture.
The bladder was emptied and the catheter was
tunnelled subcutaneously and placed on the
subcutaneous pouch at the back of the neck.
The distal end of the catheter was tied off to
avoid leakage.

Urodynamic measurements in
conscious, unrestrained guinea pigs:
Cystometry was performed without anesthesia

three days after the implantation of the
catheters. The conscious and unrestrained
guinea-pigs were placed in metabolic cages and
the bladder catheters were connected via a T-
tube to a pressure transducer (P23 DC; Statham
Instruments Inc., Oxnard, CA, USA) and a
microinjection pump (CMA 100; Carnegie
Medicine AB, Solna, Sweden). Micturition
volumes were recorded with a fluid collector
connected to a force displacement transducer
(FT 03 D, Grass Instrument Co., Quincy, MA,
USA). Room-temperature saline was infused
into the bladder continuously at arate of 10 mL.
h'. Pressures and micturition volumes were
recorded continuously with Acq Knowledge
3.5.3 software and a MP100 data acquisition
system (Biopac Syst. Inc. Santa Barbara, CA)
connected to a Grass polygraph (Model 7E,
Grass Instrument Co). At the beginning of
cystometry, the bladder was emptied via the
bladder catheter.

The following cystometric parameters
were andyzed: basal pressure (cm  H)0),
threshold pressure (pressures just before
micturition, cm H,0), threshold pressure
corrected (threshold pressure minus basa
pressure, cm H,0), compliance (ml of infused
volume per cm H,0 of increase in bladder
pressure during filling phase, ml.cm H,0%),
maximal micturition pressure (cm H0),
micturition duration (s), micturition interval
(time between 2 subsequent micturitions, min)
and micturition volume (ml). Three
reproducible micturition cycles were analyzed,
and the results averaged.

Statistical analysis: Data are presented
as mean values £ SEM. Statistical analysis was
based on oneway analysis of variance
(ANOVA) followed by Bonferroni’s multiple
comparison test. P values <0.05 were
considered to be significant. To compare
frequency distribution y* analysis was used.
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Figure 1. Origina recordings of a cystometrogram obtained from conscious guinea pigs: (A)
young adult, (B) senescent animal and (C) senescent animal treated with melatonin (2.5 mg.Kg
Tday™). Senescent animals showed a shorter micturition interval and consequently alower bladder
capacity than young adults. Melatonin-treated senescent animals behaved as young adult. n = 5
for young adults and melatonin treated senescents and n = 6 for senescents.

4-RESULTS
Body and bladder weights

The average body weight of melatonin
treated and non-treated 18-mo-old guinea pigs
(928 + 51 and 861 + 38 g; n = 6 and 5,
respectively) was significantly higher (P <
0.05) than that of 4-mo-old animals (597 + 48
g; n =5). Similarly, a significant (P < 0.05)
increase in the bladder weight was observed in
senescent guinea pigs (1110 + 45 and 1138 = 90

mg; n =5 treated and 6 untreated) compared to
young adult animals (689 + 124 mg; n = 5).
However, when the bladder weight was
expressed with respect to the body mass, no
differences were observed between groups

(senescent 1.24 + 0.10, senescent treated with
melatonin 1.29 + 0.06, and young adults 1.08 +
0.14, expressed as bladder weight (mg)/body
mass (g)) indicating that there was no vesical
hypertrophy induced by aging other than that
following general growth of the animals.

Cystometry

Figure 1 shows a cystometrogram
obtained from each experimental group of
animals: young adults (1A), senescents (1B)
and melatonin treated senescents (1C).

The micturition pattern in young adult
animals showed a micturition interval of 16.11
+ 1.78 min and a micturition volume of 2.98 +
0.19 ml (n=5). Asshown in Figure 1, aging
significantly decreased both the micturition
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interval and the micturition volume (10.49 +
1.20 min and 1.51 + 0.20 ml, respectively, n =
6, P < 005 vs young adults). During
cystometries, young adults emptied their
bladders without residual volumes whereas
senescent animals exhibited a mean residual
volume of 0.11 + 0.01 ml (P < 0.01 vs young
adults) after voiding. Melatonin treatment
increased both micturition interval and volume
in the senescent animals to 29.80 + 4.63 min
and 524 + 0.67 ml (n=5), which was
significantly different from both young adult
and senescent groups (P <0.05 and P< 0.01,
respectively). In the melatonin-treated animals,
almost no residua volume after micturition was
recorded (0.02 + 0.01 ml, 0.47 % of micturition
volume, P>0.05 and P<0.001 compared to
young adults and to non-treated senescents,

respectively).

During the filling phase, no significant
changes between the animal groups were seen
in any of the parameters studied (Table 1).
However, as can be seen in Figure 1, senescent
guinea pigs showed small fluctuations in
pressure during bladder filling that were not
associated  with  voiding  (“non-voiding
contractions”). The frequency and amplitude of
non-voiding contractions were 1.32 + 0.42 min’
! and 10.24 + 2.66 cm H,0, respectively. Five
out of six senescent animals showed non-
voiding contractions, while these were just
present in one out of five young adult and
melatonin-treated senescent guinea pigs (i =
6.11, P < 0.047).

With respect to the micturition phase
(Figure 2), senescent animals showed a lower
micturition pressure than young adults (young
adults: 88.84 + 6.04 cm H,0, senescent: 53.06
+ 594 cm H),O, n = 5 and 6 animals,
respectively, P < 0.05). Melatonin treatment
improved the micturition pressure in senescent
animals to values similar to those seen in young
adults (90.52 + 13.31 cm H,O, n = 5). The
micturition duration was similar in the three
animal groups studied (Figure 2).

5-DISCUSSION

According to Hald and Horn,* the
three most common pathophysiological
mechanisms in geriatric voiding dysfunction are
obstruction, detrusor overactivity and impaired
detrusor contraction. We found no age-related
changes in the bladder/body weight ratio,
suggesting that there was no obstruction-
induced detrusor hypertrophy.

The micturition pattern in senescent
guinea pigs was characterized by decreased
micturition intervals and micturition volumes.
These results differ from those found in aged
rats, where no changes®® or increased
micturition intervals’ have been reported. A
conspicuous finding in senescent guinea pigs
was the presence of residua volume. This
suggests that these animals could not empty
their bladders completely; however, the residual
volume was small compared to the micturition
volume.

Despite having larger bladders,
senescent guinea pigs did not have larger
functional bladder capacity than young adult
animals, as inferred from the smaller
micturition volume and relatively low residua
volume in the senescent animals. In aged rats,
bladder capacity increases with bladder
weight,'” while aged humans often show a
decreased bladder capacity,”® similar to our
findings in guinea pigs. The small bladder
capacity in aged guinea pigs suggests that
detrusor is more excitable, or that neura
pathways that control bladder activation are
more sensitive to bladder filling. Melatonin
treatment induced an increase in the micturition
interval and volume to values that were even
higher than those found in young adults.

Regarding the filling phase parameters,
no age-induced changes in the resting pressure
and bladder compliance were found, suggesting
that the mechanical properties of detrusor
muscle were not affected. Similar to aged
rats®'’ senescent guinea pigs showed
spontaneous contractions during the filling
phase, “non-voiding contractions’, suggesting
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Figure 2. Age-related changes in the voiding phase parameters. Micturion pressure (A) in senescent
guinea pigs was lower (P < 0.05) than in young adult and melatonin-treated senescent animals.
Micturition duration (B) was similar in the three experimental groups. n = 5 for young adults and

melatonin treated senescents and n = 6 for senescents.

an increased contractile activity in the detrusor
muscle. However, it has been proposed that
such activity in aging could also result from
altered central nervous system control, which
does not rule out aging-induced changes in the
contractility of the detrusor smooth muscle or
the intrinsic nerves in the bladder. Interestingly,
melatonin treatment reduced the non-voiding
contractions to the same level asfound in young
adults.

Although micturition duration was not
altered by aging, micturition pressure was
impaired in aged guinea pigs, in contrast to
findings in senescent rats.®!’ Such a decrease
could contribute to the residual volume
described above. It cannot be excluded that the
reduction of pressure was secondary to
structural changes in aged detrusor muscle.
However, there were no signs of detrusor
hypertrophy, and the bladder compliance was
similar in adult and senescent animals. A
plausible explanation is that aging affects
smooth muscle contractility and that this
process is affected by melatonin. This would
explain the low micturition pressure induced by
aging and the elevated pressure reached in
melatonin treated animals. Studies to test these
possibilities have therefore been initiated. An
age-related decrease in muscarinic receptor
mediated activation of the voiding contraction®

or changes in sensory input’ could aso
contribute to the decreased micturition pressure
in aged animals.

Melatonin is secreted by the pineal
gland predominantly during the night, and in
addition to its well-known role in setting
circadian rhythms, it is a powerful antioxidant,
acting either as a scavenger or through
activation of antioxidant enzymes. Nocturnal
production of melatonin is impaired in elderly
individuals, and several clinical trids have
demonstrated that exogenous administration of
melatonin improves circadian disturbances.™
As proposed by Harman,™* aging is due in part
to accumulation of reactive oxygen species. If
true, age-induced impairment of melatonin
secretion may participate in the increase of
oxidative damage associated with aging.

In this study, melatonin treatment
reversed the residual volume, detrusor
overactivity, and the decrease of micturition
pressure induced by aging. The effect of
melatonin could be due to recovery of circadian
rhythm (melatonin was administered at the
onset of dark phase), the general improvement
of physiological functions, or to local effectsin
the bladder. In agreement with the beneficial
effects of melatonin in this study, it has been
reported that aged human with bladder outflow
obstruction and nocturia treated with melatonin
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showed a decrease in the freguency of
micturition during night.*

The present study shows that
melatonin can normalize age-induced urinary
bladder dysfunction. Melatonin treatment in
vivo has been found to protect rat urinary
bladder against oxidative damage.® Although
the exact mechanism of action has not yet been
elucidated, the effects of melatonin on altered
bladder function in guinea pig suggest that it
may be considered a potentially useful
therapeutic agent for treating aged-related
detrusor overactivity. Indeed, melatonin may be
a powerful tool against age-related diseases in
general .®

6-CONCLUSIONS

In the guinea pig, aging induces
changes in micturition pattern suggesting an
increased bladder activity during the filling
phase, but aso causes a decrease in the
micturition pressure, possibly related to a
decrease in the contractility of the detrusor.
Melatonin treatment counteracted all these age-
induced changes, suggesting that melatonin
could be a candidate to palliate urinary bladder
dysfunction evoked by aging.
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Table 1. Parameters related to the filling phase in the three groups of guinea pigs.

Adult Senescent i\;[:;iletgnin
Basal pressure (cm H,0) 19.5+4.97 17.85+2.21 18.52 +2.94
Threshold pressure (cm H,0) 23.27+4.94 20.46 +2.53 24.04+4.79
Threshold pressure corrected (cm H,0) 3.83+1.05 3.04+0.37 391=+1.14
Compliance (ml/cm H,0) 0.88+0.21 0.67+0.16 0.95+0.25

Datafrom 5 adult, 6 senescent, and 5 senescent, melatonin-treated animal s expressed as mean + SEM
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1-ABSTRACT

The incidence of wurinary bladder
disturbances increases with age, and free radical
accumulation has been proposed as causa
factors. We have recently described that age-
induced alterations of micturition pattern are
ameliorated by melatonin treatment. In the
current study we investigate the association
between changes on bladder innervation and
oxidative stress in aging and the possible
benefits of melatonin treatment as antioxidant
and neuro-protector agent.

Urinary bladder neuromuscular
function was assessed by electrical field
stimulation (EFS) of isolated guinea pig
detrusor strips. Neurotransmitter blockers were
used to dissect pharmacologicaly the EFS-
elicited contractile response. Female guinea
pigs were grouped according to age in young
adults (4 months old), and aged (18-20 months
old). A group of aged animals were treated with
2.5 mg.Kg'day™ melatonin for 28 days.

EFS induced a neurogenic and
frequency-dependent contraction which was
impaired by aging. Age also decreased the
sensitivity of the contraction to
pharmacological  blockade of  purinergic
(suramin application) and sensitive (capsaicin
treatment) fibers, but increased the effect of
blockade of nitrergic (L-NAME) and adrenergic
(guanethidine) nerves. These changes were
associated to an increased level of markers for
oxidative  stress. Melatonin  treatment
normalized oxidative levels and counteracted
the ageing-associated changes in bladder
innervation. In conclusion, these results show
that aging modifies the functional profile of the
urinary bladder plexus and simultaneously
increases the oxidative damage to the organ.

Melatonin reduces oxidative stress and
improves the age-induced changes in bladder
neuromuscular function. This treatment may
congtitute a new pharmacological tool to reduce
the impact of age-related bladder disorders.

2-INTRODUCTION

Continence and voiding of urine are
two important processes controlled by a
complex neural network with intrinsic and
extrinsic components. In most animal species,
bladder contraction is mediated by both
cholinergic and nonadrenergic, noncholinergic
(NANC) mechanisms (37). Under normal
conditions, the micturition contraction in vivo
and the contraction evoked by electrical
stimulation of nerves in vitro is considered to
be mainly mediated by muscarinic receptor
stimulation (21). Though M3 receptors are not
the more expressed cholinergic subtype, they
account for the physiologica voiding
contraction (7). Adrenergic inputs to urinary
bladder have been identified, but their
functional role is not well established. The a-
adrenergic receptors are mainly expressed in
the bladder neck, where they keep the
continence, while pB-adrenergic receptors are
generally distributed in the bladder body, its
activation leading to relaxation during the
filling phase (13). In the bladder, the second
more important excitatory neurotransmitter is
ATP, which acts on two families of purinergic
receptors: P2X, an ion channel receptor, and
P2Y, a family of G protein-coupled receptors
(5). ATP is released to bladder smooth muscle
by both efferent and afferent synapses, the later
serving as a mechanosensor pathway reporting
about urinary bladder distension (11). Although
nitrergic fibres are present in the urinary
bladder direct relaxation of the detrusor smooth
muscle in response to NO has not been
reported, and therefore the role of NO may be
to modulate other transmitters and/or to
participate in afferent neurotransmission (1).
Other neurotransmitters such as vasoactive
intestinal polypeptide, endothelins, tachikinins,
angiotensin and prostanoids have been found in
the nervous plexus of the urinary bladder, and
their functional role has been reviewed in (3).

It is well known that disturbances of
bladder function are common in the elderly
population and that the incidence of such
disorders increases with age, but the altered
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mechanisms leading to bladder dysfunction are
poorly understood. Age-related changes in the
innervation of the bladder are of particular
interest in understanding how aging impairs
contractility given the important role of nerves
in the control of bladder function. There are
severa studies in the literature regarding the
effect of aging on the neurotransmitter-induced
responses in bladder smooth muscle. However,
there is a great variability in the reported
results, and some studies indicate age-
dependent increases (23; 35) or decreases in
ACh-induced responses (38), whereas others
report no changes in carbachol-evoked
contraction  (28; 40) or increased
norepinephine-elicited contractions (29; 35).
Information about age-related changes in the
neuromuscular function in the bladder is scarce.
Yoshida et a reported in humans no changes in
the global response to EFS (40), although aging
caused a decrease and an increase in the
cholinergic and purinergic components of EFS,
respectively. In rats, aging decreases EFS-
induced neurogenic contractions, but changesin
the different components of the
neurotransmission were not studied (28). There
are no reports on the amelioration of age-related
changes of neuromuscular function.

The age-induced damage has been
associated to an increased reactive species
production and a decrease in the cellular
antioxidant mechanisms (16). In this regard,
melatonin, a potent endogenous free radical
scavenger and antioxidant which declines with
age, has been proposed as a good candidate to
palliate the ageing associated alterations (20).
In fact, we have recently reported that
melatonin exerts beneficial effects on the
micturition pattern (15) and in the gallbladder
neurotransmission (14) of aged guinea pigs.
However, there is no information about the
effects of melatonin on neura alterations
induced by aging in the urinary bladder.

The current study was designed to
investigate the effect of aging on neurally
evoked urinary bladder contraction and the
participation of the different neurotransmitters.

In addition, we wanted to assess
whether the antioxidant properties of melatonin
can ameliorate the alterations of bladder
neuromuscular function associated to age.

3-MATERIALS AND METHODS

Animals and tissue preparation.,
Urinary bladders, isolated from 4-and 20-
month-old female guinea pigs after deep
halothane anaesthesia and cervical dislocation,
were immediately placed in cold Krebs
Henseleit solution (K-HS; for composition see
Solutions and drugs) a pH 7.35. The urinary
bladder was cleaned of fatty tissue, opened
longitudinally, washed with K-HS solution to
remove urine remains and the urothelium was
carefully dissected away.

A group of senescent animal was
treated with melatonin (2.5 mg/Kg/day, per os)
during 28 days just before the start of the dark
phase (7 p.m.). All the experiments were
carried out according to the guidelines of
Animal Care and Use Committees of the
University of Extremadura.

Contraction recording of guinea pig
urinary bladder smooth muscle strips. Strips of
detrusor muscle (~4 x 15 mm) were placed
verticaly in a 10 ml organ bath filled with K-
HS maintained at 37 °C and gassed with 95%
O, - 5% CO,. |sometric contractions were
measured using force displacement transducers
interfaced with a Macintosh computer using
MacLab hardware and dedicated software
(ADInstruments; Colorado Spring, CO, USA).
The muscle strips were placed under an initial
resting tenson of 1.5 g, and alowed to
equilibrate for 60 min, with solution changes
every 20 min. All the strips obtained from the
same animal were used in a different
experimental protocol.

Intrinsic nerves were activated by
electrical field stimulation (EFS) with a pair of
external platinum ring electrodes (0.7 mm in
diameter) connected to a square wave
stimulator (Cibertec CS9/3BO) programmed
through Scope software application from Mac
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Lab. Trains of rectangular pulses (0.3 ms
duration, 0.5-40 Hz, 350 mA current strength)
were delivered for 10 sat 3 min intervals. After
construction of an initial frequency-response
curve and in order to pharmacologically dissect
the neurogenic responses, antagonists were
added to the organ bath for 20 min, and then
the frequency-response curve was repeated. At
the end of each experiment the dry weight of
the strips was measured to normalization of the
contractile responses.

Malondialdehyde (MDA) and reduced
glutathione (GSH) assays. Urinary bladder

fragments of about 10 mg were emplaced in a
cold phosphate buffer a a proportion 1/5
(weigh/volume), homogenized with an
homogenizer (Ika-Werke, Staufen, Germany)
for two minutes and centrifuged at 10000 rpm
for 15 minutes a 4° C. The protein
concentration was then quantified with a
commercial kit (TPRO-562, Sigma) and the
rest of homogenate was treated with cold
perchloric acid (7% vol/vol) to eliminate
proteins and kept at -80° C until analysis.
Malondialdehyde (MDA) level, an index of
lipidic peroxidation, was determined based on
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Figure 1. Aging impaired EFS-elicited contractile response in guinea pig urinary bladder. (A)
Original recordings showing urinary bladder contraction €licited by EFS (0.3 ms duration, 0.5-40 Hz, 350
mA, for 10 s every 3) applied to adult, aged and aged guinea pigs treated with melatonin. Traces are
typical of 15 to 17 strips. The response was smaller in strips from aged animals (** P<0.01, Bonferroni
post-ANOVA test), and melatonin restored it to normal values. B Summary of peak amplitudes of the
EFS-induced contraction in the three groups. (n= 15-17,** P < 0.01 by ANOVA). The neural origin of
EFS-evoked responses was demonstrated with the use of 1 uM tetrodotoxin (TTX) (C) and the inhibitors
guanethidine (1 uM) plus atropine (1uM) plus suramin (100 pM) (GAS) (D) (n= 7-10). There are not

significant differences between animals groups.
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colorimetric Recknagel s method (39). Briefly,
the samples were incubated with 0.4 % of
tiobarbituric acid at 80° C for 20 minutes and
later the sample absorbance at 550 nm was
measured. Reduced glutathione determination
was carried out following the Hissin and Hilf
method (17): samples were incubated with
0.005 % of ortophtaldehide in the darkness at
room temperature for 45 minutes and the
fluorescent complex formed, indicative of
reduced glutathione (GSH) level, was
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Solutions and drugs, The K-HS
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CaCl,, 1.2 KH,PO,, 1.2 MgSO,, 25 NaHCO;,
and 11.5 D-glucose. This solution had a final
pH of 7.35 after equilibration with 95% O,-5%
CO,. The phosphate buffer used to homogenize
the tissue contained (in mM): NaCl 20, KCl 2.7,
NaHPO, 16, NaH,PO, 4, pH 7.4. Drug
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Figure 2. Aging did not alter the cholinergic component of the contraction in the guinea pig urinary
bladder. Effect of 1 uM of atropine on EFS-élicited contractile response in guinea pig urinary bladder from
adult (A), aged (B) and aged treated with melatonin guinea pigs (C). After EFS was performed in control
conditions, strips were incubated for 20 min with atropine and EFS was repeated. Atropine reduced the
contraction in a frequency-dependent manner with maximal inhibition (50 %) at 40 Hz. Inset shows
corresponding original recording of 25 Hz evoked responses from each animal group in the absence and
presence of atropine. (D) Summary of atropine effect on EFS response in the three guinea pig groups. No
significant differences between groups were found at any of the frequencies tested. Data are from 25-13

urinary bladder stips. (** P < 0.01 by ANOVA).
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concentrations are expressed as final bath
concentrations of active species. Drugs and
chemicals were obtained from the following
sources. melatonin, atropine, guanethidine, L-
NAME and suramin were from Sigma
Chemical (St. Louis, MO); E-Capsaicin and
TTX were from Tocris (Bristol, UK). Other
chemicals used were of analytical grade from
Panreac (Barcelona, Spain). Stock solutions of
atropine and E-Capsaicin were prepared in
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fina concentration of DMSO was <0.1%
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Figure 3. Aging reduced purinergic component of guinea pig urinary bladder contraction and
melatonin restored it. (A) Effect of 100 pM of suramin on EFS-€licited contractile response in bladder strips
from adult guniea pigs. After suramin treatment the neurogenic contractile response is reduced, indicating that
ATP released from purinergic fibers contributes to contraction. In aged strips suramin resulted ineffective (B)
but melatonin treatment reestablished the suramin sensitivity (C). Insets show corresponding original
recording of 25 Hz responses from each animal group in the absence and presence of suramin. (D) Summary
of 100 uM of suramin-induced reduction on EFS response in the three guinea pig groups. The effect of
suramin diminished with the frequency of stimulation. Data are from 5-6 strips. (* P < 0.05, ** P < 0.01 by

ANOVA).
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Figure 4. Aging reduced the role of excitatory sensory afferent fibers in the guinea pig urinary
bladder. Effect of capsaicin on EFS-elicited contractile response in urinary bladder stips from adult (A),
aged (B) and melatonin treated aged guniea pigs (C). After EFS was performed in control conditions,
strips were incubated for 20 min with 10 uM capsaicin to promote afferent sensory denervation. Note that
capsaicin reduced the EFS-induced contraction indicating that neura activation releases an excitatory
component from sensory fibers. Insets show corresponding original recording of 25 Hz evoked
contraction from each animal group in the absence and presence of 10 uM of capsaicin. (D) Summary of
the reduction evoked by capsaicin treatment on EFS response in the three guinea pig groups. The sensory
participation is smaler in bladder from aged animals. Data are from 5-9 urinary bladder strips. (* P <

0.05 and ** P < 0.01 by ANOVA).

bladder tension is given in millinewtons
(mN)/mg of tissue. Inhibition of contraction is
calculated as the percentage decrease in the
tenson evoked by a treatment respect a
previous control EFS performed in the same
strip. Al results from MDA and GSH
determinations are given as nmol/mg of protein.

Statistical differences between animal
groups and drug effects were determined using
adequate analysis of variance (two ways
ANOVA) followed by a Bonferroni’s post hoc
test. Differences were considered significant at
P <0.05.
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4-RESULTS

Irrespective of the age of animals,
electrical field stimulation of guinea pig urinary
bladder produced a frequency-dependent
contraction of about 10 seconds of duration
reaching the maximal amplitude when the strips
were stimulated at 25 or 40 Hz. As shown in
figure 1, aging decreased the contractile
response evoked by EFS, an effect reversed by
melatonin treatment (Fig. 14 and 1B). To
determine whether aging altered the neural
origin of the EFS-evoked contraction, we used
the nerve Na channel inhibitor tetrodotoxin
(TTX, 1 uM). TTX almost abolished the
response to EFS for al the frequencies tested in
all the experimental groups (Fig. 1C). In
keeping with this, we obtained similar results
with a combined treatment with atropine (1
uM), suramin (100 pM) and guanethidine (1
pM), which blocks cholinergic, purinergic and
adrenergic neurotransmission, respectively (Fig.
1D).

Excitatory innervation. Similar to
several  species, the main  excitatory
neurotransmitter in guinea pig urinary bladder
is ACh. The cholinergic contribution to EFS-
induced contractile response was determined
using atropine (1 puM), which reduced the
contraction in a frequency-dependent fashion in
all experimental groups (Fig. 24-C). Atropine
effects ranged from 19 % inhibition at 0.5 Hz to
58 % inhibition at 40 Hz (Figure 2D), but it was
unable to abolish the contraction, indicating the
release of additional excitatory
neurotransmitters in response to EFS. In order
to characterize this non-cholinergic excitatory
component we tested suramin, a purinergic
antagonist, and capsaicin, which induces a
sensory denervation when used a high
concentration. In young adult guinea pigs 100
UM suramin reduced the EFS response in a
negative frequency-dependent fashion (36 %
inhibition at 0.5 Hz and 16 % inhibition at 40
Hz, Fig. 34 and 3D). By the contrary, suramin
was ineffective in aged strips (Fig. 3B and 3D),
suggesting that aging evokes a functional
purinergic denervation in guinea pig urinary

bladder. Melatonin treatment of aged animals
restored suramin effects on EFS-evoked
response (35 % of inhibition at 0.5 Hz and 11 %
of inhibition at 40 Hz, Fig. 3C and 3D).

As shown in figure 4, desensitization
of afferent nerves by a high concentration of
capsaicin (10 uM) reduced the response,
revealing the contribution of afferent neurones
in the contraction induced by EFS. Similar to
the purinergic component, the afferent
contribution was impaired by aging (Fig. 4B),
although capsaicin conserved a slight effect on
the contraction. Melatonin treatment also
restored the excitability of the afferent
innervation, increasing the sensitivity to
capsaicin in aged stripsto levels similar to those
in young adult strips (Fig. 4).

To test the presence of interactions
between purinergic and afferent innervation, the
strips were treated with 100 pM suramin before
or after application of 10 uM capsaicin. Both
protocols resulted in additive effects of suramin
and capsaicin (data not shown) indicating that
these neura components do not interact.
Following the same approach, we pre-treated
the strips with 1 uM atropine before suramin or
capsaicin  to test respectively cholinergic
modulation of purinergic and afferent excitatory
neurotransmission. In young adult animals,
suramin in the presence of atropine induced an
inhibition of the EFS response which was
similar to that obtained by suramin alone at low
frequencies (suramin aone: 35.83 + 6.53 %
inhibition at 0.5 Hz, suramin after atropine:
29.50 + 4.46 % inhibition at 0.5 Hz, compare
effects of suramin in Fig. 3A & 54) but it was
higher at medium-high frequencies, suggesting
that cholinergic nerves negatively modulate
purinergic fibers. Surprisingly, in aged animals
where application of 100 uM suramin alone did
not have effects (see Fig. 3), suramin inhibited
the EFS-elicited contractile response in
presence of atropine (suramin aone: 0.98 +
3.51 % inhibition at 0.5 Hz, suramin after
atropine: 34.18 + 4.96 % inhibition at 0.5 Hz,
Fig. 5B), indicating that aging increases the
cholinergic negative modulation of purinergic
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innervation. In melatonin treated animals, the
effect of suramin after atropine was similar to
that in young animas, showing that at
frequencies resembling physiological
gtimulation (0.5 Hz) there was no apparent
cholinergic modulation of the purinergic
neurotransmission (suramin alone: 31.71 + 5.86
% inhibition at 0.5 Hz, suramin after atropine:
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Regarding the afferent sensitive fibers,
capsaicin was unable to reduce the neurogenic
response in presence of atropine (Fig. 5D, 5E,
5F), suggesting that in urinary bladder afferent
innervation collaborates in the total response to
EFS through activation of cholinergic fibers.
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Figure 5. Effects of cholinergic nerves on purinergic and sensory fibers in the urinary bladder. Effect of
100 uM of suramin after atropine (1 uM) on EFS-elicited contractile response in urinary bladder from adult
(A), aged (B) and melatonin treated aged animals (C). Atropine does not block the inhibitory effect of
suramin. Data are from 5-6 urinary bladder strips. (D), (E) and (F) In strips pretreated with atropine (1 pM)
capsaicin (10 uM) resulted ineffective, indicating that cholinergic activation is necessary to release excitatory
neurotransmitters from sensory nerves. Data are from 5-6 urinary bladder strips. (** P < 0.01 by ANOVA).
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Inhibitory  innervation, L-arginine-
derived nitric oxide (NO) seems to be
responsible for the main part of the inhibitory
NANC responses in the lower urinary tract (30),
although a clear physiological role for this
neurotransmitter is not firmly established. To
investigate a possible effect of aging on the
nitrergic control of bladder contractility, we
tested the effect of the specific NO synthase
inhibitor Nw-nitro-L-arginine methyl ester (L-
NAME) on the response to EFS. As shown in
Fig. 6, 100 uM L-NAME was ineffective in
strips from adult guinea pigs (Fig. 64) while in
aged strips it resulted in an enhancement of the
EFS-evoked responses, indicating that EFS

releases relaxing NO (Fig. 6B). The effect of L-
NAME in strips from aged animals was 15.26 +
2.12 % increase at 0.5 Hz and 13.56 + 1.17 %
increase at 40 Hz and it is absent when the old
animals were treated with melatonin (Fig. 6C).

To study the participation of
adrenergic innervation in normal and aged
bladder contraction we used guanethidine (1
uM), which prevents the synaptic release of
noradrenaline. This treatment had no effects in
strips from adult guinea pigs (Fig. 74) but
increased the contraction in strips from aged
animas (Fig. 7B), indicative that in aged
urinary bladder EFS releases noradenaline

which, probably  through  p-adrenergic
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Figure 6. Aging reveals inhibitory nitrergic innervation in guinea pig urinary bladder. Original
recordings of bladder strips contraction elicited by EFS before and after application of 100 uM L-NAME in
adult (A), aged (B) and melatonin-treated aged guinea pigs (C). L-NAME treatment increased the response
to EFS only in aged strips. Traces are typical of 5 to 8 strips. D, Summary data of the increase induced by
100 uM L-NAME on EFS-evoked contraction. (n=5-8, * P < 0.05 by ANOVA).
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receptors, leads to relaxation. This effect was
16.91 + 2.15 % increase at 0.5 Hz and 17.09 +
3.39 % increase at 40 Hz and it was reversed by
treatment with melatonin (Fig. 7C).

The data presented above show that
cholinergic neurons control purinergic and
afferent fibres. To assess whether this control
also occurred for the nitrergic and adrenergic
innervation, we treated the strips with 100 uM
L-NAME or 1 uM guanethidine in the presence
of 1 puM atropine. Though L-NAME or
guanethidine alone resulted ineffective in adult
strips, in atropine-treated strips these inhibitors
increased the EFS-induced response (Fig. 84
and 8B), indicating that in young adult guinea

1 uM Guanethidine

pig urinary bladder the neural realease of NO
and noradrenaline is inhibited by acetylcholine.
The contraction in L-NAME and atropine
treated strips was 160.27 + 13.68 % respect to
atropine treated strips at 0.5 Hz and 144.52 +
1216 % at 40 Hz. For guanethidine and
atropine treated strips the response was 179.98
+ 10.30 % respect to atropine at 0.5 Hz and
152.81 + 9.74 % at 40 Hz (Fig. 8). This
cholinergic modulation of the inhibitory
innervation is exclusive of adult animals, since
it was absent in both aged and melatonin-
treated animals (Fig.8).

Oxidative stress in aged guinea pig
urinary bladder, MDA level, an index of lipidic
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Figure 7. Aging evoked hipereactivity of inhibitory adrenergic innervation in guinea pig urinary
bladder. Original recordings of urinary bladder contraction €elicited by EFS in the presence and absence of
1 uM guanethidine in adult (A), aged (B) and melatonin-treated aged guinea pigs (C). Adrenergic depletion
evoked by guanethidine increased the response to EFS indicative of noradrenaline-induced relaxation.
Traces are typica of 6 to 11 strips. D, Summary data of guanethidine-induced increase on EFS-induced

contractile. (n=6-11, * P < 0.05 by ANOVA).
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peroxidation, was significantly higher (P <
0.05) in bladders from aged animals (0.833 +
0.097 nmol/mg of protein, n=7) than in those
from young adult animals (0.552 + 0.043
nmol/mg of protein, n=8). In paralel, aging
caused a significant (P< 0.01) reduction in GSH
levels from 5.04 + 0.20 to 3.76 + 0.29 nmol/mg
of protein (adult and aged groups, respectively).
Melatonin treatment reversed the elevations in
MDA levels and the changes in GSH levels
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evoked by ageing (MDA: 0518 + 0.084
nmol/mg of protein; GSH: 5.02 + 0.40 nmol/mg
of protein, n=6).

5-DISCUSSION

The results of the present study
demonstrate that aging impairs EFS-evoked
contractile response in guinea pig urinary
bladder through functional impairment of
excitatory nerves and sensitization of inhibitory

W

Adult
10.0
g
> 751 Control
£ *%
S 50 A + Guanet
2
§ Atropine
€ 25
o
o
0.0 T T T ™
0 10 20 30 40
Frequency (Hz)
10.0
5 Aged
> 75 1
E
§ 504
ki
[ Control
£ 25
5 A + Guanet
[} Atropine
0.0 T T T m
0 10 20 30 40
Frequency (Hz)
, Melatonin
100 elato Control
2
> 75 4
E
c 4
S 5.0 A + Guanet
§ Atropine
€ 25
o
[*]
0.0 T T T n
0 10 20 30 40

Freauencv (Hz)

Figure 8. Aging suppresses cholinergic inhibition of relaxing innervation in the guinea pig urinary
bladder. Effect of 100 uM L-NAME (A) or 1 uM guanethidine (B) after atropine (1 uM) pretreatment on
EFS-dlicited contraction in young, aged and melatonin-tretaed aged guinea pig urinary bladder. Note that L-
NAME or guanethidine enhanced the effects of neural response only in young adult animals, indicating that
in aged individuals cholinergic inhibition of relaxing nitrergic and adrenergic nerves is lost. Data are from

5-10 urinary bladder strips. (** P <0.01 by ANOVA).
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fibres, a process correlated with an increase in
markers of oxidative stress. Melatonin
treatment recovered the neurogenic contraction,
reversed most of the  ageinduced
neurotransmission alterations and restored the
levels of oxidative stress markers to those of
young adult individuals.

In our experimental conditions EFS of
isolated detrusor induces a neurogenic
contraction, as shown by the strong inhibition
by TTX or by a combination of
neurotransmission antagonists. This neurogenic
contraction was lower in aged guinea pig
detrusor, a finding in keeping with previous
reports of age-associated loss of urinary bladder
innervation (4; 12) and neuromuscular function
(28), but disagrees with other findings (31; 40;
41). Similar to human and other species, the
main excitatory neurotransmitter in guinea pig
bladder was acetylcholine (21; 40). Our data
indicate that the rest of the contraction is due to
purinergic and afferent (capsaicin sensitive)
fibres, in keeping with the reported presence of
tachykinins (including substance P and
neurokinins) in sensory afferent nerves of the
urinary bladder in several species (25).
Although tachykinins have an obvious afferent
functions, they may contract detrusor after
peripherical release, as shown in other organs
such as the gastrointestinal tract (24). In our
model aging induced a loss of purinergic
neurotransmission and a functional
neurodegeneration of sensory fibers, similar to
previous reports in rat bladder (6), but did not
ater the cholinergic component of the
contraction, while in human bladder it evokes a
decrease in the cholinergic neurotransmission
and an increase in the purinergic component
(40).

In addition to the changes reported
above, we describe here for the first time the
presence of neuromodulation between different
neural components in urinary  bladder
contraction. The combination of atropine and
suramin shows that in aged animals
acetylcholine binding to muscarinic receptors
inhibits the release of excitatory ATP from

purinergic fibres. Although the type of
cholinergic receptor involved is out of the scope
of our study, this mechanism can explain the
loss of purinergic contraction in aged detrusor.

The present study shows that, in
addition to the loss of excitatory
neurotransmission, aterations in the inhibitory
innervation also contribute to the impairment in
contractility. Although NO is a well accepted
non-adrenergic, non-cholinergic  inhibitory
neurotransmitter in other smooth muscles, such
as vascular and gastrointestinal, its functional
role on detrusor is controversial. NO synthase is
present in detrusor muscle (10) but the release
of NO in response to EFS and its relaxing
effects are deceiving (19; 22). Similar to NO,
the role of catecholamines in the control of
urinary bladder is controversia (for review see
(2). Inhibitory (B) and excitatory (o) (33)
adrenergic receptors have been described, but
the net effect of noradrenergic release on
urinary bladder depends on multiple factors
(species, age, sex, region of bladder,...). We
found that only in aged strips the blockade of
nitrergic (L-NAME) or adrenergic nerves
(guanethidine) enhanced the EFS-evoked
contraction, indicating that in aged bladders the
relevance of inhibitory innervation is increased.
In the case of young adult animals the release of
these relaxing neurotransmitters is inhibited by
cholinergic modulation of nitrergic and
adrenergic terminas, and the loss of this
neuromodulation during aging contributes to
the impaired contractile response present in
aged individuals. Therefore, as in the case of
the inhibition of purinergic transmission by
ACh in aged strips (see above), aging induces
changes in the neuromodulation of the intrinsic
plexus leading to impairment of contraction. To
some extent, this is reminiscent of the
alterations of cortical synapses observed in aged
brain (18).

Although our data show that the loss
of contraction is due to a specific pattern of
alterations in the release of neurotransmitters
and in the reciprocal heuromodulation, they do
not exclude the possible participation of
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myogenic mechanisms, as we have found that
aging also decreases myogenic contractions
through changes in the process of calcium
sensitization in detrusor cells (Experimental
cap I11).

Regarding the subcellular mechanisms
leading to the observed effects of aging in
bladder contraction, our finding that aging is
associated with an increase in levels of
oxidative stress markers (high lipidic
peroxidation and low GSH levels) suggests that
this factor contributes to the process. In urinary
bladder several conditions associated to high
levels of free radicals lead to atered detrusor
responses (26; 27; 32; 36), and oxidative stress
impairs the contraction in response to
muscarinic activation (8). Moreover, thislink is
further supported by the normalization of the
oxidative parameters in melatonin-treated
animals. Melatonin is a potent scavenger and
antioxidant agent (34) and the clear beneficia
effects presented here is likely to be related to
mitigation of oxidative stress. Beneficia effects
of melatonin have been described in conditions
of oxidative stress associated with cydtitis (32)
and in patients with nocturia (9) where
melatonin normalizes the altered state of
bladder.

Regarding the targets of melatonin, our
results indicate that they can be the nerves,
since melatonin-induced improvement of
neuromuscular function is associated to the
recovery of the sensitiveness to capsaicin,
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1-ABSTRACT

Urinary bladder disturbances are very
frequent in the elderly population but the
responsible mechanisms are poorly understood.
This study evaluates the effects of ageing on
detrusor myogenic contractile responses and the
impact of melatonin treatment. The contractility
of the strips from adult, aged and melatonin
treated guinea pigs was evaluated by isometric
tension recordings. Cytoplasmatic calcium
concentration [Ca®]; was estimated by
epifluorescence microscopy in fura-2-loaded
isolated detrusor smooth muscle cells, and the
levels  of protein expression and
phosphorylation were quantified by western
blotting. Ageing impars the contractile
response of detrusor strips to cholinergic and
purinergic agonists and to membrane
depolarization. The impaired contractility
correlates with increased [Ca®"]; in response to
the stimuli, suggesting a reduced Ca*
sengitization.  Indeed, the agonist-induced
contractions in adult strips were sensitive to the
blockade with Y27632, an inhibitor of Rho
kinase (ROCK) and GF109203X, an inhibitor
of PKC, but these inhibitors had negligible
effects in aged strips. The reduced Ca*
sensitization in aged tissues was confirmed by
lower levels of expression of RhoA, ROCK,
PKC and the two effectors CPI-17 and MYPT1
and no phosphorylation of CPI-17 and MY PT1
in response to agonists. Interestingly, melatonin
treatment recovered impaired contractility via
normalization of Ca®* handling and Ca**
sensitizations pathways. These results suggest
that melatonin might be a novel therapeutic tool
to paliate ageing-related urinary bladder
contractile impairment.

INTRODUCTION

Urethra relaxation and  bladder
contraction are two critical steps to expel the
urine during the voiding phase. Detrusor
contraction is mainly cholinergic and purinergic
in origin (Ambache & Zar, 1970). It is
traditionally accepted that acetylcholine and
ATP  increase  cytoplasmatic ~ calcium

concentration ([CaZ];), which initiates smooth
muscle contraction upon binding to calmodulin.
The Ca?-camodulin  complex induces
camodulin-dependent activation of myosin
light chain kinase (MLCK), which catalyzes the
phosphorylation of myosin regulatory light
chain, crossbridge cycling and force
development  (Karaki et al, 1997).
Dephosphorylation of the myosin regulatory
light chain is performed by myosin light chain
phosphatase (MLCP), leading to relaxation
(Horowitz et al., 1996).

However, it is now well established
that smooth muscle can contract independently
of changes in [Ca"];. This process, referred as
Ca’* sensitization, is the result of changesin the
sensitivity of the contractile machinery to Ca®.
Inhibition of MLCP, decreased MLC
desphosphorylation and subsequent force
development mediate Ca®  sensitization
(Somlyo & Somlyo, 2003). One main pathway
for inhibition of the ML CP involves Rho-kinase
(ROCK), the downstream intermediary of the
small G protein RhoA, that inhibits MLCP
through the 130 KDa subunit myosin
phosphatase targeting 1 (MYPT1). Ca*
sengitization can aso be activated by the
PKC/CPI-17 pathway, where activated protein
kinase C (PKC) phosphorylates CPI-17 (C-
Kinase-dependent phosphatase inhibitor of 17
KDa), which inhibits MLCP by mean of its
catalytic subunit PP1p (Eto et al,
1995;Kitazawa et al., 1999;Kitazawa et al.,
2000).

Ca®* sensitization has been described
in several smooth muscles, including that from
the wurinary bladder (Schneider et al,
2004;Durlu-Kandilci & Brading,
2006;Wibberley et al., 2003) and it seems to be
altered in pathological conditions such as
hypertension (Mukai et al., 2000), asthma
(Chiba et al., 2004), and erectile dysfunction
(Dai et al., 2004). Bladder dysfunction related
to experimental diabetes, hypertension or partial
bladder outlet obstruction (Su et al,
2004;Rajasekaran et al., 2005;Stanton et al.,
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2003;Stanton et al., 2004) correlates with
changesin Ca®* sensitization.

It is well known that disturbances of
bladder function are common in the elderly
population and that the incidence of such
disorders increases with age (Andersen et al.,
1978), but the mechanisms leading to altered
micturition cycle are poorly understood. There
are severa in vitro studies in the literature
regarding the effect of ageing on detrusor
smooth muscle strips (Longhurst et al.,
1992;LIuel et al, 2000;Yoshida et al., 2001).
According to these studies ageing affects the
intrinsic neura network that controls the
micturition cycle (Yoshida et al., 2001), but it
aso dters the myogenic responses to
neurotransmitters (Longhurst et al., 1992;L [uel
et al., 2000). However, little is known about the
intracellular mechanisms underlying age-related
detrusor dysfunction. Ageing-induced changes
in Ca®* sensitization mechanisms in smooth
muscles have not been described, although up-
or down-regulation of Ca®* independent
contraction during development have been
shown for different smooth muscle preparations
(Ekman et al., 2005;Bruce & Nixon, 1997).

In agreement with other reports, we
have recently shown that ageing impairs urinary
bladder function by shortening the micturition
intervals, reducing bladder capacity, and by the
presence of spontaneous contractions during the
filling phase and lower micturition pressures
during the voiding phase (Gomez-Pinilla et al.,
2007;Bruce & Nixon, 1997). Furthermore, we
show a beneficial effect of melatonin treatment,
since it decreased bladder overactive and
restored all the micturition parameters to those
values found in adult animals. In the aged
galbladder, we have shown that melatonin
improves contractility and that this is not
associated with restoration of Ca?* handling
(Gomez-Pinilla et al., 2006a). These results
suggest that melatonin can affect Ca*
independent mechanisms resulting in the
amelioration of agerelated smooth muscle
dysfunction.

In the current study we characterized
aged-related changes in the contractile response
of detrusor smooth muscle to agonist
stimulation and investigated the possible
alterations in agonist-induced Ca?* mobilization
and Ca®* sensitization mechanisms. In addition,
the effects of melatonin in both, Ca?* dependent
and independent contractions were eval uated.

3-MATERIALS AND METHODS

Animals: Female guinea pigs were
divided in two groups according to age: young
adults (4 months old) and aged (18-20 months
old). Animals were housed in light (12 h light-
dark cycle) and temperature (20 °C) controlled
rooms and had free access to water and food. A
group of aged animals was treated orally with
melatonin (2.5 mg.Kg'day™®). Melatonin was
dissolved in glucose solution (1.5%) and
administered oraly, every day at 7:00 pm (1
hour before the dark phase) for 28 days. The
experiments were performed according to
European guidelines for animal research and
approved by the Animal Ethics Committees of
the University of Extremadura and Lund
University.

Contraction recording of guinea pig
urinary bladder smooth muscle strips: Deep
halothane anesthetized guinea pigs were killed
by cervical didocation, the urinary bladder was
removed just above urethra and placed in a
sylgard plate filled of K-HS. The urinary
bladder was cleaned of fatty tissue, opened
longitudinally and the urothelium was carefully
removed. Longitudinal strips (~5 x 15 mm) of
detrusor muscle were placed vertically in a 10
ml organ bath filled with K-HS maintained at
37 °C and gassed with 95% O, - 5% CO..
Isometric contractions were measured using
force displacement transducers, digitized using
aMacLab hardware unit and dedicated software
(ADInstruments; Colorado Spring, CO, USA).
The muscle strips were mounted under an initial
resting tension equivalent to 1.5 g load and
allowed to equilibrate for 60 min, with solution
changes every 20 min. Strips were challenged
with different concentrations of bethanechol
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(BE), ATP and KCI and concentration-response
curves were constructed for strips from adult,
aged and aged melatonin-treated animals
(MEL). At the end of each experiment the strips
were dried and weighed to normalize detrusor
contractile responses.

Cell isolation: Urinary bladder smooth
muscle cells were dissociated enzymatically
using the following method. Briefly,
approximately 20 mg of detrusor was cut into
small pieces and incubated for 35 min at 37°C
in enzyme solution (ES, for composition see
Solutions and drugs) supplemented with 1
mg/ml BSA, 1 mg/ml papain, and 1 mg/ml
dithioerythritol. Next, the tissue was transferred
to fresh ES containing 1 mg/ml BSA, 1 mg/ml
collagenase, and 100 uM CaCl, and incubated
for 10 min at 37°C. The tissue was then washed
three times using cold ES, and the single
smooth muscle cells were isolated by several
passages of the tissue pieces through the tip of a
fire-polished glass Pasteur pipette. The obtained
cell suspension was kept in ES at 4°C until use,
generally within 6 h. Cell viability was
routinely checked by trypan blue staining of
cells founding a similar viability (~90 %) in all
group of animals. Urinary bladder smooth
muscle cell length was also similar in the
different groups (adult: 52.02 + 1.48 um; aged:
47.35 + 2.52 pum and melatonin: 48.20 + 1.44
um, n = 74, 41 and 58 cells, respectively). All
experiments involving isolated cells were
performed at room temperature (22°C).

Cell loading and [Ca’"];
determination: [Ca’]; was determined by
epifluorescence  microscopy  using  the
fluorescent ratiometric Ca®* indicator fura 2.
Isolated cells were loaded with 4 uM fura 2-
AM at room temperature for 25 min. An aliquot
of cell suspenson was placed in an
experimental chamber made with a glass poly-
D-lysine treated coverdip (0.17 mm thick)
filled with Na'-HEPES solution (for
composition see Solutions and drugs) and
mounted on the stage of an inverted microscope
(Eclipse TE2000-S; Nikon). After cell
sedimentation, a gravity-fed system was used to

perfuse the chamber with Na'-HEPES solution
in the absence or presence of the experimental
agents. Cells were illuminated at 340 and 380
nm at 0.3 cycles/s (Optoscan, Cairn Research),
and the emitted fluorescence was captured with
a cooled digital charge-coupled device camera
(ORCAII-ERG; Hamamatsu Photonics) and
recorded using dedicated software (Metafluor,
Universal  Imaging). Fluorescence ratio
(Faso/F2g0) Was calculated pixel by pixel and
used to indicate the changes in [Ca™]. A
cdibration of the ratio for [C&']; was not
performed in view of the many uncertainties
related to the binding properties of fura 2 with
Ca®* inside of smooth muscle cells.

Analysis of protein expression and
phosphorylation by western blot: Detrusor
pieces (~2 mg of dry weight) were quickly
frozen, pulverized in liquid nitrogen, extracted
in lysis buffer (for composition see Solutions
and drugs) and then sonicated for 5 s. Lysates
were centrifuged at 10,000 g for 15 min at 4°C
to remove nuclei and unlysed cells and the
protein concentration was measured. Protein
extracts (40 pg) were heat-denaturalized at
95°C for 5 min with DTT, electrophoresed on
7.5 or 15 % polyacrylamide-SDS gels and then
transferred to a nitrocellulose membrane.
Membranes were blocked for 1 h at room
temperature using 10% bovine serum albumin
(BSA) and incubated overnight at 4°C with
affinity-purified polyclonal antibodies for
ROCK | and Il (1:500, Becton-Dickson
Bioscience), RhoA, p-CPI-17, CPI-17, p-
MYPT-1 and MYPT-1(1:500, Santa Cruz
Biotechnology) and p-PKC (1:5000 Cédll
Signalling Technology). A mouse anti-a tubulin
monoclonal antibody (1:1000, Santa Cruz
Biotechnology) was used as loading control.
After washing, the membranes were incubated
for 1 h at room temperature with anti-mouse
(1:10000, Amersham Biosciences) or anti-
rabbit (1:7000, Santa Cruz Biotechnology) 1gG-
horseradish peroxidase conjugated secondary
antibody. Bands were detected with the
supersignal  west pico  chemiluminescent
substrate (Pierce, IL, USA). The intensity of the
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bands was quantified using the software Gel-
pro-analizer (ver 4.0) and normalized to a-
tubulin content.

In protein phosphorylation assays two
similar gels were run and one membrane was
incubated with the antibody against the total
protein and the other with an anti-phospho-
protein of interest.

Solutions and drugs: The K-HS
contained (in mM): 113 NaCl, 4.7 KCI, 25
CaCl,, 1.2 KH,PO,, 1.2 MgSO,, 25 NaHCO;,
and 11.5 D-glucose. This solution had a final
pH of 7.35 after equilibration with 95% O,-5%
CO,. The ES used to disperse cells contained
(in mM): 10 HEPES, 55 NaCl, 5.6 KCI, 80
sodium glutamate, 2 MgCl,, and 10 D-glucose,
with pH adjusted to 7.3 with NaOH. The Na'-
HEPES solution contained (in mM): 10
HEPES, 140 NaCl, 4.7 KCI, 2 CaCl,, 2 MgCl.,,
and 10 D-glucose, with pH adjusted to 7.3 with
NaOH. The Ca’'-free Na'-HEPES solution
included EGTA (1 mM) instead of CaCl,. The
lysis buffer was composed of (in mM): Tris-
HCI 40, NaCl 400, 0.2 % SDS and 10 %
glycerol supplemented with protease and
phosphatase inhibitors. Drug concentrations are
expressed as final bath concentrations of active
species. Drugs and chemicals were obtained
from the following sources: bethanechol, ATP,
caffeine, ionomycin, melatonin from Sigma
Chemical (St. Louis, MO); fura 2-AM from
Molecular Probes (Molecular Probes Europe,
Leiden, Netherlands); collagenase from Fluka
(Madrid, Spain); papain from Worthington
Biochemical (Lakewood, NJ), Y-27632 and
GF109203X from Calbiochem (La Jolla, CA).

Stock solutions of fura 2-AM and
ionomycin were prepared in DMSO. The fina
concentration of DMSO was <0.1% vol/vol.
This concentration of DMSO did not interfere
with fura 2 fluorescence.

Quantification and statistics, Results
are expressed as means = SEM of n cells,
bladder strips or blots. [Ca®']; is expressed as
AFyo/Fsgy and contractile responses in
millinewtons (mN)/mg of tissue. Differences
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Figure 1. Ageing decreases urinary bladder
contractile responses and melatonin recovers
them. The strips were exposed to increasing
concentrations of bethanechol (BE) (4), ATP (B)
and KCI (C). In @l concentration-response curves
the contractile responses of aged strips were smaller,
indicating that ageing impairs detrusor responses.
Contractile responses are expressed as mean + SEM.
n=6-12 * P <0.05 and ** P < 0.001 vs adult.

between multiple groups were tested using
analysis of variance for repeated measures
(ANOVA one-ways), followed by Bonferroni
post test. Differences were considered
significant at P < 0.05.
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4- RESULTS
Contractile response to agonist challenge

Cumulative additions of the muscarinic
agonis BE (10 nM-1 mM) evoked
concentration-dependent contractions in guinea
pig urinary bladder strips (Figure 1A). Ageing
impaired BE-induced contractile responses as
indicated by the decrease in the maximal
response (Eqn) and the increase in the ECy
vaues (Ema: 791 = 094 vs 290 = 0.37
mN/mg; ECsy: 24.05 +4.05 vs 50.85 +£10.18
puM; n = 12 and 6 for adult and aged,
respectively; P < 0.01 and P < 0.05, adult vs
aged). Similar to BE, when urinary bladder
strips were challenged with increasing doses of
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ATP, a concentration-dependent contractile
response was obtained (Figure 1B), which was
similarly changed in aged animals (Eqa, 1.60 £
0.21 vs 0.23 + 0.05 mN/mg; n =12 and 6, P <
0.001; adult vs aged). To explore if ageing
affects depolarization-induced contractions we
exposed the strips to medium containing 20, 40
and 60 mM KCI. In adult animals, KCI induced
a dose-dependent contraction (Figure 1C) but in
aged strips contractions were significantly
reduced at 40 and 60 mM. Interestingly,
melatonin treatment of aged animals reverted
the ageing-related alterations in contractile
responses described above (Figure 1).

(B) ATP ATP ATP
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Figure 2. Ageing increases cytosolic Ca®" concentration ([Ca’'];) responses to store depletion and
membrane depolarization. Representative [Ca®']; responses to 100 uM of bethanechol (BE) (A), 100 uM of
ATP (C), 10 mM of caffeine (Caff) (C) and 60 mM of KCI (D) in fura-loaded urinary bladder smooth muscle
cellsfrom adult (solid line), aged (discontinuous line) and aged treated (dotted line) animals. In aged cellsthe
calcium signalling is up-regulated and melatonin treatment restores CaZ* signalling. Traces are typical of 6-34
cells. The ratio of fluorescence at 340 nm to fluorescence at 380 NM (Fao/Fag0) is used asindicative of [Cal'];..
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Calcium signalling in urinary bladder
smooth muscle cells.

The diminished contractile responses
in aged bladders could be the result of a
reduction in Ca®* mobilization. In order to test
this possibility, we quantified [Ca®"]; in
response to the same stimuli as in Figure 1.
Surprisingly, BE and ATP, which mainly
release Ca’* from intracellular stores through
IP; receptors (Hashitani et al., 2000), evoked
higher [Ca"]; increases in cells from aged than
adult animals (adult: 0.291 + 0.032 and 0.099 +
0.010 AF349/F3g0; aged: 0.443 + 0.041 and 0.204
+ 0.020 AF340/Fsg0 for 100 uM BE and ATP,
respectively, n = 8-21 cells, P < 0.05 adult vs
aged for BE and P < 0.001 adult vs aged for
ATP). These responses had the typical profile
of intracellular Ca®* release, a transient peak
followed by the rapid return to basa levels
(Figure 2A & B). Similarly, C&* release from
ryanodine receptors was higher in aged cells as
indicated by the response to 10 mM caffeine
(adult: 0.426 + 0.034 AF34/Fzg0; aged: 0.664 +
0.040 AFz49/F3g0 N = 16 and 18 cells, P < 0.01,
Figure 2C). These results indicate that Ca?*
stores content may be higher in aged cells. To
test this possibility we applied a low level of
ionomycin in Ca?* free solution, a treatment
which releases Ca?* from intracellular stores
while bypassing channels and receptors. [Ca’];
transients induced by 50 nM of ionomycin in
adult were smaller than in aged cells (adult:
0.069 + 0.008 AFg;o/Fsg0, aged: 0.174 + 0.020
AF340/Fzg0, N = 13 and 18 cells, respectively, P <
0.01). Similar differences were obtained in the
presence of blockers of Ca* extrusion
mechanisms (data not shown). In addition,
ageing increased KCl-induced Ca®* influx
(adult: 0.170 + 0.025 AF34/Fzg0; aged: 0.247 +
0.014 AF340/Fzg, N = 6 and 10 cells, P < 0.05,
Figure 2D).

As shown in figure 2, melatonin
treatment was able to counteract ageing-
induced changes in Ca?* homeostasis. Thus,
Ca* release from intracellular stores stimulated
by BE, ATP and caffeine and extracellular Ca®*
influx activated by KCl, were similar to the
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Figure 3. Ageing depresses contractile response
sensitivitiness to Y-27632 and GF109203X,
whereas melatonin treatment recovers it. Effects
of 5 uM Y-27632, 5 uM GF109203X or the
combination of both inhibitors on 100 uM o BE- (A),
100 uM ATP- (B) and 60 mM KCI- (C) evoked
contractions in urinary bladder strips. Data are
expressed as mean + SEM. n = 6-15 strips. * P <
0.01. vsadults

values obtained in the adult group and
significantly different to the aged group (BE:
0.357 + 0.036 AF34/Fsgp; ATP: 0.118 + 0.016
AF340/Fsg0; caffeine: 0.471 + 0.024 AF3z0/Fago;
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KCl: 0.159 + 0.018 AF349/Fagp; N = 26, 10, 34
and 18, respectively, P > 0.05 vs adult).
However, melatonin did not change the size of
Ca®* stores as determined by ionomycin
treatment (0.193 + 0.015 AF3,/F380, n = 26
cells, P > 0.05 vs aged). Taken together, the
results indicate that age-induced impairment in
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bladder contractility is not due to impaired Ca®*
mobilization.

In fact, when we treated the cells with
1 uM ionomycin, which elevates [Ca®];
independently of channels and receptors, the
same increase of [Ca’]; was reached in the
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Figure 4. Ageing decreases the expression of proteins involved in Ca’" sensitization pathways
expression and melatonin treatment normalizes those levels. Original Western blots on bladder
smooth muscle in one experiment representative of four others. Ageing reduced the expression of Rho A
(A), ROCK | (B), ROCK Il (C), MYPT-1 (D), p-PKC (E) and CPI-17 (F). There are not differences
between expression in adult and melatonin-treated animals. a-Tubulin was used as loading control.
Summary data are expressed as % increases respect to adults normalized to a-tubulin content. Data are
means + SE of 5, 4 and 6 experiments for adult, aged and melatonin, respectively . * P < 0.05 and ** P <
0.01 vs adult. AD; adult, AG; aged and ML ; melatonin treated aged animals.
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three experimental groups (adult: 0.421 + 0.059
AFau0/Fago; aged: 0.464 + 0.040 AFsuo/Fago,
melatonin: 0.445 + 0.040; n = 14, 15 and 22
cells, respectively). Despite similar increases in
[Ca’"];, detrusor strips from aged animals
contracted weaker in response to ionomycin
than strips from adult or melatonin treated
animals (adult: 2.69 £ 0.55 mN/mg; aged: 1.29
+ 0.32 mN/mg; melatonin: 2.71 + 0.65 mN/mg,
n =6, 6, and 8 strips, respectively; P < 0.05
aged vs adult and melatonin). These results
suggest that ageing decreases the sensitivity of
the contractile machinery to Ca* and that
melatonin could affect Ca®* sensitivity and
thereby improve detrusor contractility in aged
detrusor.

(A)

Un BE Y G

B ATP Y

Calcium sensitization in guinea pig urinary
bladder.

In order to investigate the existence of
ageing-induced alterations in Ca?* sensitization
mechanisms, specific inhibitors of calcium
sengditization pathways were tested on the
contractile response of guinea pig detrusor. In
these experiments, strips were challenged twice
with the agonist of interest (100 uM BE, 100
uM ATP or 60 mM KCI) at a 60 min interval.
Inhibitors were added to the organ bath 30 min
prior the second challenge. Y-27632 (5 uM), a
specific inhibitor or ROCK (Uehata et al.,
1997), and the selective PKC antagonist,
GF109203X (5 uM) (Toullec ef al., 1991), were
used to evaluate the participation of
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Figure 5. Ageing impairs phosphorylation of CPI-17 in response to stimuli and melatonin restores
it. (A) Representative Western blots using anti-[PThr38]-CPI-17 and anti-CPI-17 in adult animal. Optic
density of pCPI-17 (top) vs total CPI-17 (bottom) was calculated and the resultant ratio was expressed as
fold increase respect to unstimulated conditions. Summarized data of changes in CPI-17 phosphorylation
in bladder smooth muscle from adult (B), aged (C) and melatonin treated (D) animals. Bladder smooth
muscle was exposed to 100 uM bethanechol (BE), 100 uM ATP, and 60 mM KCl in the absence and
presence of 5 uM Y-27632, 5 uM GF109203X or the combination of both inhibitors. Tissue was treated
with the inhibitor/s for 30 min prior to the agonist challenge. Data are means =+ SE of 5-6 experiments. * P
< 0.05 stimuli vs unstimulated, 8P < 0.05 treatment vs stimuli. Un: unstimulated; B: Bethanechol; Y: Y-

27632; G: GF109203X , B; Y-27632 plus GF109203X.
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RhoA/ROCK and PKC/CPI-17 pathways,
respectively. In adult animals the contractile
response evoked by 100 uM of BE was not
affected neither by Y-27632 nor by
GF109203X, but when the strips were co-
incubated with both antagonists the response to
BE was inhibited by 57% (Figure 3A). In aged
strips, the inhibitors did not have any significant
effects when administered either separately or
in combination (Figure 3A). In adults, the
contractile response to ATP was sensitive to
both Y-27632 (44 % of inhibition), and
GF109203X (34% of inhibition) and when both
inhibitors were tested together the effect was
additive (74 % of inhibition). Both compounds
had only small inhibitory effects on the
purinergic contractile response in aged animals
(Figure 3B). Y-27632 even caused an increase
in ATP-evoked contraction (10 % of increase).
A smilar pattern of response was obtained
when strips were exposed to depolarizing
medium (60 mM KClI). Strips from adult guinea
pigs were sensitive to Y-27632, GF109203X
and a combination of both inhibitors (51, 43.
and 76 % of inhibition, respectively), whereas
the inhibitory effects were smaller in aged strips
(P <0.01). Interestingly, after melatonin
treatment the contractile responses of aged strip
recovered sengitivity to Y-27632, GF109203X
and the combination of both drugs (Figure 3).
These results suggest that ageing impairs Ca*
senditization mechanisms and melatonin
treatment restores them.

To further test whether Ca®*
sensitization mechanisms are affected by ageing
we determined the expression of proteins
involved in Ca®* sensitization pathways. As
shown in Figure 4 ageing induced a significant
reduction of the main components of
RhoA/ROCK pathway that ranged from 33 %
of reduction in Rho A expression to 58 % of
reduction in ROCK | expression (Figure 4 A-
D). In addition, the expression of phospho-PKC
and its effector CPI-17 were reduced by 30%
and 43 % in aged detrusor (Figure 4E & F).
Melatonin treatment normalized the expression
of al tested proteins (Figure 4). The lowered

level of expression of these proteins in aged
detrusor, may explain the impairment in
contractile responses found in aged bladder.
Accordingly, the mel atonin-induced
normalization of expression levels could
account for the improvement of contractile
responses found in treated guinea pigs.

In both Ca®* sensitization pathways,
phosphorylation of the last component (MY PT
for RhoA/ROCK pathway and CPI-17 for
PKC/CPI-17 pathway) is essential to inhibit the
activity of MLCP and cause contraction. Thus,
apart from measuring the total level of
expression of these proteins, we quantified the
ratio phospho-protein/total protein. In addition,
we tested the effect of the inhibitors used in
organ bath experiments (Y27632 and
GF109203X) to verify the specificity of both
compoundsin Ca?* sensitization pathways.

Phosphorylation of CPI-17 (at Thr-38)
and MYPT1 (at Thr-853) in response to BE,
ATP and depolarization, in the absence and
presence of the blockers, was examined using
anti-phosphoprotein-specific  antibodies. As
predicted, in adult and melatonin treated
animals alow level of p-CPI-17 was detected at
resting conditions, while p-CPI-17 increased
after challenge with 100 uM BE, 100 uM ATP
and 60 mM of KCI (Figure 5). This effect was
not present in aged tissues. These results are
consistent with the activation of PKC by the
contractile agonists in adult and melatonin
treated  tissues, leading to  CPI-17
phosphorylation and Ca’* sensitization. This
was confirmed by assaying the phosphorylation
levels of PKC in response to the stimuli, since
its activation leads to autophosphorylation
(Blobe et al., 1996) (adult, BE: 1.63 + 0.10,
ATP: 227 £ 0.2, KCI: 1.89 &+ 0.15 fold increase
respect to unstimulated; aged, BE: 0.99 + (.14,
ATP: 1.03 + 0.16, KCl: 1.40 + 0.27 fold
increase respect to unstimulated; melatonin
treatment 1.70 + 0.17, ATP: 2.27 + 0.29, KCI:
192 + 0.20 fold increase respect to
unstimulated; n = 4 experiments, P < 0.05).
According to the effects in contraction (see
Figure 3), CPI-17 phosphorylation in adult and
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melatonin-treated detrusor in response to BE
was only reduced by co-incubation withY 27632
and GF109203X, whereas phosphorylation in
response to ATP or KCI was reduced by both
antagonists in an additive mode (Figure 5B and
D). In aged smooth muscle, there was not
increased phosphorylation in response to
stimuli, (Figure 5C).

Regarding the phosphorylation status
of MYPT1 at Thr-853, in adult and melatonin-
treated animals, bladder exhibited a low basal
level of p-MYPT1 and stimulation with 100 pM
BE, 100 uM ATP and 60 mM KCI evoked a
significant increase in phosphorylation. Under
BE challenge, MYPT1 phosphorylation was
only inhibited by Y-27632 plus GF109203X
treatment, but when the tissue was stimulated
with ATP and KCl, p-MYPT1 levels were
reduced by both Y-27632 and GF109203X.
Y 27632 was more effective than GF109203X
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inhibiting MY PT1 phosphorylation in response
to these stimuli (Figure 6A, B & D). In detrusor
from aged animals, phosphorylation levels of
MYPT were not affected by agonist challenge
or blocker treatments (Figure 6C).

5- DISCUSSION

The results of the present study
indicate that ageing decreases urinary bladder
contractile response through a decrease in Ca?*
sensitization mechanisms. Paradoxically, the
diminished contractility found in aged detrusor
correlates with increased Ca?* mobilization.
Further, we show that treatment of aged animals
with melatonin recovered the contractile
response of bladder smooth muscle as the result
of normalization of Ca?* dependent and
independent mechanisms.

It is well known that urinary bladder
disturbances, as a consequence of alterations in
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Figure 6. Ageing impairs phosphorylation of MYPT1 in response to stimuli and melatonin restores it.
(A) Representative Western blots using anti-[PThr853]-MYPT1 and anti-MYPT1 in adult animal. Optic
density of pMYPTL1 (top) vs total MYPT1 (bottom) was calculated and the resultant ratio was expressed as
fold increase respect to unstimulated conditions. Summarized data of changes in MY PT1 phosphorylation
in bladder smooth muscle from adult (B), aged (C) and melatonin treated (D) animals. Bladder smooth
muscle was exposed to 100 uM bethanechol (BE), 100 uM ATP, and 60 mM KCI in the absence and
presence of 5 uM Y-27632, 5 uM GF109203X or the combination of both inhibitors. Tissue was treated
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the micturition cycle, increase with age
(Andersen et al., 1978), but little is known
about the underlying changes in bladder smooth
muscle that lead to those alterations.
Conflicting findings have been reported
depending on the species and agonists used
(Longhurst et al, 1992;Lluel et al,
2000;Yoshida et al., 2001). In these studies
none of the two mechanisms leading to
contraction were analysed (Ca®* mobilization
and Ca" sensitization). Here, we found that
ageing impairs the contractile response to
cholinergic and purinergic stimuli, which can
explain the functional data recently published
by us showing that ageing decreases micturition
pressure (Gomez-Pinillaet al., 2007).

In urinary bladder, the ageing-evoked
impairment in contractile response has been
previously associated to structural changes in
the detrusor, such as increased collagen content,
aterations in cell junctions and/or increased
space between muscle cells (Elbadawi, 1995).
In colonic and gallbladder smooth muscle, a
reduced contractile response was attributed to
inhibition of the Src Kinase pathway, reduced
activation of PKC, decreased association
between HSP-27 with the contractile machinery
and alterations in Ca®* homeostasis (Bitar,
2003;Gomez-Pinilla et al, 2006d). In this
paper, we explore whether changes in Ca®*
signalling and Ca®* sensitization can explain the
ageing-related  impairment  in  detrusor
contractility.

Intracellular Ca?* levels play an
important role in the modulation of contraction-
relaxation cycle of smooth muscle cells. The
origin of Ca®* can be extracellular or from
internal stores, but independently of the source,
increases in [Ca’"]; lead to contraction in a
camodulin- and MLCK-dependent way
(Horowitz et al., 1996;Karaki et al., 1997). In
this study, we describe that in aged smooth
muscle cells, Ca®* release from intracellular
stores and extracellular Ca?* influx are up-
regulated. This could be due to changes in the
size of the stores, in extrusion pathways, or in
the expression and or conductance of different

Ca’* channels. Here, we demonstrate that
intracellular Ca®* stores in aged cells have a
larger Ca?* content, which supports the increase
in Ca?* release through both I1P; and ryanodine
receptor channels. Reduction of Ca®* extrusion
mechanisms operating in plasma membrane
could also be responsible for the increased Ca®*
signalling in aged bladder smooth muscle cells.
Unpublished studies from our group indicate
that the Ca®* elimination rate is slower in aged
cellsthan in control cells, and that thisis related
to a lower PMCA contribution (Experimental
Cap V). Since this pump is easily altered by
endogenous oxidants (Zaidi & Michaglis,
1999), extrusion impairment could be due to
ageing-induced oxidative stress, which could
also change the expression and properties of
Ca®* channels. In this regard, higher L-type
Ca® influx in detrusor myocytes isolated from
unstable or obstructed bladder have been related
to changes on the time- and voltage- dependent
kinetics of the channels (Gallegos & Fry, 1994).
In gastrointestinal inflamed cells an increase in
the number of L-type Ca® channels and
changes in the pharmacological profile of these
channels have been described (Liu et al,
2001;Gomez-Pinilla et al., 2006b). The higher
[Ca®]; in response to  KCl-induced
depolarization could be also explained by more
effective Ca?* induce Ca®* release (CICR)
mechanisms described in bladder smooth
muscle cells (Collier et al., 2000). A detailed
characterization of the age- and melatonin-
induced changes in number and properties of
Ca’* channels is beyond the scope of this study
and will be addressed in future work.

The ageing process has been associated
to changes in Ca homeostasis and
cytotoxicity, leading to oxidative stress, organ
dysfunction and/or degenerative diseases
(Verkhratsky & Toescu, 1998). However, what
is clear in our study is that changes in Ca®*
homeostasis can not explain the impairment in
bladder contractility. Instead, we present
evidence for a reduced Ca®* sensitization as a
possible mechanism underlying aged-related
impairment of bladder contractility. Firgt,
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stimulation with ionomycin induced the same
increase in [Ca’"]; in both adult and aged
tissues, whereas it yielded a reduced contractile
response in aged muscle. Second, specific
inhibitors of the Ca®* sensitization pathways
inhibited the contractile response induced by G-
protein coupled receptor stimulation and Ca®*
influx in adult bladder smooth muscle, but had
less effect in aged strips. Third, the expression
of protein components of RhoA/ROCK and
PKC/CPI-17 pathways was diminished in aged
bladder. Fourth, the lack of activation of the
final effectors MYPT1 and CPI-17 in response
to stimuli in aged detrusor.

Ca®*  senstization  was  first
demonstrated in urinary bladder contraction in
2001 (Jezior et al, 2001) and since then,
several papers have been published describing
the participation of calcium sensitization in
different species including humans (Takahashi
et al., 2004;Schneider et al., 2004;Jezior et al.,
2001;Woodsome et al., 2001;Wibberley et al.,
2003;Fleichman et al., 2004;Durlu-Kandilci &
Brading, 2006). Variable contribution from
different Ca®* sensitization pathways and
sometimes conflicting evidence has been
described depending on the nature of the stimuli
and species. Thus, a predominant role for the
PK C pathway in cholinergic responses has been
shown in rat but not in guinea pig bladder
(Durlu-Kandilci & Brading, 2006), whereas
other studies claim for a role of RhoA/ROCK
pathway (Wibberley et al., 2003;Fleichman et
al., 2004). In humans, participation of both
pathways (Takahashi er al., 2004) and a major
participation of RhoA/ROCK pathway has been
reported (Schneider et al, 2004). In adult
guinea pig urinary bladder we have found that
bethanechol-evoked contractions were not
sengitive to ether Y-27632 or GF109203X
alone, but co-incubation with both antagonists
evoked a 50 % inhibition. In addition, BE
causes an increase in MYPT1 and CPI-17
phosphorylation that were not inhibited neither
by Y-27632 nor GF109203X but were sensitive
to both inhibitors when added together. These
results suggest a potential cross-talk mechanism

between pathways, upstream phosphorylation
of CPI-17 and MYPT1. Therefore, only when
both pathways  were  down-regulated
simultaneously, BE-mediated contraction and
MYPT1 and CPI-17 phosphorylation could be
inhibited. This cross-talk seems to be unigue to
BE-stimulation, as ATP-and KCl-induced
contractions and MYPT1 and CPI-17
phosphorylation were also sensitive to both
inhibitors  when  applied independently.
Agonist-induced CPI-17 phosphorylation was
inhibited by Y-27632, consistent with Thr-38 of
CPI-17 dso being a substrate of ROCK
(Koyama et al., 2000) and agonist-induced
MY PT1 phosphorylation was also decreased by
GF109203X, which could reflect the
phosphorylation of MYPT1 by PKC (Toth et
al., 2000). Our results with KCl are in line with
accumulating evidence showing that membrane
depolarization by high K* induces Ca’'-
dependent Rho activation and MLCP inhibition
through phosphorylation of MY PT1 and CPI-17
(Mita et al., 2002;Sakurada et al., 2003). It has
recently been demonstrated in vascular smooth
muscle that Pli;Kinase is essentia for these
Ca®*-mediated responses, and that PKC does
not mediate CPI-17 phosphorylation (Azam et
al., 2007). In bladder smooth muscle, both
depolarization-induced contraction and CPI-17
and MYPT1 phosphorylation in adult animals
was inhibited by both GF109203X and Y 27362,
which highlights potential differences in the
upstream CPI-17 and MYPT1 regulators
between these tissues.

Independently of the source of
activation, our data indicate that ageing evokes
a loss of calcium sensitization mechanisms
which probably underlies the diminished
contractile responses in aged bladder smooth
muscle. The lack of effect of the inhibitors on
bladder contractility, suggests that Ca®*
sensitization does not contribute to contraction
in strips from aged animals. This was supported
by the reduced expression in RhoA, ROCK,
PKC, MYPT1 and CPI-17 and reduced MYPT1
and CPI-17 phosphorylation in response to
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cholinergic and purinergic agonists or
membrane depolarization.

Aged-induced oxidative damage of
proteins related to Ca?* sensitization could
account for the down regulation of PKC and
RhoA pathways found in our study. In
agreement with this hypothesis, diabetes-
induced decrease in detrusor smooth muscle
force, which is associated to an increase in
oxidative stress (Changolkar et al., 2005), has
been related to diminished Ca?* sensitivity (Su
et al., 2004). Similarly, in partial outlet bladder
obstruction, where it has also been shown
oxidative insult (Levin e al., 2002) the Ca?*
sensitivity of force is lower than in control
bladder (Stanton et al., 2003;Stanton et al.,
2004). On the other hand, acute exposure of
smooth muscle to reactive oxygen species
(ROS) has been shown to induce RhoA
translocation and MY PT1 phosphorylation (Jin
et al., 2004). This discrepancy may be possibly
related to differences in the effects of acute and
chronic exposure to ROS.

Melatonin was able to increase not
only the expression levels of several proteins
that mediate Ca®* sensitization, but aso the
phosphorylation of two final effectors, MYPT1
and CPI-17. This increased Ca®* sensitization
resulted in improved contractility in strips from
aged animals, as shown by the larger effect of
the inhibitors of ROCK and PKC. The
improved contractile response of aged detrusor
may explain our previous results showing that
melatonin treatment could revert the aged-
induced reduction in micturition pressure in
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age-related changes in the contractility of
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treatment recovered smooth muscle contractility
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the development of new therapeutic approaches
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1-SUMMARY

We have investigated the effects of
aging in Ca®* extrusion mechanisms in smooth
muscle bladder cells from 3 and 20 month old
guinea pigs using fluorescence microscopy and
fura-2. Cells were chalenged with a pulse of
KCl immediately before perfusion with a Ca®*
free solution containing no inhibitors (control,
untreated cells) or inhibitors of plasma
membrane Ca®* pump (PMCA, 1 mM La*),
Na'/Ca®* exchanger (NCX, 1 uM SEA0400, 15
min pretreatment) or the sarcoendoplasmic
calcium pump (SERCA, 1 uM thapsigargin, 15
min pretreatment). The [Ca?*]; decay followed a
two phase exponential function, and showed a
smaller recovery and a slower rate for aged
cells. Treatment of adult cells with the
inhibitors slowed the decay and alowed to
estimate a relative contribution of 55% for
NCX, 27% for PMCA and 31% for SERCA.
Combination of two inhibitors at the same time
showed the presence of interaction between
extrusion mechanisms. In aged cells, the
contribution of PMCA was decreased, and both
NCX and SERCA showed complex interactions
between each other, inducing globally a
decrease of the rate of extrusion as revealed by
the accelerated decay in response to their
respective inhibitors. In conclusion, in smooth
muscle cells aging induces a decrease in the
overall Ca* extrusion activity and strong
modifications in the interactions between the
activities of the main Ca&* removing
mechanisms.

2-INTRODUCTION

Numerous stimulus and conditions
operate cellular responses through changes in
cytosolic Ca?* concentration ([Ca?*];), which in
turn regulate multiple cellular functions, from
contraction or secretion to gene regulation. The
presence of agerelated changes in these
calcium signals leads to the proposa of a
“calcium theory of aging” (Khachaturian,
1987). [Ca?"]; signals are shaped by cytosolic
Ca®* bhinding capacity and Ca’* transport
mechanisms. [Ca’"]; increases are due to Ca®*

influx from extracellular medium and release
from internal stores (mainly sarcoendoplasmic
reticulum). Subsequent recovery of [Ca]; to
basal levels is achieved by active transport
either to external medium, via plasma
membrane Ca®* pumps (PMCA) and Na'/Ca®*
exchange (NCX), or into subcellular stores
through sarcoendoplasmic reticulum Ca?*
(SERCA) pumps. The relative importance of
these systems depends on both the type and
status of the cell (Camello et al., 1996).

The effects of aging in Ca
homeostatic parameters have been studied
mainly in excitable cells (for reviews see
Toescu & Verkhratsky, 2000; Toescu &
Verkhratsky, 2004). Thus, aged neurones
display impairment of mechanisms such as Ca?*
buffering and Ca’* extrusion (Smith, 1988;
Martinez-Serrano et al., 1992; Kirischuk et al.,
1996; Brewer et al, 2006), expression
(Vanterpool et al., 2006) and operation (Gant et
al., 2006) of sarcoplasmic Ca®* release
channels, and refilling of intracellular neura
pools (Toescu &  Verkhratsky, 2003;
Vanterpool et al., 2005). In cardiac cells, aging
increases the frequency of spontaneous
localized Ca®* release events (sparks) (Howlett
et al., 2006) and reduces depolarization-evoked
[Ca?*]; responses (Isenberg et al., 2003; Howlett
et al., 2006), while skeletal muscle SERCA and
brain PMCA activities are impaired by age-
related redox modifications (Squier & Bigelow,
2000).

Reports on smooth muscle Ca®* signals
during aging are scanty. Arterial myocites show
age-induced alterations in Ca’" release through
ryanodine and 1P; receptors (Rubio et al., 2002;
Del et al., 2006) and impaired SERCA function
(Maloney & Wheder-Clark, 1996), while
intestinal smooth muscle cells from aged rats
show increases in both Ca®* release from
intracellular stores (Lopes et al., 2006) and
calcium entry (Xiong et al., 1993). It has also
been reported that aged arterial muscle shows
increased [Ca®]; (Del et al, 2006) and
proliferation rate (Szabo et al., 1993). To our
knowledge, there is no additional information in
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other smooth muscle types with
the exception of changes in
sensitivity to Ca?* blockers in
bladder muscle strips (Yu et al.,
1996) and our recent description
of impairment of Ca* influx in
aged gallbladder smooth muscle
(Gomez-Pinilla et al., 2006).
These changes are likely to be
related to age-related functional
changes of smooth muscle, such
as loss of gallbladder contraction
(Ishizuka et al., 1993; Gomez-
Pinilla et al., 2006) or impaired
arterial  tone and shift to
hypertension (Maloney &
Wheeler-Clark, 1996; Geary &
Buchholz, 2003).

Bladder smooth muscle
shows contractility alterations
during aging ((Pagda et al,
2001); Experimental cap I11), and
some of them have been
postulated to be related to
changes in Ca®* homeostasis (Yu
et al, 1996). Ca®* extrusion
systems are main determinants in
bladder contraction (Liu et al.,
2006). Therefore, in the present
study we have studied the
possible modification of smooth
muscle ca* clearance
mechanisms evoked by aging.

3-EXPERIMENTAL

PROCEDURE
Cell isolation. Single
cells from detrusor smooth

muscle of young adults (4 month
old) or aged guinea pigs (20
month old) were obtained by
enzymatic  digestion.  After
anaesthesia and cervical
dislocation, urinary bladder was
removed, placed in a sylgard
plate filled of Krebs-Henseleit
solution (K-HS, see Solutions

+Ca?

0.9 1

Ratio (F340/ F330)
o
(-]

0.7 A

0.6 = KCI

0.90 =
0.85 ~
0.80 =

0.75 +

Ratio (Fz49/F35)

0.70 =

0 100 200 300
C Time (s)
0.02 +

o
o
-

dCaldt (dRatio/dt)

0.00 ~

0.7 0.8 0.9
Ratio

Figure 1. [Ca®]; decay after KCl-evoked depolarization in urinary
bladder smooth muscle cells. 4 Origina recording of fura-2 ratio of
fluorescence of a single bladder muscle cell showing the protocol used to
study Ca?* clearance. Cells were stimulated with a pulse of 60 mM KCl
solution and then they were perfused with a Ca®* free solution (1 mM
EGTA) in absence (control) or presence (not shown) of Ca?* transport
inhibitors. For thapsigargin or SEA0400 cells were pretreated for 10 minin
Ca?* free solution. B Averaged record of Ca?* decay from untreated young
bladder cells., showing actua data (symbols) and a fitted two phase
exponential decay function (solid line). The two dashed lines correspond to
the two exponential components of the function. C Clearance plot obtained
from datain panel B by time derivation of the fitted equation (d[Ca2*]; /dt)
and subsequent plot against [Ca2*]; (ratio). The line corresponds to a fourth
order polynomial function.
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and Drugs), trimmed free of fatty tissue and
opened aong its longitudinal axis. Later the
bladder was pinned to the sylgard plate and the
urothelium was removed carefully.
Subsequently, about 20 mg of urinary bladder
muscle was cut into small pieces and incubated
during 35 min at 37°C in enzyme solution (ES,
for composition see Solutions and drugs)
supplemented with 1 mg/ml BSA, 1 mg/ml
papain, and 1 mg/ml dithioerythritol. The tissue
was then transferred to fresh ES containing 1
mg/ml BSA, 1 mg/ml collagenase, and 100 uM
CaCl, and incubated for 10 min at 37°C. The
tissue was then washed three times using ES,
and the single smooth muscle cells were
isolated by several passages of the tissue pieces
through the tip of a fire-polished pipette. The
resultant cell suspension was kept in ES at 4°C
until use, generaly within 6 h. Both cell
viability (assayed by fast trypan blue staining)
and cell length was similar in young and adult
cells (adult: 52.02 + 1.48 pum; aged: 47.35 +
2.52 um). Experiments were performed at room
temperature.

Cell loading and [Ca*);
determination. [Ca®']; was determined by
epifluorescence  microscopy  using  the
fluorescent ratiometric Ca?* indicator fura 2.
Isolated cells were loaded with 4 uM fura 2-
AM at room temperature for 25 min. An aliquot
of cell suspenson was placed in an
experimental chamber made with a glass poly-

D-lysine treated coverdip (0.17 mm
thick) filled with Na'-HEPES solution (for
composition see Solutions and drugs) and
mounted on the stage of an inverted microscope
(Digphot  T2000; Nikon). After cdll
sedimentation, a gravity-fed system was used to
perfuse the chamber with Na'-HEPES solution
in the absence or presence of experimental
agents. For deesterification of the dye, >20 min
were adlowed to elapse before Ca®t
measurements  were dtarted. Cells  were
illuminated at 340 and 380 nm by a computer-
controlled monochromator (Optoscan, Cairn
Research) at 0.3 Hz, and the emitted
fluorescence was selected by a 500-nm long-

pass filter. The emitted images were captured
with a cooled digital charge-coupled device
camera (ORCAII-ER; Hamamatsu Photonics)
and recorded using dedicated software
(Metafluor, Universal Imaging). The ratio of
fluorescence at 340 nm to fluorescence at 380
nm (F349/Fg0) Was calculated pixel by pixel and
used to indicate the changes in [Ca®]. A
calibration of the ratio for [Ca’]; was not
performed in view of the many uncertainties
related to the binding properties of fura 2 with
Ca®* inside of smooth muscle cells.

Solutions and drugs. The K-HS
contained (in mM): 113 NaCl, 4.7 KCI, 25
CaCl2, 1.2 KH2PO4, 1.2 MgS04, 25 NaHCO3,
and 11.5 D-glucose. This solution had a final
pH of 7.35 after equilibration with 95% O2-5%
CO2. The ES used to disperse cells was made
up of (in mM): 10 HEPES, 55 NaCl, 5.6 KCl,
80 sodium glutamate, 2 MgCl2, and 10 D-
glucose, with pH adjusted to 7.3 with NaOH.
The Na'-HEPES solution contained (in mM):
10 HEPES, 140 NaCl, 4.7 KCl, 2 CaCl2, 2
MgCl2, and 10 D-glucose, with pH adjusted to
7.3 with NaOH. The Ca*-free Na'-HEPES
solution was prepared by substituting EGTA (1
mM) for CaCl,. Drug concentrations are
expressed as final bath concentrations of active
species. Drugs and chemicals were obtained
from the following sources: 1,4-dithio-
DLthreitol, lanthanum and thapsigargin were
from Sigma Chemical (St. Louis, MO); fura 2-
AM was from Molecular Probes (Molecular
Probes Europe, Leiden, Netherlands);
collagenase was from Fluka (Madrid, Spain);
and papain was from Worthington Biochemical
(Lakewood, NJ). SEA0400 (2-[4-[(2,5-
difluorophenyl) methoxy] phenoxy]-5-
ethoxyaniline) was synthesized in Taisho
Pharmaceutical Co., Ltd. (Saitama, Japan).
Other chemicals used were of anaytical grade
from Panreac (Barcelona, Spain). Stock
solutions of fura 2-AM and thapsigargin were
prepared in DMSO. The solutions were diluted
such that the final concentrations of DM SO
were <1% vol/vol, which do not interfere with
fura 2 fluorescence.
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Data processing and statistics. TO
analyze [Ca?"]; clearance the ratio traces were
clipped from the start of the decay and averaged
for presentation purposes and to fit exponential
decay equations (see below). When comparing
between different experimental conditions, the
raw data were previously normalized following
the formula

Normalizedi:(rawi - r<’5‘\’Vpre'vious)/(raWstart - l’aWprevic:us)v

where rawgg and raWgeious are respectively the
original ratio values at the beginning of the
decay and before stimulation with KCI,
allowing comparison of the recovery period
between traces with different absolute ratios.

The average decay (either raw or normalized)
was fitted with atwo phase exponential decay

y=plateau+spanl *exp(-k1*x)+ span2 *exp(-k2*x)

where y and x are ratio and time (s), Plateau,
Spanl and Span?2 are the ratio at the end of the
decay and the initid and second amplitude
associated to each exponential component, and
K1 and K2 (s%)are the rate constants of the first
and second exponential components. The fitting
procedure was constrained to Plateau levels >
90% of the value measured at the end of the
recorded decay. Correlation was always higher
than 90%. Fitting with a single phase
exponential decay gave aways a worst
goodness of fit.

To evaluate and visudize the
contribution of different mechanisms in the
removal of Ca®* clearance graphs (d[Ca’']/dt vs
[Ca®™]) were constructed as follows: 1) after
fitted with the two phase exponential described

above, the fitted line was derived (dRatio/dt)
and plotted versus ratio values obtained from
the exponential fit; 2) the clearance plots of
comparable experimental groups (control vs
treated, young vs aged) were graphed together
and fitted with a fourth order polynomial
equation (Wanaverbecq et al, 2003). For
clarity, only the fitted polynomial fit was
graphed in most of the figures. To visualize the
component associated to an extrusion
mechanism, the plot obtained in presence of an
inhibitor was subtracted from the plot from
untretated cells.

To perform statistical comparison of
the rate of decay of different conditions, the
time to reach 50% of the initial ratio (ty,) was
calculated for each individua cell and
subsequently averaged. The same procedure
was followed for the plateau attained at the end
of the decay (final recovery). Estimation of the
contribution of each homeostatic mechanism
was performed calculating the percentage
decrease in average ty,, induced by the inhibitor
of the desired mechanism (see Results section)
using average of the untreated group (either
adult or aged) as control (100%).

Statistical differences between means
were determined by  Student’s  t-test.
Differences were considered significant at P <
0.05.

4-RESULTS

To study Ca** extrusion we followed
the protocol shown in figure 1. Bladder smooth
muscle cells were stimulated with a K*-rich
depolarizing solution (60 mM KCI) until a
steady-state was achieved, and then  were
perfused with a
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Ca®* -free solution to decrease [Ca®™]; level.
Previous to KCI application, cells were
perfused for 15 min with a Ca?" -free medium
in absence (control, untreated cells) or presence
of Ca" transport inhibitors (SEA0400- or
thapsigargin-treated cells), which were aso
present during KCl application. As observed,
removal of KCl induced a decay in [Ca®];,
which approached to resting levels within 300
seconds. The kinetic of this decay was used as
an index of Ca’* extrusion mechanisms. The
[Ca®™]; profile was fitted with a two phase
exponential decay (fig 1B), which was used to
build clearance plots (dRatio/dt vs Ratio, see
Experimental Procedures) (fig 1C), in order to
visualize the speed of the calcium decay along
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the recovery process (from stimulated to resting
[Ca’])). This observed pattern, with an early
fast decay followed by a dower phase, is
suggestive of at least two components or
mechanisms in the Ca* clearance process
(Wanaverbecq et al., 2003).

Figure 2A shows the average raw
[Ca?*]; decays for young adult and aged bladder
smooth muscle cells. The resting ratio vaue
immediately before  KCI application,
corresponding to basal [C&®']; for non
stimulated cells in Ca* -free, was dightly
higher in old cells (0.6947 + 0.014 Fzs0/Fsgo,
n=63) than in young adult cells (0.6919 + 0.011
Faso/Fago, N= 92), asit was the ratio value for the
K Cl-induced [C&?*]; increase at the initiation of
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Figure 2. Effect of aging in Ca’" clearance activity. 4 and B Average [C&’"]; decays after a KCl
depolarizing pulse in young and aged smooth muscle cells. For the sake of clarity error bars are not shown.
The solid lines correspond to two phase exponential decay functions fitted to observed raw (4) or
normalized (B) fura-2 ratio. C First and second rate constants (s*) and final plateau ratio for the fitted
exponential decays of panels 4 and B. D Clearance plots for normalized extrusion decays in young and aged

cdls.
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the decay (young adult 0.9065 =+ 0.0175
Faa0/Fago, 0ld 0.9145 + 0.0202 Fage/Fagp). The
extrusion was apparently slowed in aged cells,
as indicated by the increase in the decay half-
time (ty,) from 14.357 + 1.405 s (young adult
cells, n=92) to 42.008 + 6.448 s (aged cells,
n=63); this is further supported by the age-
induced reduction in the initial rate constant
(young: 0.1617 + 0.0034 s old: 0.0764 +
0.0022 s*, P <0.0001) and the higher final
plateau (young adult 0.6838 £ 0.0009 F340/Fsg,
0.7107 £ 0.0007, Fay/Fsg0, P<0.0001) of the
fitted exponential function. However aging
accelerated the second phase of the decay,
increasing the second rate constant from 0.0072
+ 0.0002 to 0.0087 + 0.0002 s™ (P <0.0001).
This paradoxical effect is due to the increase of
the final plateau accompanied by a shorter
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second span (young adult: 0.0931 + 0.0007
Fao/Faso, aged: 01117 + 0.001 Fa/Fago,
P<0.0001) and the conseguent shortening of the
recovery period. Though the difference of the
[Ca?"]; decay between young and old cells was
readily apparent using averaged raw ratios, we
aso compared the decays using mean of
normalized ratios (figure 2B), since it avoids
uncertainties due to differences in the absolute
ratio values (see Experimental Procedures).
Figure 2C shows that first rate constant
calculated from normalized values was again
significantly higher in control cells, since the
fitted final plateau was also higher in aged cells
(young adult -0.0897 + 0.0059; normalized
ratio, n=92, old 0.0521 + 0.0137, normalized
ratio, n=63, P<0.001).
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Figure 3. Effects of lanthanum on the [Ca**]; decay in young and aged cells. Original traces for young (4)
and aged (C) bladder cells in absence or presence of 1 mM La** to block PMCA activity. B and D show the
clearance plots ((dRatio/dt) vs Ratio) for the normalized decay phases. In B the plot of lanthanum-treated cells
was subtracted from the control plot to represent the lanthanum-sensitive component of the clearance. Inset in C
represents the observed ty, (mean + sem) for aged and adult cells in absence or presence of La®".
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Irrespective  of small differences
between absolute values for the initial phase of
the [Ca’]; decay, clearance operates at a
significantly impaired rate in senescent cells for
most of the [Ca?]; range, as inferred by
comparing the clearance plot of aged and young
adult bladder cells, which shows a substantial
loss of clearance activity in aged cells (more
than 50%).

Ca”* extrusion from cytosol is operated
by three main transport mechanisms. PMCA
pumps of the plasma membrane, Na'/Ca’*
exchange with extracellular medium and
SERCA pumps of the sarcoplasmic reticulum.
To test the contribution of these mechanismsin
young and aged cells, we used specific
inhibitors: 1 uM SEA-0400 for NCX, 1 mM
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La* for PMCA and 1 uM thapsigargin for
SERCA pumps. The relative importance of
these systems in young and aged cells was
estimated through the effects of the inhibitors
on the clearance plots and on the ty; and fina
recovery values measured in each condition.

Figure 3 shows that the treatment of
young adult cells with La** did not change the
observed final plateau (control: -0.0276 =+
0.0189, n=92, La* -0.0257 + 0.0214, n=59, not
significant) but slowed up the initial part of the
decay (first rate constant: 0.1815 + 0.0008 vs
0.0955 + 0.0005 s*, control and La**
respectively, P<0.0001). However, the ty, was
dlightly but not significantly increased (figure
3C). Clearance plots show that lanthanum
retards the initial phase of the decay, when the
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Figure 4. Effects of inhibition of Na’/Ca®" exchange on the [Ca’']; decay in young and aged cells.
Original traces for young (4) and aged (C) bladder cells in absence or presence of 1 pM SEA0400 to inhibit
NCX function. B and D show the clearance plots for the normalized decay phases. In B the [C&?]; —
dependent rate of decay of SEA0400-treated cells was subtracted from the rate of untreated cells to
represent the NCX-dependent component of the clearance. Inset in C represents the observed ty, (mean
+sem) for aged and adult cells in absence or presence of SEA0400.
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fractional decay is above 50% of theinitial ratio
value (fig 3B), indicating the contribution of
PMCA to this phase of the extrusion. By the
contrary, when aged cells were perfused with
La* there was no slow up on the rate of the
decay, as it can be observed in figure 3C-D.
Moreover, the total recovery was impaired in
lanthanum-treated cells, as indicated by the
plateau values (0.0873 + 0.0288, n=63, vs
0.1769 + 0.0339, n=61, control and treated cells
respectively, P<0.05), athough the ty, was
amost intact. These result indicate that, in aged
cells PMCA activity has a low contribution on
Ca®* extrusion a high [C&"]; levels but
increases its role for near-resting values.

Treatment of young cells with
SEAO0400 to inhibit NCX activity resulted in a
clear inhibition of the decay, as shown in figure
4A. The drug aso increased the find
normalized plateau from -0.0276 + 0.0189
(n=92) to 0.1159 + 0.0447 (n=36, P<0.005).
Although SEA0400 did no change the fitted
rate constants of the decay, it enhanced ty,
significantly (fig 4C) and decreased the
instantaneous decay rate even for moderate
[Ca®"]; levels, when the fractional recovery was
even lower than 50% (Fig 4B). In aged cells,
application of SEA0400 also reduced the final
recovery (untreated 0.0873 + 0.0288, n=63,
treated cells 0.2340 + 0.0439, n=12, normalized
plateau, P<0.05), but induced a dlight
acceleration of the first half of the decay, with a
small and not significant decrease in observed
haf-life (figure 4C). The clearance plots
showed that in aged cells the instantaneous rate
lost the sensitivity to SEA0400 at high [Ca’*];
levels, at which even a dight increase in speed
was observed, but it retained sensitivity for
basal levels (fig 4D).

Thapsigargin, a specific inhibitor of
the sarcoplasmic reticulum SERCA pumps, did
not change the measured final recovery
(untreated young cells -0.0276 + 0.0189, n=92,
thapsigargin-treated -0.0680 + 0.0358, n=35,
normalized ratio, not significant). However,
TPS retarded the initial part of the extrusion, as
shown by the initial phase of the clearance plot

(normalized ratios > 0.5), athough the increase
of half-life of decay was not statistically
significant (figure 5). TPS induced no retard or
even a dight acceleration in the rate of decay
when [Ca®"]; approaches to resting levels (see
figure 5B). By the contrary, in aged cells TPS
increased the final plateau from 0.0873 =+
0.0288 (n=63) to 0.2022 + 0.0562 (n=14,
P<0.05, one tailed test), but decreased the
clearance haf-life (Fig 5C), suggesting an
acceleration of the initial phase of the decay.
This is further supported by the examination of
the clearance plot, which reveds that in
thapsigargin-treated aged cells the initial speed
of the recovery is higher than in untreated cells,
dropping slightly below the later when [Ca®];
approaches to resting values (fig 5D). This
effect is opposite to that observed in young
adult cells (fig 5B), indicating that aging
changes the role of SERCA activity in Ca®™*
clearance.

The previous results indicate that the
most important mechanism to decrease [Ca?'];
in young adult bladder smooth muscle is the
NCX exchanger (SEA0400 sensitive), with
PMCA (La* sensitive) and SERCA-operated
pools (TPS sensitive) operating when
intracellular calcium is high or moderately high.
In senescent cells the apparent conclusion is
that none of these mechanisms are responsible
for Ca?* clearance, given that the inhibitors did
not impair the extrusion (or even enhanced it)
(for an estimation of the relative contributions
see Experimental Procedures and Table 1). To
confirm the effects of inhibiting extrusion
mechanisms, we applied simultaneously
inhibitors for two of the transport routes. Under
this condition, the remaining activity is due to
the third route (or to alternative Ca?* transport
systems). The corresponding clearance plots are
shown in figure 6. The combination of TPS plus
La* in young cellsinduced a retard higher than
that attained by either TPS or La®* alone, as
indicated by the increased ty, and by
comparison of the clearance plots (see figures 6,
3 and 5). In addition, the average normalized
plateau at the end of the recorded period
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(0.1018 + 0.0348, n=43) was higher than that
obtained by each compound a one (lanthanum: -
0.0257 + 0.0214; TPS: 0.0680 + 0.0358). By the
contrary, this pattern of inhibition was absent in
aged cells: the final plateau was even lower in
treated (0.0413 =+ 0.0283, n=22) than in
untreated aged cells (0.0873 + 0.0288, n=63),
and the clearance plots show a clear
acceleration of the decay, aso indicated by a
reduced ty, (figures 6, 3 and 5).

The same approach was used to isolate
the other components of extrusion activity. To
isolate SERCA reuptake we inhibited Ca’*
extruson through plasma membrane by
combining lanthanum and SEA0400. This
treatment increased the observed fina plateau
in young adult cells from -0.0276 + 0.0189 to
0.0378 £+ 0.034 (n=53), and in aged cells from
0.0873 + 0.0288 (n=63) to 0.1219 + 0.0285
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(n=53). However, the effect of SEA0400 plus
La® on the rate of decay, as judged by the
clearance plots (figure 6B), was totally residua
in old cells while in young adult cells there was
a clear retard for high and intermediate [Ca?'];
levels.

To dissect contribution of PMCA to
Ca®* decay, we perfused smooth muscle cells
with a combination of TPS and SEA0400. In
young adult cells this treatment induced aretard
of the rate at the beginning of the decay, above
50% of the recovery, while the rate of the
second half of the recovery was close to that in
untreated cells (figure 6C). In fact, the
normalized fina plateau in treated cells (-
0.0336 + 0.0396, n=34) showed no significant
difference respect control cells (-0.0276 =+
0.0189, n = 92). By the contrary, in cells from
aged animals there was no inhibition, showing a
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Figure 5. Effects of SERCA inhibition the [Ca’']; decay in young and aged cells. Original traces for
young (4) and aged (C) bladder cells in absence or presence of 1 uM TPS to block the SERCA activity. B
and D clearance plots representing the rate of decay respect ratio for the normalized decay phases. In B the
plot of TPS-treated cells was subtracted from the control plot to represent the SERCA-dependent
component of the clearance. Inset in C represents the observed ty;, (mean + sem) for aged and adult cellsin

absence or presence of TPS.
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shortened haf-life (figure 6D) and an
accelerated rate of decay from high to resting
[Ca®"]; levels (figure 6C), when treated cells
decline dlightly slower than untreated cells.

To estimate the age-related changes of
each Ca’* removal system in our experimental
conditions we followed the method described
by (Liu et al., 2006). The overal rate constant
of the decay, estimated as the inverse of
observed half-life values (ty,™* or Trow), Can be
considered to be the sum of three main
components. tr = Tpyca * Tsea t Tserca. The
contribution of each component was calculated
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asi = (1‘ TX/TCONTROL)* 100, i.e. the percentage
decrease in the rate constant in response to a
treatment. Table | shows relative contributions
of each system in young adult and in aged cells.
In adult cells the main contributor is NCX
(more than 50%), with contribution for PMCA
and SERCA around 30%. The sum of the three
components (114%) is higher than 100%,
suggesting some kind of interaction between
one another. We aso caculated the
contribution for two systems a a time,
corresponding to the effect of the combination
of two inhibitors. The sum of this value plus the
contribution of the third system should
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Figure 6. Effects of combined inhibition of PMCA, NCX and SERCA on the rate of clearance in
young and aged bladder smooth muscle cells. Cells were treated with a combination of inhibitors of two
of the three main Ca®* removing mechanisms to isolate the clearance activity of NCX (4, TPS plus L&),
SERCA (B, SEA0400 plus La* ) or PMCA (C, TPS plus SEA0400). Plots for untreated young and aged
cells are also combined for comparison. Panel D shows the mean + sem of the measured ty, for each

experimental condition.
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approach 100; for example, contribution of
SERCA (31.04, TPS) plus contribution of NCX
and PMCA (57.25, SEA0400+La™) amounts
88.03%. The most striking feature is the low
apparent contribution for combined SERCA
and NCX (only 11.58%, TPS+SEA0400, far
from the expected 73%). Therefore, PMCA
activity is somehow inhibited or disguised by
NCX and SERCA, so that when activities of
NCX and SERCA are intact lanthanum
treatment induces a 27% decrease, while the
application of SEA0400 plus TPS decreases the
rate only by 11% because PMCA is no longer
inhibited and its contribution is increased
(~88%). Although to a much lesser extent, a
similar situation was found for SERCA: its
contribution is dlightly increased from 31%
(TPS treatment, with NCX and PMCA
operative) to 43% for SEA0400 and L&
treatment, indicating some inhibition by NCX
and PMCA activity. By the contrary, in the case
of NCX the estimated -contribution was
decreased by inhibition of PMCA and SERCA
from 55% (SEA0400 aone) to 38% (100-62,
La*+TPS), indicating that its role in Ca®*
extrusion is enhanced in presence of SERCA
and PMCA pumps.

When this approach was used in aged
cells, we obtained negative contribution in all
conditions, except for lanthanum-treated cells.
These figures result from a trade-off between
extrusion from the cytosol and inhibition of
other Ca* transport systems, and are in keeping
with the observed acceleration of the decay in
response to inhibitors. Similar to adult young
cells, the contribution of PMCA was aso
inhibited by NCX and SERCA (TPS plus
SEA0400, which leave PMCA as the main
route for extrusion, induced a clear acceleration
of the decay), but was weaker than in young
adult cells in lanthanum-treated cells (less than
10%). SERCA apparently inhibits the other
transport routes, given the strong increase on
decay rate in response to TPS (72%). In the
case of NCX, it seems also to inhibit the other
transporters, but contrary to young cells, NCX
was apparently inhibited by the other routes,

since inhibition of SERCA and PMCA
(TPS+La™) strongly enhanced the rate of
decay. Therefore, the effect of aging is not a
simple loss of senstivity to the inhibitors
(which should induce no effect instead of
acceleration), but a complex set of interactions
between the main Ca®* extrusion systems.

5-DISCUSSION

The present study shows that both the
speed and the pharmacology of the Ca
extrusion mechanisms in smooth muscle are
modified by aging. To our knowledge thisisthe
first detailed account of how aging alters each
of the main C&* clearing systems.

Our results indicate that bladder
smooth muscle cells remove Ca?* from cytosol
using the three “classic” transport systems, i.e.
SERCA reuptake into stores, and NCX
exchange and PMCA pumps located at the
sarcolemma. The most active system is the
NCX, as reveded by the effect of the specific
inhibitor SEA0400 (Matsuda et al., 2001) on
both the amplitude and the speed of the
recovery. The dominance of this system seems
to spread to both elevated and near-resting
[Ca®]; levels, as judged by examination of the
clearance plots, while inhibition of PMCA or
SERCA seems less effective at low calcium
levels.

Our estimates of the contribution of
each Ca* transport system (NCX 56%, PMCA
27% and SERCA 31%) are in line with recent
reports about contractility of bladder muscle
strips from normal and PMCA gene-ablated
mice (Liu et al., 2006). These authors aso
found that cooperation between the systems is
not always additive, as indicated by our finding
that combination of SEA0400 with either La**
or TPS did not increase inhibition. Only when
La® and TPS were combined there was
addition between the relative contributions of
PMCA and SERCA. Moreover, addition of the
three contributions exceeded 100%, which also
suggests the presence of interaction between the
transport systems. Therefore, our data reinforce
the concept that in physiological conditions
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Ca®* clearing mechanisms do not operate
independently. This cooperation has been
previously postulated to explain experimental
data regarding contractility (Liu et al., 2006),
electrophysiology (Orio et al., 2002; Gibson &
Muzyamba, 2004) and [C&]; signals
(Imaizumi et al., 1999; Liang et al, 2004;
Poburko et al., 2004). So, it has been proposed
that spatial arrangements of transport systems
can induce a vectorial movement of Ca?* ions
from SERCA-driven internal stores to plasma
membrane transporters (Liang et al., 2004,
Poburko et al., 2004). Following this, inhibition
of two “consecutive” transporters would be
redundant, therefore yielding less than additive
effect. The physical basis for this mechanism is
based not only in the “superficial barrier”
theory (van et al., 1986; Poburko et al., 2004)
but in the presence of both NCX and PMCA in
smooth muscle caveolae (Daniel et al., 2006).
In fact, bladder smooth muscle cells show
similar examples of tight apposition of different
Ca®* transport systems, such as clusters of
channels in plasmalemmal caveolae which
operate as a functional unit in [Ca’"]; signals
(Moore et al, 2004) and buffering of
plasmalemmal Ca’* current by SERCA pumps
(Yoshikawa et al., 1996).

This study indicates that the
mechanisms responsible for Ca?* extrusion in
urinary bladder smooth muscle are impaired in
senescent cells. Thus, overall Ca?* extrusion
was inhibited in aging cells compared to young
cells irrespective of the actual [Ca’]; level. In
addition, inhibition of PMCA, NCX or SERCA,
which impaired the rate of clearance in control
cells, did not retard extrusion in senescent cells,
with the exception of a minor inhibition of the
final recovery. Therefore, it seems that in aged
cells the initial phase of the recovery, when
[Ca®™]; is at least moderately high, is not driven
by the three classic transport systems examined
in our study. When calcium approaches basal
levels these extrusion routes would regain
importance. Mitochondrial uptake could serve
as a compensatory extrusion mechanism
because they accumulate calcium upon [Ca'];

signals and release it later to the cytosol
(Duchen, 2000). In fact, in some excitable cells
mitochondrial Ca?* uptake has been reported to
compensate for age-related SERCA impairment
(Murchison & Griffith, 1998). However, other
reports failed to find this effect (Pottorf et al.,
2000), and senescent neurones show a
progressive depolarization of the mitochondrial
membrane (Xiong et al., 2004), incompatible
with a rapid increase in Ca®* uptake necessary
to participate in the [C&’"]; decay pattern
studied in  our experiments. Also, the
mitochondria from aged bladder muscle shows
impaired activity for key metabolic enzymes of
the organelle (Lin et al., 2000), suggesting a
loss of mitochondrial activity in this organ.
Ongoing work in our laboratory is assessing
this possibility.

A possihility to explain the apparent no
participation of the classical Ca’* extrusion
mechanisms in aged smooth muscle cells could
be the existence of inhibitory relationship
among them, as will be discussed below, or
changes in the sensitivity of these transporters
to the norma inhibitors. In line with this, a
striking observation is the enhanced extrusion
rate in presence of thapsigargin or SEA0400 in
aged cells, which aso reveals that the
transporters do participate in the extrusion
(otherwise the inhibitors would be without
effect). Several explanations could account for
this result. First, SERCA inhibition could
gimulate PMCA pumps situated in close
apposition, a mechanism previously reported
for thapsigargin-induced acceleration of Ca’*
decays (Morgan & Jacob, 1998). Second,
during the KCI pulse SERCA pumps could
“prime” intracellular stores with a fast turnover,
so that continuous leak from this pool would
“retard” the posterior decay. A similar picture
has been previously reported in pancreatic
acinar cells (Camello et al., 2000). Under this
condition, if the Ca?* release from this pool to
the cytosol is faster than the reuptake activity,
the net effect of SERCA inhibition would be an
apparent acceleration of Ca’" extrusion.
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As for NCX, it has been shown in bladder
myocites that this exchanger operates at a point
close to equilibrium, so that slight changes in
intracellular Na" concentration (amplitudes of
less than 5 mM) can switch the exchange from
forward (Ca®* extrusion) to reverse mode,
therefore serving as a route for Ca?* influx (Wu
& Fry, 2001). If the depolarization created by
KCl in old cells induces a persistent increase in
cytosolic Na“, NCX operating in reverse mode
could retard the decay, so that SEA0400
inhibition would accelerate the Ca?* recovery.
Contrary to this possibility, however, is the low
affinity of SEA0400 for the reverse mode of the
exchanger (Lee et al, 2004). Other possible
mechanism for the altered pattern of NCX
influence are chemical modifications of the
transporter associated to aging. This protein
shows activity changes in response to cysteine
modification by sulfhydryl reagents (Ren et al.,
2001), and SEA0400 effects can change by
modifications of determinant residues (Iwamoto
et al., 2004). It is known that other Ca’
signalling proteins, such as calmodulin and
SERCA, daso undergo age-related oxidative
modifications leading to inhibition (Squier &
Bigelow, 2000), although more investigation is
necessary to know whether this is the case for
NCX.

The functional implications of our
finding are diverse for a smooth muscle with
phasic activity as is the case for the detrusor. A

retarded clearance rate involves that with each
[Ca?]; transient the exposure to raised calcium
levels is prolonged. Contractility of urinary
bladder muscle is controlled by spontaneous
action potentials and several Ca?* -activated K*
channels of the plasma membrane (reviewed by
(Andersson & Arner, 2004), so that a decreased
rate of Ca’* clearance in aged animals would
likely lead to a depressed contractility, in line
with our finding using the same model
(Experimental cap I11).

This could modify not only
contraction, with a possible participation in
previously reported changes of contractility
associated to aging (Nordling, 2002; Andersson
& Arner, 2004), but also other Ca?* -dependent
functions. So, both mitochondrial activity and
gene expression are likely targets for a long
term modification of Ca®* signal. We have
recently shown in smooth muscle that even
short-term exposures to elevated [Ca’*]; modify
the expression of important Ca?* -handling
proteins (Morales et al., 2006), therefore
opening a possibility for progressive feed-back
modification of Ca’* signals. [Ca’"]; transients
induce an immediate modulation of the
mitochondrial activity (Hajnoczky et al., 1995;
Voronina et al, 2002) and consequently a
slowed decay can collaborate in the alterations
of mitochondrial function observed during
aging (Toescu & Verkhratsky, 2004; Xiong et
al., 2004).

Table 1. Estimation of the relative contribution of PMCA, NCX and SERCA to [C&'];

decaysin bladder smooth muscle cells.

La* SEA0400 TPS TPS + SEA0400 TPS +La*  SEA0400 + La*
Young 27.29 55.75 31.04 11.58 61.64 57.25
Aged 9.33 -35.87 -72.41 -45.29 -140.96 -39.23
E:z:l'::‘y’“ -PMCA  -NCX -SERCA PMCA NCX SERCA

Contribution for each Ca®* removing mechanism was calculated using inverse of ty, (1) following the
formula ((1-t Yrrow 2)* 100). Negative values indicate that the treatment accelerated the decay rate
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A practical consegquence of our study is
related to the effect of inhibitors in aged cells.
The finding that inhibitors of Ca?" extrusion
mechanisms can accelerate the [Ca®"]; decay in
aged individuals poses potential side-effects in
the therapeutical use of this type of compounds,
as is the case for NCX inhibitors in some
cardiovascular and renal diseases (Ilwamoto &
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1-ABSTRACT

The incidence of gallbladder illness
increases with age but the altered mechanisms
leading to gallbladder dysfunction are poorly
understood. Here we determine the age-related
aterations in gallbladder contractility and the
impact of melatonin treatment. 1sometric tension
changes in response to electrical field stimulation
(EFS) and to agonists were recorded from guinea
pig gdlbladder muscle strips. [C&']; was
determined by epifluorescence microscopy in
fura-2 loaded isolated gallbladder smooth muscle
cells, and F-actin content was quantified by
confocal microscopy. Aging reduced neurogenic
contractions, which was associated to the
impairment of nitrergic innervation and to
increased responsiveness of capsaicin-sensitive
relaxant nerves, possibly involving calcitonin
gene-related  peptide (CGRP). Melatonin
treatment for four weeks restored neurogenic
responses to normal values, with an associated
recovery of nitrergic function and the
disappearance of the capsaicin-sensitive
component. Aging also reduced the contractile
responses to cholecystokinin (CCK) and Ca*
influx. The impaired contractility only correlated
with diminished Ca?* mobilization in response to
activation of Ca®* influx. Melatonin improved
contractility and increased smooth muscle F-actin
content without changing Ca®* homeostasis. In
conclusion, aging impairs gallbladder function as
the result of changes in the inhibitory
neuromodulation of smooth muscle contractility
and the reduction in the myogenic response to
contractile agonists. Impaired contractility seems
to be related to decreased Ca?* influx and damage
of contractile proteins. Melatonin significantly
ameliorated these age-related changes.

2-INTRODUCTION

Population aging was one of the most
distinctive demographic events of the 20th
century and according to the increase in the mean
life expectancy, the elderly population will
constitute the 20% of the world population in the
next 50 years (Centers for Disease Control And
Prevention (CDC), 2003). Aging is understood

mainly as a slow, gradual, and passive process
influenced by interplay of multiple genetic and
environmental factors. It is widely accepted that
aging is not a disease but the borderline between
pathological and normal aging is quite narrow.
Although there are many kinds of ‘non-disease’
aging manifestations including, blood vessel
gtiffening, skin dlacking, joint stiffening, etc, the
molecular structures of aged organisms are
abnormal  (Bailey, 2001). These molecular
abnormalities could be responsible of the increase
in the incidence and prevalence in the elderly of
the so caled agerelated diseases such as
neurodegenerative disorders (Troulinaki and
Tavernarakis, 2005), cardiovascular disease
(Ferrari, et a., 2003), diabetes (Winer and
Sowers, 2004), incontinence (Nasr and
Ouslander, 1998), etc.

Regarding the gastrointestinal tract (Gl),
the prevalence of dysfunctions related to motility
is higher in older than in younger adults
(Camilleri, et a., 2000). However, there are very
few studies concerning the cellular and molecular
mechanisms whose  ateration could be
responsible for such us dysfunctions in aging.
Thus, it has been reported that neuronal loss
occurs with age in the myenteric plexus of the Gl
in several species including man (Gomes, et al.,
1997). However, it is unclear whether cell death
affects all classes of myenteric neurons
nonselectively or is confined to specific
phenotypes (Wade and Cowen, 2004). Another
important component that could be affected by
aging, leading to contractility impairment, is
smooth muscle itself. In this regard, information
regarding the putative changes in cellular
mechanisms of smooth muscle contraction is
scanty (Bitar and Patil, 2004) . Acetylcholine-
induced contractile responses are impaired in
colon (Roberts, et a., 1994) which could be due
to the limited cell length distribution found in
aged-animals but also to alteration of the
intracellular cell signalling pathways related to
activation of protein kinase C and cytoskeleton
reorganization (Bitar, 2003). There is little
information regarding the possible changes in
Ca?" homeostasis during aging in smooth muscle
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in general and gastrointestinal smooth muscle in
particular, where it has been described an aged-
related decline in the L-type Ca?" currents both in
rat and human colon smooth muscle cells (Xiong,
et al., 1993;Xiong, et a., 1995).

Knowledge of the molecular
mechanisms involved in aging is required to
develop strategies to preserve the quality of life
of the increasingly aging population.
Degenerative changes associated with aging have
been related to progressive damage by reactive
oxygen and nitrogen species in those situations
where the anti-oxidative defence systems fails to
eliminate them (Sohal and Allen, 1990).
Recently, melatonin, the main hormone of the
pineal gland was proposed as a protective agent
against macromolecular destruction associated
with longevity (Reiter, et a., 1996). The
protective effects of melatonin could be related to
the ability of the hormone to synchronize
circadian rhythms and thereby to reduce
biological stress, as well as to its direct free
radical scavenging activity and its indirect
antioxidants properties (Reiter, et a., 2002).

In the current study we explored the
aged-related  alterations of  neuromuscular
transmission, gallbladder contractility and smooth
muscle Ca®* homeostasis. Our results show that
aging-induced  gallbladder  impairment is
primarily related to changes in the inhibitory
innervation of the organ and to a decrease in the
myogenic response to excitatory hormones and
neurotransmitters. Melatonin treatment reversed
the functional impairment caused by aging at the
level of both the neuromuscular transmission and
the myogenic contractility despite being
ineffective in the restoration of Ca?* homeostasis.

3-MATERIALS AND METHODS

Tissue preparation: Gallbladders were
removed from 4-and 20-mo-old female guinea
pigs after deep hal othane anaesthesia and cervical
dislocation, and were immediately placed in cold
Krebs-Henseleit solution (for composition see
Solutions and drugs) at pH 7.35. The gallbladder
was opened from the end of the cystic duct to the
base, and trimmed of any adherent liver tissue.

After the preparation was washed with
the nutrient solution to remove residual bile, the
mucosa was carefully dissected away.

A group of aged animals was treated
orally with melatonin (25 mg/Kg/day).
Melatonin was dissolved in glucose solution
(1.5%) and placed in the oropharynx by a
syringe. This treatment was applied daily at the
same time, just before the light in the animal
house was switched off (7 p.m.). All the
experiments were conducted according to the
guidelines of Animal Care and Use Committees
of the University of Extremadura.

Measurement of melatonin in serum:
Melatonin levels were determined in the different
age groups by using a commercia
radioimmunoassay kit  (IBL,  Hamburg),
according to the manufacturers instruction. The
kit consisted of '®I-melatonin (0.68 pCi/ml),
rabbit anti-melatonin serum, melatonin standards,
delipidizing agent, assay buffer, precipitating
antiserum, and controls (lyophilized plasma
samples). Results were expressed in pg/ml.

Contraction recording of guinea pig
gallbladder smooth muscle strips: Gallbladder
strips (measuring ~3 x 10 mm) were placed
verticaly in a 10 ml organ bath filled with Krebs-
Henseleit solution maintained at 37 °C and
gassed with 95% O, - 5% CO,. Isometric
contractions were measured using force
displacement transducers that were interfaced
with a Macintosh computer using a MacLab
hardware unit and software (ADInstruments;
Colorado Spring, CO, USA). The muscle strips
were placed under an initial resting tension
equivalent to 15 g load and alowed to
equilibrate for 60 min, with solution changes
every 20 min. Every strip coming from a given
animal was used in a different experimental
protocol.

Intrinsic nerves were activated by
electrical field stimulation (EFS) with a pair of
external platinum ring electrodes (0.7 mm in
diameter) connected to a square wave stimulator
(Cibertec CS9/3BO) programmed through Scope
software application from MacLab (AD
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Instruments). Trains of stimuli (0.3 ms duration,
5-40 Hz, 350 mA current strength) were
delivered for 10 s at 3 min intervals. After
construction of a frequency response curve and in
order to pharmacologically dissect the neurogenic
responses, antagonists were added to the organ
bath for 20 min, and then the EFS protocols were
repeated.

In some experiments the contractile
effects of acetylcholine (ACh), cholecystokinin
(CCK), KCI and Ca&" restoration after
intracellular Ca®* store depletion were tested.

Cell isolation: Gallbladder smooth
muscle cells were dissociated enzymatically
using a previously described method (Pozo, et al.,
2002). Briefly, the gallbladder was cut into small
pieces and incubated for 34 min at 37°C in
enzyme solution (for composition see Solutions
and drugs) supplemented with 1 mg/ml BSA, 1
mg/ml papain, and 1 mg/ml DTT. Next, the tissue
was transferred to fresh enzyme solution
containing 1 mg/ml BSA, 1 mg/ml collagenase,
and 100 uM CaCl, and incubated for 9 min at
37°C. The tissue was then washed three times
using cold enzyme solution, and the single
smooth muscle cells were isolated by severa
passages of the tissue pieces through the tip of a
fire-polished glass Pasteur pipette. The resultant
cell suspension was kept in enzyme solution at
4°C until use, generally within 6 h. All
experiments involving isolated cells were
performed at room temperature (22°C). The cell
length was similar in the three age groups (young
adult: 44.68 =+ 1.62; aged: 4549 + 1.83;
melatonin: 43.07 + 1.36 um, n = 98, 61 and 96
cells, respectively)

Cell loading and [Cd®']; determination:
[Ca™]; was determined by epifluorescence
microscopy using the fluorescent ratiometric Ca*
indicator fura 2 as previously described (Morales,
et a., 2004). Isolated cells were loaded with 4
uM fura 2-AM at room temperature for 25 min.
An aliquot of cell suspension was placed in an
experimental chamber made with a glass poly-D-
lysine treated coverslip (0.17 mm thick) filled
with Na'-HEPES solution (for composition see

Solutions and drugs) and mounted on the stage of
an inverted microscope (Eclipse TE2000-S;
Nikon). After cell sedimentation, a gravity-fed
system was used to perfuse the chamber with
Na'-HEPES solution in the absence or presence
of the experimental agents. Cells were
illuminated at 340 and 380 nm by a computer-
controlled monochromator (Optoscan, Cairn
Research) a 0.3 cycles/s, and the emitted
fluorescence was selected by a 510/40-nm band-
pass filter. The emitted fluorescence images were
captured with a cooled digital charge-coupled
device camera (ORCAII-ER; Hamamatsu
Photonics) and recorded using dedicated software
(Metafluor, Universal Imaging). The ratio of
fluorescence at 340 nm to fluorescence at 380 nm
(Fas0/Fag) Was calculated pixel by pixel and used
to indicate the changesin [C&*];. A calibration of
the ratio for [Ca*]; was not performed in view of
the many uncertainties related to the binding
properties of fura 2 with Ca®* within smooth
muscle cells.

F-actin Content Measurement: The F-
actin content of gallbladder smooth muscle cells
was determined according to a previousy
published procedure (Morales, et a., 2005b).
Briefly, samples of gallbladder smooth muscle
cell suspensions (200 pl) in Na*-HEPES solution
were transferred to 200 pl ice-cold 3% (wi/v)
formaldehyde in PBS (for composition see
Solution and drugs) for 10 min. Fixed cells were
permeabilised by incubation for 10 min with
0.025 % (v/v) Nonidet P-40 detergent dissolved
in PBS. Cells were then incubated for 30 min
with fluorescein isothiocyanate-labeled phalloidin
(FITC-phdloidin; 1 uM) in PBS supplemented
with 0.5 % (w/v) bovine serum abumin (BSA).
After incubation, the cells were collected by
centrifugation for 2 min at 10000 x ¢ and
resuspended in PBS. Staining of actin filaments
was measured using a confocal laser-scanning
system (model MRC-1024, Bio-Rad) with
excitation wavelength of 488 nm and emission at
515 nm. The cell F-actin content was quantified
as arbitrary units of fluorescence using the
Image] software (NIH, Bethesda).
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Solutions and drugs: The Krebs-Henseleit
contained (in mM): 113 NaCl, 4.7 KCI, 25
CaCly, 1.2 KH,PO,, 1.2 MgSO,, 25 NaHCO;,
and 11.5 D-glucose. This solution had a final
pH of 7.35 after equilibration with 95% O,-5%
CO,. The enzyme solution used to disperse
cells was made up of (in mM): 10 HEPES, 55
NaCl, 5.6 KCl, 80 sodium glutamate, 2 MgCl,,
and 10 D-glucose, with pH adjusted to 7.3 with
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NaOH. The Na'-HEPES solution contained (in
mM): 10 HEPES, 140 NaCl, 4.7 KCl, 2 CaCl,,
2 MgCl,, and 10 D-glucose, with pH adjusted to
7.3 with NaOH. The Ca*'-free Na'-HEPES
solution was prepared by substituting EGTA (1
mM) for CaCl,. The PBS used in F-actin
studies contained (in mM): NaCl 137, KCl 2.7,
NaHPO, 5.62, NaH,PO, 1.09 and KH,PO,
147 with pH adjusted to 7.2. Drug

50s
C
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Fig. 1 Neuromuscular transmission is impaired in ageing and restored by melatonin A.- Origina
recordings showing tension responses elicited by EFS (0.3 ms duration pulse, 5-40 Hz, 350 mA, for 10 sec
every 3 min) applied to gallbladder strips from young adult, aged and aged guineapigstreated with 2.5
mg/Kg/day melatonin. Short bars indicate timing of different frequency stimulations. Traces are typical of
26-15 strips. B.- Superimposed recordings of the EFS-induced response to 25 Hz showing in more details
the aging related reduction in the peak amplitude and duration of the response. In addition, the long lasting
off relaxation can be observed in the recording corresponding to aged strips. Note that melatonin treatment
reverted EFS-induced responses to normal, indicating the restoration of  neuromuscular transmission in
these animals. C.- Summary data of EFS induced-responses (peak amplitude) expressed as the percentage
of the response to 10 uM ACh. When expressed in thisway EFS dlicited contractions are higher in aged

strips (P < 0.0001, by ANOVA).
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concentrations are expressed as final bath
concentrations of active species. Drugs and
chemicals were obtained from the following
sources.  acetylcholine  (ACh),  atropine,
caffeine, CGRP fragment 8-37 (CGRPg3y),
CCK fragment 26-33 (CCK-8) sulfated, DTT,
glibenclamide, ionomycin, L-NAME,
melatonin, thapsigargin, and FITC-phaloidin
were from Sigma Chemical (St. Louis, MO);

-a Control
3 - ~a-Atropine 1 uM

Tension (mMN/mg)
N

Tension (mMN/mg)
=

10 20 30 40
Frequency (Hz)

C Melatonin

-= Control
~&= Atropine 1 pM

Tension (mMN/mg)
N

10 20 30 40

Frequency (Hz)

E-capsaicin was from Tocris (Bristol, UK), Bts-
Ins(1,4,5)P;-PM was from SiChem (Bremen,
Germany); fura 2-AM was from Molecular
Probes (Molecular Probes Europe, Leiden,
Netherlands); collagenase was from Fluka
(Madrid, Spain); and papain was from
Worthington Biochemical (Lakewood, NJ).
Other chemicals used were of analytical grade
from Panreac (Barcelona, Spain).

B Senescent

-a- Control
3 _~a-Atropine 1 yM
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Fig. 2. Atropine-sensitive EFS-induced response remains unaltered by ageing. A, B and C.- Effect:
of atropine (1 uM) on the frequency-response curves to EFS (0.3 ms duration pulse, 5-40 Hz, 350 mA
for 10 sec every 3 min) applied to gallbladder strips from young adult (n = 24 strips), aged (n = 21 strips
and aged guinea pigs treated with 2.5 mg/Kg/day melatonin (n = 16 strips). After EFS was performed in
control conditions (—) strips were incubated for 30 min with atropine and EFS was repeated again (-
). Statistical analysisindicates P values < 0.001 (by ANOVA) in al experimental groups. D.- Atropine
induced inhibition of EFS responses in the three experimental groups. No significant differences betwee

groups were found at any of the frequencies tested.
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Stock solutions of atropine, capsaicin, fura 2-
AM, thapsigargin, ionomycin, were prepared in
DMSO, and FITC-phaloidin was prepared in
ethanol. The solutions were diluted such that
the final concentration of DMSO was <0.1%
vol/vol. This concentration of DMSO did not
interfere with fura 2 fluorescence. Melatonin
was prepared in 80 mM glucose solution.

Quantification and statistics: Results are
expressed as means = SEM of n cells or
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determined by Student’s rtest. Differences
between multiple groups were tested using two-
way analysis of variance (ANOVA) followed by
Bonferroni’s post hoc test. Differences were
considered significant at P < 0.05.
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Fig. 3.- Nitrergic function is impaired in ageing and restored by melatonin. 4.- Original recordings of
the effects of L-NAME (100 uM) on the EFS (0.3 ms duration pulse, 5-40 Hz, 350 mA, for 10 sec every 3
min) applied to gallbladder stripsfrom young adult, aged and aged guinea pigs treated with 2.5 mg/K g/day

melatonin . After EFS was performed in control condition s stripswereincubated for

30 minwith  L-

NAME and EFS was repeated again. Vertical dotted linesindicate the timing of EFS. B.- Sumary data of

the frequency-response curves to EFS. Data are mean + SEM. n = 10, 6 and 5 strips for adult,

aged and

aged treated with melatonin, respectively. Note that L-NAME does not have effects on aged gallbladder

strips, indicating the loss of nitrergic function and that melatonin treatment induces the
nitrergic responses. P <0.01 & P <0.001 (by ANOVA) control vs L-NAME for

plus melatonin experimental groups.

recovery of the
young adult and agec
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4-RESULTS

Aged related changes in efferent innervation
in EFS-induced gallbladder responses

EFS induced a frequency-dependent
gallbladder contraction (a representative trace is
shown in Fig. 14) with a maximum amplitude of
2.23 £ 0.18 mN/mg tissue at the frequency of 40
Hz (n = 26, Table 1). When galbladder strips

from aged animals were electrically stimulated, a
significant decrease in the EFS-induced
contraction at all the frequencies tested was
recorded (Fig. 14, Table 1). The diminished
response was reflected by reductions in both the
amplitude of the peak and the duration of the
contraction (P < 0.001, two-way ANOVA for
both parameters, Fig. 1B, Table 1). In addition,
there was a long lasting off-relaxation (amplitude
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Fig. 4.- Ageing induces sensitization of inhibitory sensory afferent fibers and melatonin normalizes
their sensitivity. 4.- Original recordings of the effects of capsaicin (10 uM) on the EFS (0.3 ms duration
pulse, 5-40 Hz, 350 mA, for 10 sec every 3 min) applied to gallbladder strips from young adult, aged and
aged guinea pigs treated with 2.5 mg/Kg/day melatonin. After EFSwas performed in control conditions,
strips were incubated for 30 min with capsaicin and EFS was repeated again. Vertical dotted linesindicate
the timing of EFS. B.- Summary data of the frequency-response curves to EFS. Data are mean = SEM. n =
8, 6 and 4 strips for young adult, aged and aged treated with melatonin, respectively. Note that capsaicin
increases the EFS-induced contraction only in aged gallbladder strips, indicating the sensitization of the
inhibitory component of sensory fibers and reversal of this sensitization by melatonin treatment. P < 0.01
(by ANOV A) control vs capsaicin in aged strips.
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of 0.245 + 0.025 mN/mg at 40Hz, n = 22) in the
strips from older animals, but not in the younger
animals.

A group of old animals was treated
orally with melatonin (2.5 mg/Kg/day) for four
weeks mimicking the circadian rhythm of the
naturally secreted hormone. This treatment

increased melatonin blood levelsin aged animals
when measured at 9 am (young adult: 26.24 +
2.12; aged: 19.6 + 1.48; melatonin: 27.09+ 2.29
pg/ml, n =10, 7, and 7 animals respectively, P <
0.05 aged vs young adult and aged vs melatonin).

Table 1. EFS-induced gallbladder contractions: effects of ageing and melatonin treatment.

Young adult Aged Melatonin
Frec (Hz) Amplitude Duration Amplitude Duration Amplitude Duration
5 0.988+0.117 43.08+1.29 0.643+0.063 * 31.01+1.15* 0.812 +0.140 42.23+1.66
10 1.315+0.132 4857+1.88 0.890+0.078 * 33.73+1.28 * 1.170+0.163 4553+ 2.65
15 1.609+0.147 52.80+1.97 1.120+0.099 * 37.26+1.50 * 1.483+0.178 4593+2.43
25 1956+0.164  57.30+2.55 1.384+0.120 * 39.14+2.12 * 1.967+0.175 52.06 +2.97
40 2.232+0.181 55.90+2.70 1.570+0.139 * 39.47+261%* 2.351+0.157 52.66 + 3.24

Amplitude in (mN/mg) and Duration in (s) . n = 26.22 and 15 for young-adult, aged and melatonin

respectively.* P < 0.0001 adult vs senecent.

Melatonin treatment ameliorated age-induced
impairment in the EFS response as both the
amplitude and duration of EFS-induced
contractions were comparable to those in young
adult strips, and the off-relaxations were absent
(Fig. 14 and B, Tablel).

The aged-related impairment in
gallbladder contractility could involve changes in
the intrinsic innervation of the organ, alterations
in the smooth muscle contractility itself or a
combination of these mechanisms. The
galbladder contractile response to exogenous
ACh was significantly reduced in aged animals
(young adult; 3.266 + 0.260; aged: 1.911 + 0.27,
melatonin; 4.232 + 0.538 mN/mg, n =29, 15 and
11 strips, respectively, P < 0.001 aged vs young
adult and aged vs melatonin), suggesting an age-
related impairment in the myogenic response to
the neurotransmitter released from intrinsic

nerves. Taking into account that ACh is the
primary excitatory neurotransmitter in the
galbladder (Parkman, et a., 1997), the
expression of EFS-induced response respect to
ACh-induced contraction would reflect the
amount of ACh released. As shown in Fig. 1C,
EFS-induced response expressed in this way is
higher in strips from aged animals (P < 0.001 by
ANOVA), which would indicate an increase in
the release of ACh or a decrease in the release of
inhibitory neurotransmitters. A decrease in the
release of ACh does not seem probable as the
effect of atropine was not different in young
adult, aged or melatonin-treated aged strips (Fig.
2, Table 2).

To explore the possibility of an aged-
induced increase in the release of inhibitory
neurotransmitters, we assayed the effects of L-
NAME in each experimental group. The inhibitor
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of the nitric oxide synthase enhanced EFS-
induced contraction in young adult strips (89.3 %
of enhancement at 5 Hz, n = 10, P < 0.01 by
ANOVA) but did not have any effectsin the aged
group (Fig. 3, Table 2). When the old animals
were pretreated with melatonin the nitrergic
component was stimulated by EFS and L-NAME
enhanced EFS-induced contraction (193.8 % of
enhancement at 5 Hz, n = 5, P < 0.001, by
ANOVA, Fig. 3, Table 2).

Aged related changes in sensory innervation

In our model, when the sensory nerves
were desensitized by the treatment with a high
concentration of capsaicin (10 uM) a transient
atropine-sensitive contraction was recorded in
both young adult and old strips (adult: 0.081 +
0.016; aged: 0.100 £+ 0.016 mN/mg, n = 8 and 6
strips, respectively) but there was no change in
EFS-induced responsiveness of young adult strip.

Table 2. Effect of different drugs on EFS-evoked gallbladder contractions

Young-Adult Aged Melatonin
Atropine (10 uM) Abalition***  Abolition*** Abolition***
L-NAME (100 uM) Increase ** No effect Increase ***
Capsaicin (10 pM) No effect Increase ** No effect
Glibenclamide (10 uM) No effect Increase * Not tested
Capsaicin + No effect No effect No effect
CGRP g3 (1 uM) Not tested Increase * Not tested
Capsaicin + CGRP g3, Not tested Decrease ** Not tested

¥R P <0.001, ** P <0.0] *P<0.05

However, when aged strips were
desensitized by capsaicin a significant increase in
the EFS-induced response was recorded (P < 0.01
by ANOVA). As shown in Fig. 4, melatonin
treatment restored the excitability of the sensory
innervation since capsaicin had no effect on EFS-
induced responses (Table 2). CGRP induces
gallbladder relaxation through stimulation of
Katp ion channels and glibenclamide has been
shown to be an effective blocker of these
channels in the gallbladder (Zhang, et a., 1994).
Thus, we assayed the effects of 10uM
glibenclamide in EFS-induced response in aged
strips, which enhanced the amplitude of
contraction to a similar extent than the
desensitization with capsaicin (25 % of increase,
n=7, P<0.05by ANOVA, Figure 54, Table 2).

In fact, after glibenclamide treatment capsaicin
did not enhance EFS-induced responses (P =
0.18, Figure 54, Table 2). In agreement with the
lack of effects of capsaicin in the neuromuscular
transmission in adult strips, glibenclamide did not
modify EFS-induced responses in control tissue
(data not shown). These experiments suggest that,
in aging, EFS dtimulates CGRP-containing
sensory nerves, which could contribute to the
reduction of gallbladder responsiveness to
electrical stimuli via physiological antagonism.
This was confirmed by the use of the fragment
CGRPg_3; as selective blocker of CGRP receptors.
As shown in Figure 5B, in senescent gallbladder
strips CGRPg 37 caused an enhancement of EFS-
induced contraction (41.9 % of increase, n=4, P
< 0.05 by ANOVA, Fig. 5B, Table 2) and



174 PJ Gomez-Pinilla

converted the effect of capsaicin to an inhibition
of the contractile response (37 % of inhibition
respect to CGRPg3; alone, n = 4, P < 0.01 by
ANOVA, Fig. 5B, Table 2).
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Fig. 5.- Ageing sensitizes CGRP containing fibers .4.- Origina recordings of the effects of glibenclamide (1
uM) and CGRP8-37 in the absence and presence of capsaicin (10 uM )on the EFS (0.3 ms duration pulse, 5-4
Hz, 350 mA, for 10 sec every 3 min) applied to aged gallbladder strips. After EFS was performed in contrc
conditions, strips were incubated for 30 min with glibenclamide or CGRP8-37 and EFS was repeated agair
Then, strips were incubated for 30 min with glibenclamide or CGRPg 3; plus capsaicin and EFS was repeate
again Vertical dotted lines indicate the timing of EFS. B.- Summary data of the frequency-response curves t
EFS in the presence and absence of glibenclamide or CGRPg.3; and glibenclamide or CGRPg5; plus capsaicir
Data are mean + SEM. n = 7 and 4 strips for glibenclamide and capsaicin group, respectively. Note that bot
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increase EFS-induced contractions. P < 0.05 (by ANOVA) control vs glibenclamide and control vs CGRPyg 3.
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when we tested gallbladder strips from aged
animals and recovered by melatonin treatment
(young adult, 3.77 + 0.37; aged, 2.84 + 0.26;
melatonin: 4.24 + 0.32 mN/mg, n = 26, 23 and 9
strips, respectively, P < 0.05). We have recently
shown that capacitative calcium entry (CCE) is
another influx route activating contraction in
galbladder smooth muscle (Morales, et al.,
2004). As previously reported, following
depletion of the stores by incubation of control
gallbladder strips with 1 pM TPS in Ca*-free
medium for 30 min, reintroduction of
extracellular Ca?* induced a sustained contraction
(369 + 0.53 mN/mg, n = 12) that was
significantly smaller in aged strips (2.68 = 0.29
mN/mg, n = 9, P < 0.01) but smilar in
melatonin-treated animals (4.41 + 0.39 mN/mg, n
=8).

To test whether aging affects Ca’*
release from sarcoplasmic reticulum, the main
intracellular Ca?* store in gallbladder smooth
muscle (Morales, et a., 2005a), we used CCK as
the tool of election. As was the case for Ca?*
influx-induced  contractions,  CCK-induced
contraction was impaired in aged strips and
melatonin  treatment recovered contractility
(young adult: 3.7 + 0.38; aged: 2.48 + 0.25;
melatonin: 3.67 + 0.52 mN/mg, n = 30, 23 and 9
strips, respectively, P < 0.01).

Aged related changes in calcium handling

The diminished contractile response to
Ca®* influx could be the result of the reduction in
the calcium entry as consequence of aged-
mediated calcium channel impairment. To test
this possibility, we quantified [Ca?*]; in response
to 60 mM KCI and to the protocol to activate
capacitative calcium entry. As represented in
Figs. 64 and B, sustained [C&’"]; plateau due to
Ca™ entry from the extracellular medium was
reduced in aged gallbladder smooth muscle cells
(26.2 and 34.2 % reduction for KCl and CCE,

respectively, n = 49-18 cedls, P < 0.05).
Interestingly, melatonin did not have any effects
on calcium influx (KCl: 0.111 + 0.008 vs 0.115 +
0.010 AF34¢/Fsgon = 34 and 13 cells ; CCE: 0.063
+ 0.005 vs 0.067 £ 0.007 AF34/F3on = 8 and 6
cells for aged and melatonin treated aged cells,

respectively)

When we quantified [Ca®"]; in response
to CCK challenge there was no change in the
amplitude of Ca®* transient peak indicative of
intracellular Ca®* release (n = 28 and 15 cells, P =
0.897, Fig. 6C). To confirm that Ca** release
from stores through D-myo-inositol 1,4,5-
triphosphate (IP;) and ryanodine channels
remained unchanged in aging, we exposed the
cells to 10 uM Btz-Ins(1,4,5)P;-PM a membrane
permeable analogue of IP;, and to caffeine.
Similar to CCK-induced Ca®* transient, the peak
responses to the |P; analogue were not affected
by aging (young adult, 0.426 + 0.031; aged, 0.379
+ 0.028 AF340/F380, n = 13 and 7 Ce||S,
respectively, P = 0.272). When we used caffeine
to induce Ca’* release through ryanodine
receptors we did not detect a difference in the
Ca®* transient in young adult vs. aged gallbladder
smooth muscle cells (n = 31 and 36 cells, P =
0412, Fig. 6D). Collectively, these results
suggest that both Ca’* release channels and
calcium content in the stores are not affected by
aging. The latter was confirmed by application of
alow level of ionomycin in Ca?* free solution to
the cells, a treatment that releases the Ca?* stores
while bypassing channels and receptors. This
treatment caused a similar increase in [C&']; in
both adult and aged cells (young adult, 0.188 +
0.029; aged, 0.180 + 0.015 AFz340/F3gp, N = 14 and
24 cells, respectively, P = 0.821), indicating that
the integrity of calcium stores is preserved in
aging. Melatonin treatment did not have any
effect on Ca’* release mechanisms nor Ca®* store
content (data not shown).
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Fig. 6. Melatonin restores gallbladder myogenic contractility A.- Representative original traces of changesi
isometric tension in response to a depolarizing solution containing 60 mM KCI *in young adult (—), aged (—-
-) and aged treated with melatonin (- ) gallbladder strips. In B, gallbladder strips were treated with 1 pM
thapsigargin (TPS) in Ca®* free solution to deplete the stores. When indicated, the organ bath was perfused with
a2 mM Ca* K-H solution resulting in a sustained contraction that was reduced in aged strips (- - - - - ).InC
contraction was induced by 10 nM CCK in al groups. Note that the response to all the stimuli was decreased in
aged cells but melatonin treatment induced the recovery of the contractility. Traces are typical of 30-9 strips.
Histograms show summary data tension (mN/mg) from experimentsin the above described conditions (mean +
SEM). D.- Aged related changesin F actin content (expressed as arbitrary units) in young adult, aged and aged
+ melatonin gallbladder cells. Note the decrease in F-actin content in aged cells and the recovery when the ager
animals were treated with melatonin. * P < 0.05, ** P < 0.01.

Aged-related changes in contractile machinery
Taken together, the results described above
indicate that the aged impairment in contractility
is, at least in part, the result of alteration in Ca®*
influx, but this physiological condition could also
alter galbladder contractility independently of
the calcium signal. This possibility was tested by
application of 1uM of ionomycin in presence of

extracellular Ca®* (at this concentration
ionomycin raises [C&"]; independently of
channels and receptors). lonomycin caused

in adult and aged and

similar elevation

melatonin-treated cells (young adult: 0.355 +
0.050; aged: 0.419 + 0.052; melatonin: 0.376 =+
0.057 AFau/Fag, N = 32, 30 and 16 cells,
respectively, P > 0. 05), but induced much lower
contraction in aged strips than in adult and
melatonin-treated aged tissues (young adult: 4.23
+ 0.57; aged: 2.12 £ 0.201; melatonin: 5.39 +
0.87 mN/mg, n = 7, 14 and 8 strips, respectively,
P < 0.01 young adult vs aged), suggesting that
ageing can aso ater the contractile machinery
independently of the calcium signal.
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To investigate one of the possible causes
of this impaired contractility, we determined the
total amount of the contractile protein F-actin
labelling gallbladder smooth muscle cells with
FITC-stained phalloidin. We found that aging
resulted in a statistically significant decrease in
the F- actin content that was recovered by
melatonin treatment (young adult: 33.59 + 0.86;
aged: 9.92 + 0.49; melatonin 28.95 + 0.87, data
as arbitrary units of fluorescence, n = 100, 63 and
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92 cells, respectively, P < 0.05 young adult vs
aged, Fig. 7D).

5-DISCUSSION

At a time when the world population is
ageing at a rapid rate, there is an emergent need
to understand the biology of aged Gl tract and to
trandate this knowledge to therapeutics to
improve Gl function and quality of life of the
elderly. The present study was conducted to
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plateau response. In B, fura-2 loaded cells were treated with 1 uM  thapsigargin  (TPS) in Ca®* free

solution to deplete the stores. When indicated, cells were perfused with a2 mM Ca?* HEPES solution
resulting in asustained [Ca®"]; increase that was reduced inaged cells(*"*). In C and D Ca" release
fromintracellular stores wasinduced by 10 nM CCK  (IPs-sensitive stores) (C) or caffeine (ryanodine-
sensitive stores) (D). Note that the peak, indicative of Ca?* release, was similar in both young adult and
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45-15 cellsfrom at least 4-5 independent experiments Histograms show summary data of AF340/Fsgg
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elucidate functional changes in gallbladder
motility during aging and to explore the potential
use of melatonin to ameliorate the effects of
aging Gl smotility.

We found that ageing impairs the
muscular  contraction and modifies the
neurological control of the muscle. The
possibility that altered Gl function in the elderly
is related to neurodegeneration of the enteric
nervous system is supported by studies conducted
both in animals and humans (for revision see
(Wade and Cowen, 2004). Age-related neuronal
loss in the small and large intestines occurs
exclusively in the cholinergic population
(Roberts, et al., 1994;Phillips, et al., 2003), with
little change, if any, in nitrergic neurons. In the
gallbladder, however, cholinergic transmission
seems very well maintained with age since the
atropine-sensitive contractile response to EFS
remains the same in the adult and aged groups.
Our finding of a decrease in the functiondlity of
nitrergic fibersin the aged group can be related to
previous reports of morphological aterations in
nitrergic neurons (Phillips, et al., 2003) and
impairment nitrergic function by ageing (Smits
and Lefebvre, 1996), which is consistent with our
functional studies.

Interestingly, in our model, the loss of
nitrergic inhibitory function was compensated by
an over-reactivity of sensory inhibitory nerves, as
demonstrated by the increase in the EFS-induced
contraction after desensitization with capsaicin.
The ganglionated plexus of the gallbladder isrich
in afferent fibers that are immunoreactive for
both substance P and CGRP (Mawe and Gershon,
1989). Application of capsaicin induced a
contractile response that was the result of the
substance P-induced contraction and CGRP-
induced relaxation (Maggi, et a., 1989), similar
to our finding of capsaicine-evoked contraction
sensitive to atropine. However, capsaicin-
desensitization of sensory nerves increased the
EFS-induced responses in aged strips without
affecting adult strips. The fact that capsaicin
effects were mediated by CGRP1 receptor
(blocked by hCGRPg3;) and its downstream
target Katp channels (blocked by glibenclamide)

clearly suggest that hypersensitivity of inhibitory
sensory fibers containing CGRP, contribute to
gallbladder motility disorders in aging. It is now
clear that hypersenstivity of sensory neurons
contributes to functional bowel disorders such as
irritable  bowel  syndrome, Hirschsprung’s
disease, rectal hypersensitivity and faecal
urgency (Grundy, 2006).

Motility disorders during aging can aso
involve age-dependent changes in the response of
smooth muscle to neurotransmitters and
hormones (for review see (Bitar, 2003).due to
inhibition of transduction pathways or to
alterations of contractile proteins (Bitar, 2003;
Bitar and Patil, 2004). We report here both
changes in Ca®* signals and a decrease in the F-
actin content in aged gallbladder smooth muscle
cells. Our study shows that ageing affects Ca
entry through both L-type Ca* channels and
store-operated Ca’* channels, athough the
content of intracellular Ca* stores and its release
through IP; and ryanodine receptors is not
influenced. Agerelated changes in Ca®
homeostasis appear to be tissue-specific. Thus,
reduction of voltage-dependent calcium channels
has been described in rat brain cortices (Iwamoto,
et a., 2004), canine atria (Dun, et a., 2003) and
colon (Xiong, et a., 1993;Xiong, et al., 1995) but
voltage-activated Ca®* influx is increased in
mammalian CA1 hippocampal neurons (T hibault
and Landfield, 1996) and heart (Josephson, et al.,
2002) during aging. There are no published data
related to the effects of ageing on CCE channels.
Our data are consistent with the hypothesis that in
gallbladder smooth muscle aging mainly affects
membrane L-type and CCE Ca®* channels, which
could contribute to the reduction in the
contractility in response to KCI, CCE, but also to
CCK, as this hormone induces Ca?* entry after
releasing Ca®* from intracellular stores (Morales,
et a., 2004;Morales, et a., 20053).

One of the most compelling findings
reported here is the beneficial effect of melatonin
on gallbladder neuromuscular function and
myogenic contractility. Thus, after treating the
animals for 4 weeks with melatonin (2.5
mg/Kg/day), there was not only a total recovery
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of the contractile response to Ca®* influx
activation and EFS, but also a reversion of the
aged-induced changes in efferent and sensitive
innervation, although melatonin did not restore
the Ca* influx. The recovery of the contractility
without changes in Ca?* homeostasis can only be
explained by effects of melaonin on Ca'-
insensitive contractility steps such as contractile
proteins or Ca’* sensitization of the contractile
machinery. Whereas the former can be related to
the increase in the F-actin content described in
this study, the later is now under research in our
|aboratory.

Melatonin is a hormone that is secreted
by the pineal gland following a circadian rhythm
with minimal blood levels of melatonin during
the daytime and maximal levels observed mostly
during the middle of the night. Melatonin has
special importance in the gastrointestinal tract
since the enterochromaffin cells of the gut are the
main source of extrapineal melatonin (Kvetnoy,
et a., 2002). Metabolism of melatonin in liver
appears to be the major metabolic pathway for its
deactivation (Lane and Moss, 1985) but aso
active melatonin is secreted in bile and
concentrated in the gallbladder (Tan, et al., 1999).
Although it is well established that pineal
melatonin decreases with age (Karasek, 2004),
there is no information available regarding
gastrointestinal  melatonin. If  gastrointestinal
melatonin content also decreases with age, the
hepatobiliary system in general, and the
galbladder in particular, would suffer the lack of
melatonin protective effects. The restoration of
gallbladder contractility in response to melatonin
treatment in aged guinea pigs is consistent with
this hypothesis.

Regarding the GlI, there are numerous
lines of evidence demonstrating the protective
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ageing causes impairment of gallbladder function
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beneficial effect of melatonin in gallbladder
dysfunction related to ageing.
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1-ABSTRACT

Gallbladder stasis is
associated to experimental acute cholecystitis.
Impaired contractility could be, at least in part,
the result of inflammation-induced alterations
in the neuromuscular function. This study was
designed to determine the changes on
gallbladder neurotransmission evoked by acute
inflammation and to evaluate the protective
effects of melatonin. Experimental acute
cholecystitis was induced in guinea pigs by
common bile duct ligation for two days. In a
group of these animals, de-ligation of the bile
duct was performed and after two days the
neuromuscular  function was  evauated.
Electrical field stimulation (EFS, 5-40 Hz) was
used to activate intrinsic nerves. The EFS
evoked isometric contractile responses were
recorded and pharmacologically dissected to
identify the chemical code of the stimulated
nerves. EFS-induced gallbladder contraction
was significantly lower in cholecystitic tissue.
In addition, inflammation changed the
pharmacological profile of these contractions
that were insensitive to tetrodotoxin but
sensitive  to  atropine and  w-conotoxin,
indicating that acute cholecystitis affects action
potential propagation in the intrinsic nerves.
NO-mediated neurotransmission was reduced
by inflammation which aso increased the
reactivity of sensitive afferent fibers. Melatonin
treatment (25 and 30 mg/Kg) prevented
qualitative changes in gallbladder
neurotransmission, but did not improve EFS-
induced contractility. However, the hormone
recovered gallbladder neuromuscular function
once the biliary obstruction was solved. These
findings show for the first time the therapeutic
potential of melatonin in the recovery of
galbladder neuromuscular function during
acute cholecystitis.

2-INTRODUCTION

Gallbladder tone is mainly regulated
by both myogenic mechanisms and neuro-
hormonal inputs. Activation of nerves is an
important event in the control of gallbladder

emptying. The neural control of gallbladder
motility involves reflexes that include both
efferent and afferent nerve fibers as well as the
intrinsic plexus in the gallbladder wall (1). The
gallbladder wall is innervated by three neural
networks interconnected by nerve bundles. All
gallbladder neurons are apparently cholinergic
since they are immunoreactive for the essential
biosynthetic enzyme for acetylcholine (ACh),
choline acetyltransferase (2). The release of
ACh from cholinergic neurons and its
exogenous administration results in the
contraction of the gallbladder smooth muscle,
which depends on the activation of muscarinic
receptors (3), Ca?* influx and Ca®* release from
internal stores (4). In addition to its contractile
properties, ACh has neuromodulatory functions
promoting or inhibiting the release of other
neurotransmitters (3). Cholinergic neurons co-
express other neurotransmitters such as
substance P, neuropeptide Y, somastotatin,
vasoactive intestinal polypeptide, pituitary
adenylate cyclase-activating polypeptide and
nitric oxide (NO) (5). Afferent nerve fibers
containing calcitonin gene-related peptide and
tachykininis have also been described in the
ganglionated plexus of the gallbladder (6).

Acute acalculous cholecydtitis (AC) is
a pathophysiological condition characterized by
galbladder inflammation in the absence of
galstones. Although its pathogenesis is
unknown, gallbladder stasis is always present,
probably as the result of the deleterious neural
and muscular actions of inflammatory
mediators such as reactive oxygen species and
prostaglandins (7). In anima models, it has
been described that cholecystitis reduces
galbladder contractile responses to agonists
that act directly on smooth muscle cells (8;9)
and also causes aterations in calcium signalling
and contractile machinery (10). In addition,
EFS-induced contractions are also impaired in
inflamed galbladder, mainly due to the
reduction in the functionality of cholinergic
nerves and the up-regulation of the inhibitory
nitrergic component (11). The effect of



186 PJ Gomez-Pinilla

cholecystitis on afferent fibers has not yet been
explored.

Melatonin, the main product of pineal
gland in vertebrates, is a potent free radical
scavenger and activates a broad group of
antioxidant cellular mechanisms (12). These
properties made melatonin efficacious against
different diseases where oxidative stress is the
main cause (13). Gastrointestinal tract is an
important source of melatonin (14). The liver
and the gallbladder are especially exposed to
high levels of the hormone since metabolism of
melatonin in liver appears to be the major
pathway for its deactivation (15) but also active
melatonin is secreted in bile and concentrated in
the gallbladder (16). In the gastrointestinal tract,
it has been reported that melatonin has a
gastroprotective function (17) and therapeutic
effects against malignance-associated to
irritable bowel syndrome (18). In animal
models of bile duct ligation, melatonin
treatment reduced hepatic damage and
oxidative stress due to its antioxidant and anti-
inflammatory actions (19-21).

The aims of this study were to
investigate the effects of acute cholecystitis in
the neuromuscular transmission and to evaluate
the impact of melatonin treatment. Our results
indicate that melatonin is able to restore this
important function in inflamed gallbladder,
which can be of importance avoiding
galbladder faillure in this pathological
condition.

3-MATERIALS AND METHODS

Experimental manoeuvres with
animals. Male guinea pigs, weighing 400 g to
600 g were purchased from Animal Care Center
of the University of Extremadura where they
were fed with a standard chow diet and water
ad libitum under a 12-hour photoperiod. Acute
acalculous cholecystitis was induced to animals
by ligature of the common bile duct (CBDL) for
2 days, as previoudy described (10). This
method has been previously shown to reproduce
the pathological changes seen in human acute
acalculous cholecydtitis (8;9;11), and it was

approved by the Anima Care and Ethica
Committees of the University of Extremadura.
In brief, after anesthesia with ketamine
hydrochloride (20 mg/Kg ip) and xylacine (5
mg/Kg ip) alaparotomy was performed and the
distal end of the common bile duct was ligated.
The surgical incision was then sutured and two
days after the animals were sacrificed for tissue
harvest. In a group of animals, two days after
CBDL the common bile duct was de-ligated
under anaesthesia with microsurgical scissors
and two days after the animals were sacrificed.
For both experimental models, a group of
guinea pigs were sham operated, which
included al the surgica steps except the
common bile duct ligation.

Melatonin administration. Guinea pigs
were treated orally with melatonin (2.5 or 30
mg/kg/day). Melatonin was dissolved in
glucose solution (1.5 %) and placed in the
oropharynx by a syringe. This treatment was
applied daily at the same time, just before the
light in the animal house was switched off (7:00
PM). Melatonin was administered 14 days
before the sacrifice of the animals in both
experimental groups.

Functional studies. At the adequate
time, the animals were killed with deep
halothane anaesthesia and cervical dislocation.
Gallbladders were immediately placed in cold
Krebs-Henseleit  solution (K-HS; for
composition, see Solutions and drugs) a pH
7.35. The gallbladder was opened from the end
of the cystic duct to the base, and the mucosa
was dissected away carefully. Later, the
galbladder was cut in longitudina strips
(measuring ~3 x 10 mm) and this were placed
verticaly in a 10-ml organ bath filled with
Krebs-Henseleit solution maintained at 37°C
and gassed with 95% O»-5% CO,. Isometric
contractions were measured using force
displacement transducers that were interfaced
with a Macintosh computer using a MacLab
hardware unit and software (ADInstruments,
Colorado Springs, CO). The muscle strips were
placed under an initial resting tension
equivalent to a 1.5-g load and alowed to
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equilibrate for 60 min, with solution changes
every 20 min. Every strip coming from a given
animal was used in a different experimental
protocol. Intrinsic nerves were activated by
electrical field stimulation (EFS) with a pair of
external platinum ring electrodes (0.7 mm in
diameter) connected to a square-wave
stimulator (Cibertec CS9/ 3BO) programmed
through Scope software application from
MacLab (ADInstruments). Trains of stimuli
(0.3-ms duration, 5-40 Hz, 350-mA current
strength) were delivered for 10 s a 3-min
intervals. After construction of a frequency-
response  curve and in order to
pharmacologically dissect the neurogenic
responses, antagonists were added to the organ
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10 Hz 15 Hz

1 mN/mg

D5HzZ Y

bath for 20 min, and then the EFS protocols
were repeated. At the end of each experiment
the dry weight of the strips were measured to
normalize the gallbladder contractile responses.

Solutions and Drugs. The Krebs
Henseleit solution contained 113 mM NaCl, 4.7
mM KCI, 2.5 mM CaCl,, 1.2 mM KH,PO,, 1.2
mM MgS0O,, 25 mM NaHCO;, and 11.5 mM D-
glucose. This solution had a final pH of 7.35
after equilibration with 95% 0,-5% CO,. Drug
concentrations are expressed as final bath
concentrations of active species. Drugs and
chemicals were obtained from the following
sources: atropine, L-NAME and melatonin were
from Sigma Chemical Company (St. Louis,
MO); w-conotoxin GVIA, E-capsaicin, and
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Figure 1. Inflammation impairs EFS-elicited contractile responses in guinea pig gallbladder. A.-
Original recordings showing guinea pig gallbladder tension responses elicited by EFS (0.3 ms duration, 5-
40 Hz, 350 mA, for 10 s every 3) applied to control and acute cholecistitic (AC) strips. Traces are typical of
26 to 18 strips for control and AC strips, respectively. B.- Superimposed recordings of the EFS-induced
response to 25 Hz showing in more details the inflammation-related reduction in the peak amplitude and
duration of the response. C&D.- Summary data of EFS induced-responses (peak amplitude in C and
duration in D) in both experimental groups (* P < 0.01 by ANOVA).
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tetrodotoxin citrate were from Tocris Cookson
(Bristol,UK). Other chemicals used were of
analytical grade from Panreac (Barcelona,
Spain). Stock solutions of atropine, capsaicin
and o-conotoxin GVIA were prepared in
DM SO. The solutions were diluted such that the
final concentration of DM SO was < 0.1% v/v.
This concentration of DMSO did not have
effects on gallbladder tone.

Data analysis. Results are expressed as
means = S.E.M. of n gallbladder strips from at
least 6 different animals. Gallbladder tension is
given in millinewtons per milligrams of tissue
(mN/mg). Statistical differences between
multiple groups or the effects of inhibitor
treatments were tested using adequate analysis
of variance (ANOVA). Differences were
considered significant at P < 0.05.

4-RESULTS

Effects of acute cholecystitis on
gallbladder neuromuscular function. EFS was
used to stimulate the neuronal network in the
gallbladder wall and the recording of isometric

tenson adlowed wus to evauate the
neuromuscular function. EFS evoked a
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frequency-dependent contraction in control
strips with amplitude of 0.98 + 0.11 mN/mg and
223 + 0.18 mN/mg when the strips were
stimulated at 5 and 40 Hz, respectively (Fig. 1
A-C). The contractile response to EFS lasted for
42.66 = 1.26 s and 55.51 + 2.10 s at 5 and 40
Hz, respectively, which were longer than the
duration of the stimuli (10 s, Fig. 1D). Similar
results were obtained in strips from sham-
operated animals (data not shown). As aso
shown in figure 1, when gallbladder strips from
animals subjected to CBDL were electrically
stimulated, a significant decrease in the EFS-
induced contraction was recorded at all of the
frequencies tested. The diminished response
was reflected by reductions in both the
amplitude and the duration of the contractions
(P < 0.01, two-way ANOVA for both, Fig. 1C
& D).

In order to determine the neura and
myogenic components of the EFS-evoked
contractions, the nerve Na“ channel inhibitor,
tetrodotoxin (TTX) was used. In control strips,
1 uM of TTX abolished EFS-elicited responses
(Fig. 24). In inflamed strips, tetrodotoxin was
no effective (Figure 2B), but when the strips
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Figure 2. AC induces a TTX-resistant gallbladder response to EFS. Effects of 1 uyM TTX on EFS-
elicited contractile response in control (4) and AC gallbladder strips (B). After EFS was performed in
control conditions (solid lines) strips were incubated for 20 min with the antagonist and EFS was
repeated again (dotted line). Note the lack of effects of TTX on inflamed tissue and the reduction in the
response after incubation with 0.1 uM ®-conotoxin. Data are mean = SEM. n = 7 and 6 strips for control

and AC strips, respectively. (** P <0.01 by ANOVA).
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Figure 3. AC impairs the efferent innervation and increases the excitability of sensory contractile
fibers Effects of 1 uM atropine, 100 uM of L-NAME and 10 pM of capsaicin on EFS-elicited contractile
response in control (4, B, C) and AC gallbladder strips (D, E, F). After EFS was performed in control
conditions (solid lines) strips were incubated for 20 min with the antagonist and EFS was repeated again
(dotted line). Note the lack of effects of L-NAME on inflamed tissue and the reduction in the response after
incubation with capsaicin. Dataare mean + SEM. n = 8-21 strips (* P < 0.05, ** P < 0.01 by ANOVA).

were co-incubated with tetrodotoxin (1 uM)
plus w-conotoxin GVIA (0.1 uM), a N-type
calcium channel blocker, there was a reduction
in the contractile response evoked by EFS (Fig.
2B). These results indicate that in inflamed
gdlbladder the transmission of the action
potential along neural fibers is impaired and
EFS stimulates neurotransmitters release
directly from nervous terminals.

To elucidate the neurotransmitters
involved in the EFS-induced contraction we
tested several antagonists on this neural
response. Under normal conditions ACh is the
primary excitatory neurotransmitter in the
galbladder (22). In agreement with this, in
control animals we found that 1 uM atropine, a
competitive cholinergic  receptor  blocker,
reduced the EFS-elicited contractile response

by 73.00 + 10.47 % at 5 Hz and 89.55 + 8.02 %
at 40 Hz (Fig. 34), demonstrating that ACh
released from cholinergic inputs is the main
excitatory stimulus involved in EFS-induced
contraction. The dtrips from cholecystitic
animals were less sensitive to atropine blockade
(58.38 £ 10.25 % of inhibition at 5 Hz and
28.60 + 8.92 % of inhibition at 40 Hz, Fig. 3D),
indicating that inflammation reduces the
cholinergic participation in the neurogenic
contractile gallbladder response.

The impact of inflammation on the
contribution of NO was assayed by using the
inhibitor of nitric oxide synthase, L-NAME, in
both experimental groups, control and acute
cholecystitic animals. L-NAME (100 uM)
enhanced EFS-induced contraction in strips
from control guinea pigs, specialy at the lowest
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Figure 4. Melatonin treatment protects intrinsic neurons but does not improve EFS-induced

contraction.

(A) Effects of melatonin treatment (2.5 and 30 mg/Kg) on EFS-induced gallbladder

contractions in acute cholecystitic animals. Histograms represent the effects of 1 uM TTX (B), 1 pM
atropine (C), 100 uM of L-NAME (D) and 10 uM of capsaicin (E) on EFS-dlicited contractile response in
control, AC and AC melatonin-treated gallbladder strips. Data are mean + SEM. n = 6-18 strips. Note that
EFS-induced responses recover TTX and L-NAME sensitivity, whereas melatonin has less effects on
cholinergic and sensitive fibers. (* P < 0.01 AC vs control 1P < 0.05 MEL30 vs AC, 3 P <0.01 MEL 30 vs

AC by ANOVA).

frequencies assayed (9040 + 11.48 % of
enhancement at 5 Hz and 14.05 + 4.62 % of
enhancement at 40 Hz, Fig. 3B) but did not
have much effect in inflamed strips (16.80 +
9.70 % of increase at 5 Hz and 1.16 + 5.54 % of
increa, Fig. 3E).

Small diameter sensory neurons that
are sendgitive to capsaicin play a major role in
the generation of neurogenic inflammation (23).
When we induced sensory nerve desensitization
by the treatment with a high concentration of
capsaicin (10 pM) we found no effect in control

strips (Fig. 3C) but this treatment induced an
inhibition of EFS-elicited contractile responses
in cholecystitic strips (Fig. 3F), which indicates
that capsaicin reduces EFS-evoked release of
contractile neurotransmitters from afferents
input in inflamed tissue (Control; -25.58 + 7.78
and 4.61 + 5.53 % of inhibition at 5 and 40 Hz,
respectively; acute cholecystitis: 44.60 + 7.01
and 62.70 £+ 5.22 % of inhibition at 5 and 40
Hz, respectively).
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Figure 5. Melatonin treatment improves the neurogenic contractile response worsened by deligation
procedure. (A) Original recordings showing guinea pig gallbladder tension responses elicited by EFS (0.3 ms
duration, 5-40 Hz, 350 mA, for 10 s every 3) applied to acute cholecistitic (AC) and de-ligated strips. Traces
are typical of 16 and 17 strips for AC and de-ligated strips, respectively.. B.- Summary data of EFS induced-
responses (peak amplitude) in both experimental groups (* P < 0.01 by ANOVA). C.- Effects of melatonin
treatment (2.5 and 30 mg/kg) on EFS-elicited contractile response gallbladder strips from animals that
underwent the de-ligation procedure. Data are mean = SEM. (n = 16-28 strips, * P < 0.05, ** P < 0.01 by

ANOVA).

Effects of melatonin on neuromuscular
function in acute cholecystitis We have
previously reported that melatonin treatment
was able to restore gallbladder neuromuscular
function in aging (24). To check whether this
hormone had beneficia effectsin the alterations
described above, we treated the animals with
2.5 and 30 mg/Kg melatonin (MEL 2.5; MEL
30) as described in the Material and Methods
section. Under these conditions, none of
melatonin doses used enhanced the amplitude
of the contractile responses evoked by EFS

(Fig. 44), but the contractions partialy
recovered the sensitivity to TTX (Fig. 4B).
Although the treatment dose-dependently
increased the inhibitory effects of atropine and
decreased the inhibitory effects of capsaicin
significantly at some frequencies (Fig 4C & E).
However, melatonin was able to protect
nitrergic nerves because when 100 pM of L-
NAME was added to the organ bath, the EFS-
evoked contractile responses were enhanced in
similar proportions to those found in control
strips (Fig. 4D).
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Figure 6. Melatonin treatment normalizes the different neural components stimulated by EFS.
Effects of 100 uM TTX (4), 1 uM atropine (B), 100 uM of L-NAME (C) and 10 uM of capsaicin (D) on
EFS-elicited contractile responses in control, AC and melatonin treated gallbladder strips. After EFS was
performed in control conditions strips were incubated for 20 min with the antagonist and EFS was
repeated again of melatonin Melatonin (2.5 and 30 mg/Kg) was administered to animals that underwent
the de-ligation protocol. Data are mean + SEM. (n = 7-9 strips, * P < 0.01 vscontrol , 5 P <0.01 vs AC,

by ANOVA).

These results indicate that melatonin
had some effects on inflammation of the
galbladder, which agrees with the
normalization of MDA and GSH content we
have found (Experimental Cap. VII), but there
are some contractile disabilities that melatonin
treatment can not restore. It has to be noted that
in the model used in this study, the gallbladder
suffers stretch as the result of bile duct ligation
and the continuous bile output. Taking this into
account, it would be difficult to see any
improvement in the neuromuscular function
keeping the bile duct ligated, which represents a
remarkably extreme pathological condition. To
solve this, after inducing AC, we performed de-
ligation of bile duct and after two days we
harvested the tissue and performed the EFS

experiments. In those animals that were not
treated with melatonin the neuromuscular
function worsened after de-ligation, as indicated
by the reduction in the EFS-induced contraction
(Fig 54 & B). Taking into account the small
amplitude of these contractions we did not
applied antagonists of the neurotransmitters to
know the nature of this response.

Under these conditions, it was very
noticeable the improvement that melatonin
treatment induced in gallbladder neuromuscular
function. As shown in figure 5C, melatonin
increased the gallbladder neurogenic responses
in a dose-dependent way. In the strips from
animals treated with melatonin, the EFS-elicited
responses recovered the sensitiveness to TTX
(Fig. 64) and atropine (Fig. 6B) present in
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control tissue. Although capsaicin (Fig. 6F) still
induced a small inhibition of EFS-induced
responses, the reduction was significantly
smaller than that found in inflamed tissue and at
the highest freguencies this effect was not
different from that registered in control tissue

In this experimental group, 30 mg/Kg
melatonin also re-established the sensitivity to
L-NAME (Fig. 6D) but this was not the case for
25 mg/Kg melatonin, suggesting that the
nitrergic function worsened by the de-ligation
procedure.

5-DISCUSION

The current paper shows that the
impairment in guinea pig galbladder
neurotransmission evoked by inflammation was
associated to a decrease in the contribution of
the efferent plexus and the up-regulation of
sensory afferent fibers. In addition, melatonin
treatment caused the improvement in the
neurogenic  contractile response and the
normalization of the different neura
components.

In agreement with previous reports
(22;25), our results indicate that EFS evokes
gallbladder response by the release of different
inhibitory and excitatory neurotransmitters and
that the contractile responses are frequency-
dependent and last longer than the time of
stimulation. Our data, in addition, show that the
frequency dependence is maintained in
inflammation, despite the big reduction
observed in the amplitude of the contraction.
The smaller contractile responses to EFS
suggests the existence of an inflammation-
induced impairment in the gallbladder intrinsic
nerves, in agreement with previous results in
human and animal models (11;26;27).
However, the reduced galbladder smooth
muscle contractility to ACh found in
cholecystitis (8;10;11;28) could aso collaborate
to the impaired neuromuscular function in
inflamed tissue.

The most striking finding in our study
was the lack of sensitivity to TTX shown by

cholecystitic strips, which could be explained
by a myogenic origin of the EFS-induced
contractions or by a direct release of
neurotransmitter  from nervous terminal.
Whereas the former is not possible since the
contractions were reduced by atropine, the latter
was confirmed by the reduction obtained using
w-conotoxin GVIA, a blocker of N type
cacium channel located in the presinaptic
membrane whose activation is necessary for
neurotransmitter release. These results suggest
that inflammation evokes a functional
denervation in the gallbladder that avoids the
genesis or propagation of action potential
through efferent fibres. Alterations in the
properties and/or expression levels of voltage-
dependent Na' channels have been implicated
in a variety of pathological states, including
inflammation of the viscera (29-31). In this
regard, the more common effect of
inflammation on Na’ channels is the up-
regulation of TTX-resistant dow (Navli.8)
(29;31). The use of transgenic animals, gene
expression analysis and specific pharmacologic
tools is necessary to explore the possibility of
cholecystitis-evoked changes in Na' channel
type.

The neurotransmitters released from
the intrinsic plexus were investigated in the
present study by pharmacological dissection of
EFS-induced gallbladder contractile responses.
Classically, ACh released in response to EFSis
the mainly excitatory component of the
gallbladder contraction (22;25). Here, we show
that in control conditions atropine abolished
EFS-induced contraction, while in inflamed
tissue it just reduced EFS-elicited contraction
about 50 9%, indicative of a functiona
denervation of the cholinergic component,
similar to results previously described in
inflamed gallbladder (11) and in other models
of gastrointestinal inflammation, such as colitis
(32)

Non adrenergic non cholinergic
(NANC) neurotransmission in guinea pig
gallbladder has been described more than a
decade ago (33) and NO is the main NANC
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neurotransmitter involved (34;35).
Inflammation evokes a functional impairment
in galbladder nitrergic innervation as
demonstrated by the lack of effects of L-NAME
in cholecystic strips compared to control tissue.
This result does not support the study from
Parkman et al. (11), where L-NAME only had
effect in inflamed tissue indicating that normal
galbladder does not release NO from the
intrinsic plexus. This is in conflict with the
presence of nitrergic nerves described in guinea
pig galbladder (1) and the functional data
reported above. Functional nitrergic
denervation associated to inflammation is a
common finding in experimental colitis (36).

Neurotransmitters  released  from
sensory nerves evoked contraction or relaxation
of the gallbladder (37). Substance P, neurokinin
A and neurokinin B induce contraction while
calcitonin gene-related peptide (CGRP) evokes
relaxation (6;37;38) In our study, sensory
denervation with capsaicin had not effects in
control conditions while it reduced EFS-elicited
contractile  response  in inflammation,
suggesting excitatory neurotransmitter release
from sensory nerves in inflamed gallbladder.
This finding can also explain the TTX resistant
EFS-evoked  contractile  responses  in
cholecystitis since sensory neurons are rich in
TTX-resistant slow (Navi.8) and persistent
(Nav1.9) type Na channel (39). The mayor
participation of the sensory innervation is also a
common finding in neurogenic inflammation
(23) and airway diseases as asthma and chronic
obstructive pulmonary disease (40). In the
gallbladder, we have shown that aging, whichis
also related to increased oxidative stress, is
associated to over-reactivity of sensory fibers
(24).

The most important finding of our
study is that melatonin has prophylactic effects
on inflammation-induced impairment in
gallbladder neuromuscular function. Thus,
under melatonin  treatment EFS-induced
contractile response recovered the sensitiveness
to TTX, indicating that melatonin protects the
voltage-dependent Na'-channels involved in the

neural transmission of the action potential.
Furthermore, the nitrergic  innervation
recovered its functionality and sensory fibers
became less sensitive to EFS. However,
melatonin itself did not improve the contractile
response to EFS unless the obstruction of the
bile duct was relieved. Under these conditions,
melatonin  reversed the impairment in
contractility in a dose-dependent manner, and
fully recovered the different neural components
stimulated by EFS. It must be pointed out that
2.5 mg/Kg melatonin had no effects on the
nitrergic innervation after deligation, although
this treatment was efficacious increasing the
participation of these inhibitory nerves with the
bile duct ligated. De-ligation itself worsened
galbladder contractility, as conseguence
probably of an increase in oxidative stressinsult
due to reperfusion of the organ once the
mechanical  stretch disappeared. This s
supported by the increase in the MDA levels
indicative of lipidic peroxidation and oxidative
stress injury found after de-ligation in our
laboratory (Experimental Cap VIII). On this
basis, it appears that nitrergic innervation is
especially sensitive to the enhanced oxidative
stress after de-ligation. In agreement with this,
we have recently reported a minor participation
of nitrergic nerves in  neuromuscular
transmission in aging and its recovery after
melatonin  treatment  (24).  Furthermore,
melatonin has been shown to have neuraly-
mediated actions in the gut regulating either
cholinergic, nitrergic and/or sensory innervation
(41,42).

It is well accepted that melatonin
administration a  pharmacological  doses
decreases free radical formation and leads to a
substantial recovery of the maor antioxidant
enzymes (43). Recent evidences have shown
that melatonin has protective effects on liver
and hepatic injury after extrahepatic bile duct
ligation in rats (19-21). Additional to liver and
hepatic damage, free radica accumulation
associated to hile duct ligation has been
implicated in the genesis of gallstone (44). In
this regard antioxidant treatment with melatonin
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not only reversed the increased oxidative stress,
but also prevented gallstone formation (20). In
our preparation, melatonin treatment was
effective reducing MDA levels and increasing
the endogenous antioxidant defence reduced
gluthation (GSH) (Experimental Cap VIII),
indicating that melatonin antioxidant effects can
be responsible for the improvement in
neuromuscular function. However, melatonin
receptors have been described in the
galbladder, receptor-mediated effects can not
been ruled out. The beneficial effects of
melatonin  against  inflammation-associated
neural damage in galbladder run in parallels
with an improvement in myogenic contractions
(45). Caollectively, these experimental evidences
suggest a prophylactic and therapeutic role of
melatonin in this pathological condition, a
remarkable finding due to the inexistence of
pharmacological treatment  for acute
cholecydtitis.
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In conclusion, the results obtained in
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impairs gallbladder neuromuscular function as
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together with a hyperactivity of afferent fibers.
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inflammation-related changes in gallbladder
neuromuscular transmission indicating its
potential to combat inflammation-induced
gallbladder damage.
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1-ABSTRACT

Impaired smooth muscle contractility
is a hallmark of acute acalculous cholecydtitis.
While free cytosolic Ca?* ([Ca?"];) is a critical
step in smooth muscle contraction, possible
aterations in Ca®* homeostasis by cholecystitis
have not been elucidated. Our am was to
elucidate changes in the Ca®* signalling
pathways induced by this gallbladder
dysfunction. [Ca®]; was determined by
epifluorescence microscopy in fura-2 loaded
isolated gallbladder smooth muscle cells, and
isometric tension was recorded from
gallbladder muscle strips. F-actin content was
quantified by confoca microscopy. Ca*
responses to the InsP; mobilizing agonist, CCK
and to caffeine, an activator of the ryanodine
receptors, were impaired in cholecystitic cells.
This impairment was not due to a decrease in
the size of the releasable pool. Inflammation
also inhibited Ca®* influx through L-type Ca*
channels, as well as capacitative calcium entry
induced by depletion of intracellular Ca®* pools,
In addition, the pharmacological phenotype of
these channels was altered in cholecystitic cells.
Inflammation impaired contractility further than
Ca* signal attenuation, which could be related
to the decrease in F actin that was detected in
cholecystitic smooth muscle cells. These
findings indicate that cholecystitis decreases
both Ca?* release and Ca?* influx in gallbladder
smooth muscle, but a loss in the sensitivity of
the contractile machinery to Ca®* may also be
responsible for the impairment in gallbladder
contractility.

2-INTRODUCTION

The key events that modulate smooth
muscle contraction include increases in the
cytosolic calcium concentration ([Ca’']) and
phosphorylation of the regulatory light chains
of myosin Il by myosin light chain kinase (32).
Changes in [C&"]; are regulated through the
control of Ca’* transport mechanisms across
plasma and intracellular store membranes (4).
Due to the wide spectrum of calcium regulatory
actions, alterations of [Ca®']; signals can have

deep impact on cell function. Thus, Ca’*
deregulation has been reported to participate in
conditions as cell death (21) or inflammation
(42).

However, information regarding the
nature of changes of [Ca?"]; signals during
inflammatory processes in smooth muscle is
rather scarce. In gastrointestinal smooth muscle
there is evidence that inflammation attenuates
calcium signals through changes in plasma
membrane ion channel expression (11) and
regulation (12). By contrast, there are
conflicting reports on the effects of
inflammation on Ca’* release from intracellular
stores (7; 26; 29).

Acute inflammation in the absence of
gallstones, a pathological condition commonly
referred to as acute acalculous cholecystitis, is
an increasingly prevalent complication among
individuals in the intensive care unit and in
patients without predisposing illness (2). The
pathogenesis of this disease is unclear. It has
been speculated that impaired muscle
contractility is secondary to inflammation and
may play arole in the clinic pathology of acute
acalculous cholecydtitis (8; 23; 24). Previous
reports using functional methods have
described that, in gallbladder smooth muscle,
the main targets for inflammation are ion
channels and G protein coupled receptors of the
plasma membrane, while intracellular pathways
(InsP; receptors, PKC, G proteins) are not
affected (43). However, the effects of acute
acalculous cholecystitis on gallbladder smooth
muscle calcium signals have not previously
been tested. The aim of this study was to
explore the aterations of calcium signals during
cholecystitis.

3-MATERIALS AND METHODS

Model of acute acalculous
cholecystitis. Acute acalculous cholecydtitis
was induced in male guinea pigs by ligation of
the common bile duct for 2 days. This method
has been previously shown to reproduce the
pathological changes seen in human AAC (20;
23; 24; 43; 44) and it was approved by the
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Ethical Committee of University of
Extremadura. A laparotomy was performed
under anaesthesia with ketamine hydrochloride
(20 mg/kg ip) and xylacine (5 mg/kg ip). Then,
the distal end of the common bile duct was
ligated (4-0 silk) at its junction with the
duodenum using minimal manipulation of the
bile duct and no manipulation of the
galbladder. Under these conditions, there was
no interruption of the blood supply to the
galbladder. The surgical incision was then
sutured. A group of control animals were sham
operated, which included all the surgical steps
except for the common bile duct ligation. After
the operative procedures, the animals were
housed separately and they were provided with
food and water ad libitum. Two days later the
animals were euthanized with deep halothane
anesthesia and cervical dislocation for tissue
harvest. Gallbladders were immediately placed
in cold Krebs-Henseleit solution (K-HS; for
composition see Solutions and drugs) at pH
7.35. The gallbladder was opened from the end
of the cystic duct to the base and the mucosa
was carefully dissected away.

Cell isolation. Gallbladder smooth
muscle cells were dissociated enzymatically
using a previoudy described method (25).
Briefly, after preparing the tissue as indicated
above, the gallbladder was cut into small pieces
and incubated for 34 min a 37°C in enzyme
solution (ES, for composition see Solutions and
drugs) supplemented with 1 mg/ml BSA, 1
mg/ml papain, and 1 mg/ml dithioerythritol.
Next, the tissue was transferred to fresh ES
containing 1 mg/ml BSA, 1 mg/ml collagenase,
and 100 uM CaCl, and incubated for 9 min at
37°C. The tissue was then washed three times
using ES, and the single smooth muscle cells
were isolated by several passages of the tissue
pieces through the tip of a fire-polished glass
Pasteur pipette. The resultant cell suspension
was kept in ES at 4°C until use, generaly
within 6 h. Cell viability was routinely checked
by trypan blue staining of cells (85 + 5 % and
83 £ 7 % of viability for control and
cholecystitic cell suspensions, respectively). All

experiments involving isolated cells were
performed at room temperature (22°C).

Cell loading and [Ca’];
determination. [Ca’']; was determined by
epifluorescence  microscopy  using  the
fluorescent ratiometric Ca?* indicator fura 2.
Isolated cells were loaded with 4 uM fura 2-
AM at room temperature for 25 min. An aliquot
of cel suspension was placed in an
experimental chamber made with a glass poly-
D-lysine treated coverdip (0.17 mm thick)
filled with Na-HEPES solution (for
composition see Solutions and drugs) and
mounted on the stage of an inverted microscope
(Eclipse  TE2000-S; Nikon). After cell
sedimentation, a gravity-fed system was used to
perfuse the chamber with Na'-HEPES solution
in the absence or presence of experimental
agents. Cells were illuminated at 340 and 380
nm by a computer-controlled monochromator
(Optoscan, Cairn Research) at 0.3-1 cycles/s,
and the emitted fluorescence was selected by a
510/40-nm band-pass filter. The emitted
fluorescence images were captured with a
cooled digital charge-coupled device camera
(ORCAII-ER; Hamamatsu Photonics) and
recorded using dedicated software (Metafluor,
Universal Imaging). The ratio of fluorescence at
340 nm to fluorescence at 380 NM (Fs40/Fsgp)
was calculated pixel by pixel and used to
indicate the changes in [Ca?];. A calibration of
the ratio for [Ca’"]; was not performed in view
of the many uncertainties related to the binding
properties of fura 2 with Ca®* inside of smooth
muscle cells.

Contraction recording of guinea pig
gallbladder  strips. Gallbladder  strips
(measuring ~3 x 10 mm) were mounted
verticaly in a 10-ml organ bath filled with K-
HS maintained at 37°C and gassed with 95%
02-5% CO2. Isometric contractions were
measured using force displacement transducers
that were interfaced with a Macintosh computer
using a MacLab hardware unit and software
(ADInstruments, Colorado Spring, CO). The
muscle strips were placed under an initia
resting tension equivalent to 1.5 g load and
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allowed to equilibrate for 60 min, with solution
changes every 20 min. Every strip coming from
the same animal was used in a different
experimental protocol. The direct effects of
CCK, ionomycin or KCl on gallbladder tone
were studied by addition of these agents to the
organ bath.

F-actin Content Measurement. The F-
actin content of control and cholecystitic
galbladder smooth muscle cells was
determined according to a previously published
procedure (17). Briefly, samples of cell
suspensions (200 pl) were placed in Na'-
HEPES solution and quickly transferred to 200
pl ice-cold 3% (w/v) formaldehyde in
phosphate-buffered saline solution (PBS; for
composition see Solution and drugs) for 10
min. Fixed cells were permeabilised by
incubation for 10 min with 0.025 % (v/v)
Nonidet P-40 detergent dissolved in PBS. Cells
were then incubated for 30 min with
fluorescein isothiocyanate-labeled phalloidin
(FITC-phaloidin;, 1 pM) in PBS solution
supplemented with 0.5 % (w/v) bovine serum
albumin (BSA). After incubation, the cells
were collected by centrifugation for 2 min at
10000 x g and resuspended in PBS solution.
Staining of actin filaments was measured using
a confocal laser-scanning system (model MRC-
1024, Bio-Rad) with excitation wavelength of
488 nm and emission at 515 nm. The cellular
F-actin content was quantified as arbitrary units
of fluorescence using the ImageJ software.

Solutions and drugs. The K-HS
contained (in mM): 113 NaCl, 4.7 KCI, 25
CaCl,, 1.2 KH,PO,, 1.2 MgSO,, 25 NaHCO;,
and 11.5 D-glucose. This solution had a final
pH of 7.35 after equilibration with 95% O,-5%
CO,. The ES used to disperse cells was made
up of (in mM): 10 HEPES, 55 NaCl, 5.6 KCl,
80 sodium glutamate, 2 MgCl,, and 10 D-
glucose, with pH adjusted to 7.3 with NaOH.
The Na'-HEPES solution contained (in mM):
10 HEPES, 140 NaCl, 4.7 KCI, 2 CaCl,, 2

MgCl,, and 10 D-glucose, with pH adjusted to
7.3 with NaOH. The Ca*-free Na'-HEPES
solution was prepared by substituting EGTA
(ImM) for CaCl,. The PBS solution used in F-
actin studies contained (in mM): NaCl 137, KCl
2.7, Na,HPO,4 5.62, NaH,PO, 1.09 and KH,PO,
147 with pH adjusted to 7.2. Drug
concentrations are expressed as final bath
concentrations of active species. Drugs and
chemicals were obtained from the following
sources. (+)BayK8644, caffeine, CCK-(26-33)
(CCK-8)  sulfated, 1,4-dithio-DLthreitol,
thapsigargin, FITC-phalloidin, nitrendipine,
pinacidil and trypan blue were from Sigma
Chemical (St Louis, MO); 2-
aminoethoxydiphenylborane  (2-APB) from
Tocris  (Bristol, UK); 2,3,6-Tri-O-Butyryl-
myo-Inositol-1,4,5-trisphosphate-Hexakis

(propionoxymethyl) Ester (Bts-1ns(1,4,5)Ps-
PM) was from SiChem (Bremen, Germany),
fura 2-AM was from Molecular Probes
(Molecular Probes Europe, Leiden,
Netherlands); collagenase was from Fluka
(Madrid, Spain); and papain was from
Worthington Biochemical (Lakewood, NJ).
Other chemicals used were of analytical grade
from Panreac (Barcelona, Spain). Stock
solutions of fura 2-AM, thapsigargin,
ionomycin, pinacidil and 2-APB were prepared
in DMSO, and (+)BayK8644, nitrendipine and
FITC-phalloidin were prepared in ethanol. The
solutions were diluted such that the final
concentrations of DMSO or ethanol were
<0.1% vol/vol. These concentrations of solvents
did not interfere with fura 2 fluorescence

Quantification and statistics. Results
are expressed as means £ SEM of n cells or
galbladder strips. All results from [Ca’'];
determinations are given as  AFzs/Fag.
Gallbladder tension is given in millinewtons
(mN)/mg of tissue. Statistical differences
between means were determined by Student’s t-
test. Differences were considered significant at
P <0.05.
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Figure 1. Cholecystitis reduces transient [Ca?*]; responses to store depletion but does not change Ca?*
releasable pool size. Representative [Ca?']; responses to CCK 10 nM (4), 10 uM Bts-Ins(1,4,5)P; (B) and
10 mM caffeine (C) in fura-loaded GBSM cells from control (solid line) and bile duct ligated (dotted line)
animals. Low concentration of ionomycin (50 nM) was used to estimate Ca®* content of intracellular stores
(D). Gallbladder smooth muscle cells were treated with a Ca?* free solution during 45 seconds before
application of ionomycin. The resulting transient in Ca?" is due to Ca?" release from intracellular stores. No
difference was observed between control and AAC cells. Traces are typica of 8 to 36 cells from 3-5

animals.

4-RESULTS

To characterize Ca®* dynamics in
cholecystitis, we challenged gallbladder smooth
muscle cells with different types of stimuli:
CCK, the natural agonist for gallbladder
contraction, and caffeine, an activator of
ryanodine receptors (RyR), were used to release
cacium from intracellular stores, while
potassium chloride rich medium and activation
of capacitative calcium entry were used to
generate Ca?* signals via plasma membrane
Ca®* entry.

Cholecystitis-induced changes in Ca’*
release from intracellular stores. CCK (10 nM)
induced a fast [Ca’"]; response comprising an
initial rise due to Ca’* release from internal
stores (15) and a subsequent plateau, dightly
higher than resting [Ca’]; values (Fig. 14),

which is entiredly dependent on influx of
extracellular calcium (15; 16). As shown in Fig.
14, cholecystitis decreased the initial peak by
amost 50% (control: 0.36 £+ 0.05 AFz40/Fago,
cholecystitis: 0.180 + 0.044 AF34y/Fzg0, N = 36
and14 cells from 5 and 3 animals, respectively,
P < 0.05). To more directly test whether Ca®*
release through 1nsP; receptor was impaired by
inflammation, we used 10 uM Bts-1ns(1,4,5)Ps-
PM a membrane permeable analogue of 1nsP;
(27). in a Ca®* free medium, which caused a
Ca®* transient similar to that reached after CCK
treatment (0.426 + 0.030 AF340/F3g0, N = 13 cells
from 3 animals, Fig. 1B) without the sustained
plateau as Ca* influx. This transient was
significantly reduced in smooth muscle cells
from cholecystitic animals (0.203 + 0.028
AF340/Fzs0, N = 15 cells from 3 animals, P <
0.001, Fig. 1B). Caffeine, at mM concentration,
releases Ca?* via RyR in several muscle types,



Trabajo Experimental VII 205

including gallbladder smooth
muscle (16). Similar to CCK,
application of caffeine induced
afast [Ca®"]; peak that returned
immediately to the resting
value (Fig. 1C). As was the
case for CCK, inflammation
induced a significant inhibition
of  caffeine-evoked  peak
(control: 0465 + 0.034
AF240/Fag0, ChOlecyStltls 0.208
+ 0.031 AF34/Fag0, N = 11 and
26 cells from 4 and 3 animals,
respectively, P < 0.05, Fig.
10).

Taken together, the
results described above suggest
that cholecystitis may reduce
the Ca?* pool that is mobilized
by InsP; and RyR agonists.
This impairment could be due
to a decrease in the Ca?* store
content or to a reduction in
InsP;R and RyR sensitivity. To
discriminate between these
possibilities we applied a low
level of ionomycin in Ca?* free
solution, a treatment which
releases the Ca®* stores while
bypassing  channels  and
receptors (18). Fig. 1D shows
that [Ca’"]; transients induced
by 50 nM of ionomycin in
control and inflamed cells
were similar (control: 0.188 +
0.029 AF340/Fag0, Cholecydtitis:
0.181 £ 0.017 AFzs0/Fszg, N =
14 and 8 cells from 3 animals
for  both  groups, not
significant), indicating that the
amount of Ca* in the stores
was  not affected by
inflammation.
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Figure 2. Cholecystitis reduces Ca?* influx through L-type
Ca* channels. (4) [C&a?"]; signal in response to a depolarizing
solution containing 60 mM KCl and 2 mM Ca®* in control
(solid line) and inflamed (dotted line) cells . As observed,
cholecystitis reduced the plateau response. In B and C, cells
were pre-treated with the inhibitor of L-type Ca2* channels
nitrendipine (1 uM) and the Karp potassium channel opener
pinacidil (10 uM). Note the lack of effect of these inhibitors on
cholecystitic cells. Traces are typical of 7-36 cells from 3-6

animals.
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Cholecystitis-induced changes in Ca’* Therefore, we explored how cholecystitis
influx. In gallbladder smooth muscle and other affects  voltage-activated  calcium  entry.
excitable tissues, Ca* entry plays a mgjor role Application of a depolarizing medium
in Ca®* signals. In the case of the gallbladder, containing 60 mM KCI induced a sustained
extracellular CaZ* mainly enters via L-type [Ca®"]; increase (0.28 + 0.03 AFa0/Fag, N = 13
voltage operated Ca®* channels (1; 28; 30). cells from 6 animals, Fig. 24) that was sensitive
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Figure 3 Capacitative calcium entry is impaired in galbladder smooth muscle cells from animals with acute
cholecystitis. (4) After application of a Ca®* free medium with the Ca?* pump inhibitor thapsigargin (1 pM), 2
mM external Ca®* was restored to initiste Ca?* entry, evidenced by a fast plateau [Ca®'];. Another similar
capacitative plateau was then obtained upon Ca®* removal and readmission. As illustrated in the upper traces,
capacitative calcium entry was decreased in inflamed cells (dotted ling). B, C, D, Show changes in [Ca®*]; under
the same protocol but after application of 100 uM 2-APB, 1 uM nitrendipine and 2-APB plus nitrendipine in
control (solid lines) and cholecystitic (dotted lines) cells before the second entry episode. None of these
treatments blocked capacitative entry in cholecystitis but they evoked a significant reduction in control cells.
Traces are typical of 8 - 49 cellsfrom 3-11 animals.
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to the L-type channel blocker, nitrendipine (1
uM) (0.014 £ 0.002 AF340/F3g0, 95 % inhibition,
n = 13 cellsfrom 3 animals, P <0.001, Fig. 2B).
As expected, when cells were hyperpolarized
by the treatment with the ATP-sensitive K*
channel opener pinacidil (10 uM) KCl-induced
influx was amost abolished (0.031 + 0.005
AF340/Fag0, 89 % inhibition, n = 14 cells from 3
animals, P < 0.001, Fig. 20), indicating that
voltage operated cacium channels were
activated by KCI. Inflammation decreased the
K Cl-evoked Ca®* response to 57 % of control
values (0.12 + 0.01 AFz40/F3g0, N = 8 cells from
5 animals, P < 0.05, Fig. 24). This reduction
paralels the changes in the phenotype and/or
functional state of L-type Ca’* channels as
indicated by the lack of effect of nitrendipine
(0.088 + 0.01 AFz49/Fsg0, N = 12 cells from 3
animals, Fig. 2B) or pinacidil (0.086 + 0.01
AF30/Fsg0, N = 7 cells from 3 animals, Fig. 2C)
on the KCl-evoked [C&?"]; signal in inflamed
cells. To specifically activate L-type Ca’*
channels we used 1 puM (+)BayK8644, a
dihydropyridine that stabilizes the L-type Ca®*
channel in a gating mode with long channels
openings and shorts closings thus activating
selectively Ca®* influx through these channels
(9). Inflammation reduced (+)BayK8644-
induced Ca®* influx to 59 % of control values
(control: 0.192 + 0.007 AFz49/Fsg0, Cholecystitis:
0.102 + 0.011 AF3z4/Fzg9, N = 17 and 12 cells
from 3 animals, respectively, P < 0.001).
Similar to its effect on K Cl-induced Ca®* influx,
nitrendipine did not modify (+)BayK8644-
induced Ca®* increase in inflamed cells but
reduced by 83 % this response in control cells
(control: 0.033 + 0.003 AF349/Fago, Cholecystitis:
0.101 + 0.014 AFzug/Fzg, n = 7 cells from 3
animalsin each group).

In addition to working via L-type Ca’*
channels, we have recently demonstrated that
capacitative calcium entry also mediates [Ca®];
signals in response to Ca?* mobilization from
intracellular  stores (15), supporting the
sustained phase of [Ca®"]; signals in response to
agonists in gallbladder smooth muscle cells.
This mechanism is more complex in gallbladder

smooth muscle than in other systems because
depletion of stores initiates Ca’* influx through
two pathways: voltage-independent “classical”
capacitative calcium channels and co-activation
of L-type Ca?* channels (15). To activate this
mechanism and test the effects of inflammation
we followed the protocol shown in Fig. 34
where cells were pretreated with 1 pM
thapsigargin, a specific inhibitor of the Ca?*
ATPase of the stores (35), during 30 minutes in
a Ca’" -free medium to fully deplete the stores.
The reintroduction of Ca?* in the bath resulted
in a sustained [Ca’"]; plateau due to Ca®* entry
from the extracellular medium which is
frequently used as index of capacitative calcium
entry (6; 15; 17). This protocol induces a
persistent activation of capacitative calcium
entry and allows repeated measurements of
calcium entry upon restoration of extracellular
[Ca®] (Fig. 34). Capacitative calcium entry
was clearly impaired by inflammation (control:
0.095 + 0.005 AF340/Fsg0, cholecystitis: 0.062 +
0.005 AF340/F3g0, N = 17 and 49 cells from 8 and
11 animals, respectively, P < 0.05, Fig. 34). In
addition, the pharmacology of the remaining
capacitative calcium entry was also altered in
inflamed cells. Thus, while in normal cells
capacitative calcium entry was sensitive to the
well  recognized blocker of “classical”
capacitative calcium channels, 2-APB (100 uM)
and to nitrendipine (51 and 57 % of reduction,
respectively), the residual capacitative calcium
entry present in cholecystitic cells was
insensitive to both of these compounds (0.069 +
0.012 AFz40/Fzg9 VS 0.078 + 0.007 and 0.062 +
0.009 vs 0.068 + 0.016 for nitrendipine and 2-
APB, respectively, n = 8-11 cells from 3-6
animals, Fig. 3B and C). This was also the case
when nitrendipine and 2-APB were applied
together, a condition that almost blocked
capacitative calcium entry in control cells (89
% of inhibition, Fig. 3D). However, in
cholecydtitis  nitrendipine-  and  2-APB-
insensitive capacitative calcium entry was
blocked by gadolinium (52 % inhibition, 0.059
+ 0.008 AF340/Fzgp VS 0.031 + 0.007 AF349/F3g N
=10 cellsfrom 3 animals, P < 0.05), atrivalent
cation widely used to block capacitative
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Figure 4. Cholecystitis does not induce artefacts in Ca?* determination. Control (solid line) and
inflammed (dotted line) cells were treated with 1 uM ionomycin in 2 mM Ca® medium to induce a
sustained [Ca?*]; increase independent of channels and receptors activation. No difference was observed
in response to cholecystitis. Traces are representative of 32 and 18 cells from 5 and 3 animals for control

and cholecystitis, respectively.

channels in different cellular types including
excitable tissues (10; 31; 36).

Taken together, our results show that
both Ca®* release from the stores and Ca®
influx from extracellular medium are impaired
by acute cholecystitis. Given that inflammation
could ater fura-2 behaviour due to changes in
intracellular parameters (e.g. viscosity, pH,...),
we compared the ratio of fura-2 fluorescence in
response to a high level of ionomycin (1 uM) in
presence of extracellular Ca*. At this
concentration ionomycin acts as a Ca’
ionophore,  thus [C&']; is elevated
independently of channels and receptors. Fig. 4
shows that the sustained plateau evoked by this
treatment was not affected in inflamed cells
(control: 0.356 + 0.050 AF349/Fsgo, Cholecystitis:
0.306 + 0.075 AF340/F380, n = 32 and 18 cdlls
from 5 and 3 animals, respectively, no
significant) ruling out the possibility that
cholecystitis introduces an artefact in [Ca'];
determinations.

Cholecystitis-induced ~ changes  in
gallbladder contractility. [Ca?]; is a major
determinant of smooth muscle contraction;
therefore, we investigated the effect of
cholecystitis on gallbladder contractility to

evaluate the association between impairment of
[Ca®]; signals and contractile deficit in
inflammation. Fig. 54-C show that, similar to
[Ca®™]; signals, the contraction induced by
CCK, KCI and capacitative calcium entry were
also impaired, although to a greater extent than
their corresponding Ca®* signals, which could
indicate a decrease in the Ca’* sensitivity of
contractile machinery. In order to check this,
we assayed the contractile response to
ionomycin since, as described above,
inflammation did not change ionomycin-
induced [Ca®]; signal. However, the same
[Ca®]; elevation induced much lower
contraction in cholecystitic strips than in control
tissue (control: 3.12 + 0.57 mN/mg,
cholecystitis: 0.72 = 0.157 mN/mg, n = 7 and 8
strips from 4 and 5 animals, respectively, P
<0.001, Fig. 5D), which revedls that this
disorder can also alter the contractile machinery
independently of the calcium signal. To
investigate one of the possible causes of this
impairment in contractility, we determined the
total amount of the contractile protein F-actin
labelling gallbladder smooth muscle cells with
FITC-stained phaloidin. We found that
cholecystitis induced a statistically significant
decrease in the actin content (control: 38.93 +
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1.93, cholecydtitis: 29.57 + 3.78, data
as arbitrary units of fluorescence, n =
16 and 13 cells from 5 and 3 animals,
respectively, P < 0.05).

5-DISCUSSION

We present here data
showing that acute acalculous
cholecystitis evoked by bile duct
ligation induces loss of Ca®* signals
in response to physiologica and
pharmacological stimuli, involving a
down-regulation of Ca?* release and
Ca’* entry mechanisms.

Bile duct ligation is a
commonly used model of acute
acalculous cholecystitis (23; 43). This
disease is accompanied by a loss of
contractile response to agonists and
intrinsic  nerve stimulation and
galbladder stasis (23; 24). Our results
showing that cholecystitis impairs
both contraction and [Ca?"]; signals
evoked by CCK and depolarization
could explain, at least in part, this
loss of contractility. The contractile
impairment was detected not only in
response to agonists and
depolarization, but also when calcium
increase was achieved by
pharmacological release of
intracellular  Ca®*  stores or by
ionophore treatment. However, the
contractile impairment likely involves
additional mechanisms, as evidenced
by the decrease of high concentration
ionomycin-evoked contraction. A
possibility is that deregulation of
calcium signals or some
inflammatory mediators alter the
expression of proteins involved in
contraction, as suggested by the
reduction in F actin in cholecystitic
cells.
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Figure 5. Cholecydtitis induces a general impairment in
galbladder contractile response. Gallbladder smooth muscle
strips from control and cholecystitic animals were challenged
with 10 nM CCK (4), 60 mM KCI (B), capacitative calcium
entry protocol (C) or 1 uM ionomycin in Ca®* containing solution
(D), and isometric contraction was recorded. Inflammation
induced a clear impairment in the contraction for al the
treatments. Traces are representative of 37-49 strips from 4-8
animals.
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Impairment of calcium signals during
inflammation occurs at least at two levels:
decrease of Ca* release from pools and
decrease of Ca’* influx through store-operated
channels and voltage-operated L channels. In
the case of stores, our data points to a decrease
in RyR and/or InsP;R sensitivity to its agonists
since caffeine and the membrane permeable
analogue of InsP;, BtsyIns(1,4,5)Ps-PM,
released less calcium from intracellular storesin
cholecystitic cells. Given the similar effects of
low concentrations of ionomycin in control and
inflamed cells, a reduction in the Ca?* content
of the stores can not explain the impairment in
Ca’* release. Since the assayed agonists act
directly on the RyR and InsP;R and we measure
directly the released Ca&*, dterations in the
plasma membrane or G-proteins could not be
responsible for the reduced response to caffeine
or to the membrane permeable analogue of
InsPs. It has been previously suggested that the
muscle  defect associated with  acute
inflammation in the gallbladder is located in the
plasma membrane with the signal transduction
distal to the membrane receptors unaffected
(43). In that study, similar concentration-
response curves were obtained when the
contractile effect of InsP; was assayed in
control and cholecystitic gallbladder smooth
muscle cells, which could suggest that Ca®*
release through InsP; receptors was totally
preserved  in inflammatory  conditions.
However, our study clearly demonstrates that
the release of cacium through InsP;R
stimulated by either CCK or Bts-Ins(1,4,5)Ps-
PM is decreased in inflammation. Although the
reduction in Bts-Ins(1,4,5Ps-PM is only
explained by dterations in the InsP;R, as
discussed above, the impaired CCK-mediated
[Ca®™]; release could also reflect concurrent
damage occurring at any place between receptor
binding and Ca’* release mechanisms.

KCl-induced Ca* influx in control
gallbladder smooth muscle cells is sensitive to
nitrendipine blockade, which means that KCI
activates mainly L-type Ca®* channels in the
gallbladder. The reduction in KCl-induced Ca®*

transient by cholecystitis could be the result of
the decrease in the L-type channel expression as
described in inflamed circular smooth muscle of
the canine colon (14) or by changes in the
channel structure. However, the most striking
feature of inflammation-evoked calcium
imbalance is the change of functional and
pharmacological profiles of plasma membrane
calcium entry pathways. Cholecystitis induced
not only a loss of voltage-operated L-type Ca®*
influx, as judged by decrease of KCI- and
BayK 8644-induced [Ca’"]; response, but also a
change in the identity or at least the functional
state of the channels activated, as evidenced by
the insensitivity to nitrendipine. Two different
classes of high-voltage activated Ca®* channels
can be distinguished pharmacologically: L-type
Ca®* channels which are highly sensitive to
dihydropyridine agonists and antagonists and
non-L-type channels (P-type, Q-type, N-type
and R-type). The latter, which play a prominent
role for fast neurotransmitter release in neurons,
do not display dihydropyridine sensitivity but
are selectively blocked by different peptide
enzymes (5). This difference in dihydropyridine
sengitivity is the result of different al subunit
isoforms which, together with accessory
subunits such as o2- & and B form the Ca®*
channel complexes. The isoforms alS, alC
from Cavl.l and Cavl.2 L-type channels
(expressed in skeletal and cardiac/ smooth
muscles, respectively) present a
dihydropyridine binding domain that links with
high affinity the dihydropyridine agonists and
antagonists to promote or block current through
the channels. The structural determinants of
agonists and antagonists activity is the
orientation of the pseudoaxial aryl group in the
molecule. Enantiomers having an up-orientated
pseudoaxial aryl group are Ca* channels
blockers whereas down-orientation results in
channel activation (agonists) (for review see
(34). In addition, individual aminoacid residues
that form the dihydropyridine pocket are
required for agonist and antagonist activity
(41). The fact the BayK 8644 was able to induce
Ca®* influx in cholecystitic cells indicates that
L-type Ca* channels are still functional in
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inflammation, although they are activated by
the dihydropyridine agonist to a less extent than
in control cells (similar to KCl-induced Ca®*
influx). The loss of antagonist sensitiveness
could be explained by inflammation-mediated
alterations in these specific amino acid residues
that renders agonist activity. Another possible
explanation for the lack of nitredipine effect is
that, in inflammation, Cavl.2 L-type Ca?
channels change to the Cav1.3 subtype which,
being expressed in many of the cells that
express Cav 12, ae less sensitive to
dihydropyridine antagonists and require weak
depolarization to activate (13). This could
explain that in the presence of pinacidil, which
counteracts the KCl-induced depolarization, we
still observed KCl-mediated Ca®* influx in
inflamed cells. However, it could aso be
possible that inflammation induced impairment
in Katp channels and the consequent pinacidil-
induced hyperpolarization. Thus, in the
presence of pinacidil K Cl-induced
depolarization would be the same as just in the
presence of KCl. Changes in L-type channels
can be of particular importance for contraction,
given that these channels are not only essential
for initiation of contraction in response to
neurotransmitters as ACh, but they also
participate in the maintenance of contraction
once the stores have been depleted by CCK
(15). The change in the pharmacological
phenotype of L-type calcium channels in
smooth muscle induced by inflammation would
have important therapeutic implications.

Besides voltage-activated L-type Ca’*
channels, the capacitative calcium route is also
atered by cholecystitis. At present, the best
molecular candidates for capacitative calcium
channels are the TRP proteins (so-caled
because of their homology with the Transient
Receptor Potential protein that underlies
phototransduction in Drosophila) (37). In this
regard, much attention has been focussed on the
canonical TRP (TRPC) subfamily. Data from
our laboratory indicate that at least TRPC1
serves as capacitative channel in gallbladder
smooth muscle cells, and that the transcription

and expression of TRPC1-4 is modulated by
Ca®* dependent CaMKIl/calcineurin-nuclear
factor of activated T cells pathways (S
Morales, P.J. Camello and M.J.Pozo,
unpublished observations). The low level of
capacitative calcium entry displayed by
cholecystitic cellsis likely to be the result of the
loss of these channels or changes in the subtype
of TRP channels, as we observed a reduction in
MRNA TRPC transcription and protein
expression during cholecystitis (S. Morales, P.J.
Camello and M.J.Pozo, unpublished
observations). In addition to this, inflammation
aso alters the nitrendipine-sensitive component
of capacitative calcium entry in agreement with
the alteration of KCl- and BayK8644-induced
ca” influx. The capacitative entry remaining
in cholecystitic cells is sensitive to Gd*.
Although Gd** has been frequently used to
block “classical” capacitative calcium entry
(10; 31; 36), it has also been described that this
trivalent metal ion can block low- and high-
voltage-activated calcium channels (3). This
broad spectrum of blocking multiple channels
isoforms could be responsible for the success of
Gd* on blocking capacitative calcium entry
when the possible isoforms or the functional
state of the channels are different under
inflammatory stress.

Taken together, it is clear that
desensitization of calcium pools and changes in
the functional status of plasma membrane
calcium channels account for the extensive loss
of calcium signals and contraction observed in
cholecystitis. However, it must be noted that the
inflammation somehow alters contraction of
cells independently of [C&]; signal, as
evidenced by the reduction of the contractile
response to ionomycin. Here, we show for the
first time that inflammation can dter the
amount of contractile proteins such as actin,
which could be responsible for the reduction in
the sensitivity of the contractile machinery to
Ca*. Thisfinding could, at least in part, explain
the dramatic loss of contractile response
compared to the impairment in Ca&*
homeostasis. In agreement with our results,
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fluorescent staining for the actin cytoskeleton
showed distortion and fragmentation in the
intestinal epithelium and brush border of a
murine dextran sodium sulfate (DSS)-induced
colitis model, which improved by antioxidant
treatment (22). It has been recently reported that
the content of cytoskeletal protein markers
specific for smooth muscle (including actin)
were not modified in primary and secondary
cultures grown from control and cholecystitic
guinea pig gallbladders (19). However, in that
study the analysis of cytoskeletal proteins was
performed after at least 7-10 days (primary
culture) or 10-14 days (secondary culture) in
culture media, an environment far from the in
situ inflammatory conditions, which could
reverse possible adlterations caused by
inflammation. In fact, we have previousy
described in guinea pig smooth muscle short
term changes in F-actin (7-8 minutes) (17).

Inflammation-induced alterations of
other mechanisms that mediate Ca®
sensitization such as RhoA/Rho  kinase
pathway-mediated inhibition of myosin light-
chain phosphatase (33) could aso be
responsible for the impairment in the contractile
response.

During cholecydtitis, gallbladder stasis
can cause an increase in bile acid concentration
that frequently precedes onset of the
inflammation.(38) GBSM cells are sensitive to
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1-ABSTRACT

Background & Aims: \mpaired Ca®*
homeostasis and smooth muscle contractility
coexist in acute cholecystitis (AC) leading to
galbladder dysfunction. There is not a
pharmacological treatment for this pathological
condition. Our aim was to evaluate the effects
of melatonin treatment on Ca?* signalling
pathways and contractility altered by
cholecystitis. Methods: [Ca®']; was determined
by epifluorescence microscopy in fura-2 loaded
isolated gallbladder smooth muscle cells, and
isometric tension was recorded from
galbladder muscle strips. Malondialdehyde
(MDA) and reduced glutathione (GSH)
contents were determined by spectrophotometry
and cycloxygenase-2 (COX-2) expression
content was quantified by western blot.
Melatonin was tested in two experimental
groups, one of which underwent common bhile
duct ligation for 2 days and another that was
later deligated for 2 days Results:
Inflammation-induced impairment of Ca®*
responses to cholecystokinin  (CCK) and
caffeine were recovered by melatonin treatment
(30 mg/K g). Thistreatment also ameliorated the
detrimental effects of AC in Ca" influx through
both L-type and capacitative Ca®*channels, and
it was effective preserving the pharmacological
phenotype of these channels. Despite its effects
on Ca?* homeostasis, melatonin did not improve
contractility. After de-ligation, Ca?" influx and
contractility were still impaired, but both were
recovered by melatonin. These effects of
melatonin were associated to a reduction of
MDA levels, an increase in GSH content and a
decrease in COX-2 expression. Conclusion:
These findings indicate that melatonin restores
Ca®* homeostasis during AC and resolves
inflammation. In addition, this hormone helps
in the subsequent recovery of functionality.

2-INTRODUCTION

Acute inflammation in the absence of
gallstones, a pathological condition commonly
referred to as acalculous cholecystitis (AC), is
an increasingly prevalent complication among

individuals in the intensive care unit and in
patients without predisposing illness! The
pathogenesis of this disease is a paradigm of
complexity. Ischemia and reperfusion injury, or
the effects of eicosanoid pro-inflammatory
mediators, appear to be the central mechanisms,
but bile stasis, opioids therapy, positive-presure
ventilation and total parenteral nutrition have all
been implicated.?

It has been speculated that impaired
muscle  contractility is secondary to
inflammation and may play a role in the clinic
pathology of AC.*® In experimental animal
models, AC is accompanied by a loss of
contractile response to agonists and intrinsic
nerve stimulation (reviewed in°. We have
recently shown that impaired contractility is
associated to reduced Ca?* signals in this
pathological ~ condition.” In this regard,
cholecystitis impaired in paralel both
contraction and [Ca’"]; signals evoked by
cholecystokinin (CCK) and depolarization but
also when calcium increase was achieved by
pharmacological release of intracellular Ca®*
stores. The most dsriking feature of
inflammation-evoked calcium imbalance was
the change of functional and pharmacological
profiles of plasma membrane calcium entry
pathways, which would have important
therapeutic implications.

Early diagnosis and treatment is
essential to avoid the high rates of morbidity
and mortality associated to AC.® The treatment
involves gallbladder percutaneous or surgical
drainage  or laparoscopic  or open
cholecystectomy.” *° However, there is not any
pharmacological  treatment to  improve
cholecystitis-induced gallbladder dysfunction or
to prevent it and its associated risks. Recently,
melatonin, the main hormone of the pinea
gland was proposed as a protective agent
against macromolecular destruction associated
with inflammation. The protective effects of
melatonin could be related to the ability of the
hormone to synchronize circadian rhythms and
thereby to reduce biological stress, as well asto
its direct free radical scavenging activity and its
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indirect antioxidants properties.™ Melatonin has
special importance in the gastrointestinal tract
since the enterochromaffin cells of the gut are
the main source of extrapineal melatonin.'?
Metabolism of melatonin in liver appears to be
the major metabolic pathway for its
deactivation®® but also active melatonin is
secreted in bile and concentrated in the
gallbladder™ where it reaches concentrations
that are 10-40 times higher than in the
gastrointestinal mucosa.

In the current study we explored the
effects of melatonin on Ca®* homeostasis and
contractility in AC. These results show for the
first time that melatonin was able to protect the
gallbladder from the effects of AC on Ca®*
homeostasis mechanisms and also improved the
contractility of gallbladder smooth muscle,
indicating the potential therapeutic benefits of

melatonin treatment in galIbladder
inflammation.
3-MATERIALS AND METHODS

Model of acute acalculous

cholecystitis. Acute acalculous cholecydtitis
was induced in male guinea pigs by ligation of
the common bile duct for 2 days. This method
has been previousy shown to reproduce the
pathological changes seen in human AC®> ** and
it was approved by the Ethical Committee of
University of Extremadura. A laparotomy was
performed under anaesthesia with ketamine
hydrochloride (20 mg/kg i.p.) and xylacine (5
mg/kg i.p.). Then, the distal end of the common
bile duct was ligated (4-0 silk) at its junction
with the duodenum using minimal manipulation
of the bile duct and no manipulation of the
gallbladder. Under these conditions, there was
no interruption of the blood supply to the
galbladder. The surgical incision was then
sutured. A group of control animals were sham
operated, which included all the surgical steps
except for the common bile duct ligation. After
the operative procedures, the animas were
housed separately and they were provided with
food and water ad libitum. Two days later the
animals were euthanized with deep halothane

anesthesia and cervical dislocation for tissue
harvest. To dlow the resolution of
inflammation de-ligation of the bile duct was
performed in a group of animals and after two
days the animals were sacrificed. Some animals
were orally treated with melatonin (2.5 or 30
mg/Kg/day). This treatment was applied daily
at the same time, just before the light in the
animal house was switched off (7 p.m.). The
treatment started 14 days before the euthanasia
of the animals.

Gallbladders were immediately placed
in cold Krebs-Henseleit solution (K-HS; for
composition see Solutions and drugs) at pH
7.35. The gallbladder was opened from the end
of the cystic duct to the base and the mucosa
was carefully dissected away.

Cell isolation. Gallbladder smooth
muscle cells were dissociated enzymatically
using a previously described method.’® Briefly,
after preparing the tissue as indicated above, the
gallbladder was cut into small pieces and
incubated for 34 min a 37°C in enzyme
solution (ES, for composition see Solutions and
drugs) supplemented with 1 mg/ml BSA, 1
mg/ml papain, and 1 mg/ml dithioerythritol.
Next, the tissue was transferred to fresh ES
containing 1 mg/ml BSA, 1 mg/ml collagenase,
and 100 uM CacCl, and incubated for 9 min at
37°C. Single smooth muscle cells were isolated
by several passages of the tissue pieces through
the tip of a fire-polished glass Pasteur pipette.
The resultant cell suspension was kept in ES at
4°C until use, generally within 6 h. All
experiments involving isolated cells were
performed at room temperature (22°C).

Cell loading and [Ca®’ ],
determination. [Ca’"]; was determined by
epifluorescence microscopy  using  the
fluorescent ratiometric Ca®* indicator fura 2.
Isolated cells were loaded with 4 uM fura 2-
AM at room temperature for 25 min. An aliquot
of cel suspension was placed in an
experimental chamber made with a glass poly-
D-lysine treated coverdip (0.17 mm thick)
filled with Na'-HEPES solution (for
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composition see Solutions and drugs) and
mounted on the stage of an inverted microscope
(Eclipse TE2000-S; Nikon). After cell
sedimentation, a gravity-fed system was used to
perfuse the chamber with Na'-HEPES solution
in the absence or presence of experimental
agents. Cells were illuminated at 340 and 380
nm by a computer-controlled monochromator
(Optoscan, Cairn Research) at 0.3-1 cycles/s,
and the emitted fluorescence was selected by a
510/40-nm band-pass filter. The emitted
fluorescence images were captured with a
cooled digital charge-coupled device camera
(ORCAII-ER; Hamamatsu Photonics) and
recorded using dedicated software (Metafluor,
Universal Imaging). The ratio of fluorescence at
340 nm to fluorescence at 380 NMm (Fas/Fagg)
was calculated pixel by pixel and used to
indicate the changes in [Ca?];. A calibration of
the ratio for [Ca®"]; was not performed in view
of the many uncertainties related to the binding
properties of fura 2 with Ca’* inside of smooth
muscle cells.

Contraction recording of guinea pig
gallbladder  strips. Gallbladder  strips
(measuring ~3 x 10 mm) were mounted
verticaly in a 10-ml organ bath filled with K-
HS maintained at 37°C and gassed with 95%
02-5% CO2. Isometric contractions were
measured using force displacement transducers
that were interfaced with a Macintosh computer
using a MacLab hardware unit and software
(ADInstruments, Colorado Spring, CO). The
muscle strips were placed under an initial
resting tension equivalent to 1.5 g load and
alowed to equilibrate for 60 min, with solution
changes every 20 min. Every strip coming from
the same anima was used in a different
experimental protocol. The direct effects of
CCK, ionomycin or KCl on gallbladder tone
were studied by addition of these agents to the
organ bath.

Malondialdehyde (MDA) and
glutathione(GSH)assays.Gallbladder fragments

of about 10 mg were homogenized in a cold
phosphate buffer at a proportion 1/5 (w/v),
using a homogenizer (lka-Werke, Staufen,
Germany) for two minutes and centriguted at
10000 rpm for 15 minutes at 4° C. Later, the
pellet was rejected, and a small aliquot of the
homogenate was reserved to protein
determination with a commercial kit from
sigma (TPRO-562). The rest of homogenate
was treated with cold perchloric acid (7%
vol/vol) to eliminated proteins and kept at -80°
C until determination. MDA level, indicative of
lipidic peroxidation, was determined based on
colorimetric  Recknagel’s  methods.  The
samples were incubated with 0.4 % of
tiobarbituric acid at 80° C for 20 minutes and
later the sample absorbance at 550 nm was
measured. Glutathione determination was
carried out as Hissin and Hilf method. In brief,
samples were incubated with 0.005 % of
ortophtaldehide under darkness a room
temperature for 45 minutes and the fluorescent
complex formed, indicative of reduced
glutathione level, has a maximal of excitation
at 350 nm and a maxima of emission at 425
nm. All results from MDA and GSH
determinations are given as nmol/mg of
protein.

Western blot analysis for COX-2.
Gallbladder smooth muscle was homogenized
in lysis solution (for composition see Solutions)
using a homogenizer (Ika-Werke, Staufen,
Germany) and then sonicated for 5 sec. Lysates
were centrifuged at 10,000 g for 15 min at 4°C
to remove nuclei and unlysed cells and the
protein concentration was measured.. Protein
extracts (200 pg) were heat-denaturalized at
95°C for 5 min with DTT, electrophoresed on
75 % polyacrylamide-SDS gels and then
transferred to a nitrocellulose membrane.
Membranes were blocked for 1 h at room T*
using 10% bovine serum abumin (BSA) and
incubated overnight at 4°C with affinity-
purified polyclonal antibodies for COX-2
(1:500, BD Bioscience). A mouse anti-a tubulin
monoclonal antibody (1:1000, Santa Cruz
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Biotechnology) was used as load control. After
washing, the membranes were incubated for 1 h
at room T* with anti-mouse 1gG-horseradish
peroxidase conjugated secondary antibody
(1:10000, Amersham Biosciences). The blots
were then detected with the supersignal west
pico chemiluminescent substrate (Pierce, IL,
USA). Theintensity of the bands was quantified
using Imagel software (NIH, Bethesda, MD)
and normalized respect to a-tubulin content.

Solutions and drugs. The K-HS contained (in
mM): 113 NaCl, 4.7 KCI, 25 CaCl, 1.2
KH,PO,, 1.2 MgSO,, 25 NaHCO;, and 11.5 D-
glucose. This solution had a final pH of 7.35

after equilibration with 95% O,-5% CO,. The
ES used to disperse cells was made up of (in
mM): 10 HEPES, 55 NaCl, 5.6 KCl, 80 sodium
glutamate, 2 MgCl,, and 10 D-glucose, with pH
adjusted to 7.3 with NaOH. The Na'-HEPES
solution contained (in mM): 10 HEPES, 140
NaCl, 4.7 KCl, 2 CaCl,, 2 MgCl,, and 10 D-
glucose, with pH adjusted to 7.3 with NaOH.
The Ca*-free Na'-HEPES solution was
prepared by substituting EGTA (1 mM) for
CaCl,. The lysis solution contained (in mM): 50
mM Tris/HCI pH 7.4, 150 mM NaCl, 1% Triton
X-100, 1% deoxycholate, 0.5% (w/v) NaNs, 1
mM EGTA, 04 mM EDTA, 10 mM
benzamidine, 25 pg/ml leupeptin, 1 mM
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Figure 1 Melatonin restores AC-impaired [Ca®); transients in response to store depletion.
Representative [Ca?']; responses to 10 nM CCK (4), and 10 mM caffeine (B) in fura-loaded GBSM cells from
control, AC and melatonin treated (Mel 30, 30 mg/Kg/day) animals. No significant differences were observed
between control and Mel 30 cells. Traces are typical of 11-30 cells. Histograms show summary data of
AF 3,0/Fzg from experiments in the above described conditions (mean + SEM). * P < 0.05 vs control.



Trabajo Experimental VIII 221

phenylmethylsulfonyl fluoride (PMSF). The
phosphate buffer for MDA and GSH
guantifications was (in nM): 20 NaCl, 2.7 KCl,
16 NaHPO,, 4 NaH,PO, with pH adjusted to
7.4. Drug concentrations are expressed as fina
bath concentrations of active species. Drugs and
chemicals were obtained from the following
sources: Acetylcholine (ACh), (+)BayK8644,
caffeine, CCK-(26-33) sulfated, ionomycin,
1,4-dithio-DLthreitol, thapsigargin, nitrendipine
and pinacidil were from Sigma Chemical (St.
Louis, MO); 2-aminoethoxydiphenylborane (2-
APB) from Tocris (Bristol, UK); fura 2-AM
was from Molecular Probes (Molecular Probes
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Europe, Leiden, Netherlands); collagenase was
from Fluka (Madrid, Spain); and papain was
from Worthington Biochemical (Lakewood,
NJ). Other chemicals used were of analytical
grade from Panreac (Barcelona, Spain). Stock
solutions of fura 2-AM, thapsigargin,
ionomycin, pinacidil and 2-APB were prepared
in DMSO, and (+)BayK8644 and nitrendipine
were prepared in ethanol. The solutions were
diluted such that the final concentrations of
DMSO or ethanol were <0.1% vol/vol. These
concentrations of solvents did not interfere with
fura 2 fluorescence
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Figure 2. Melatonin restores AC-induced reduction in Ca®" influx. (4) [C&®"]; signal in response to a
depolarizing solution containing 60 mM KCl and 2 mM CaZ* in control, AC and Me 30 cells . In B, after
application of a Ca?* free medium with the Ca?* pump inhibitor thapsigargin (1 pM), 2 mM external Ca®*
was restored to initiate Ca2* entry, evidenced by a fast plateau [Ca*];. Traces are typical of 7-36 cells.
Histograms show summary data of AFz4/F3go from experiments in the above described conditions (mean

+ SEM). * P < 0.05 vs control.
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Quantification and statistics. Results
are expressed as means + SEM of n cells or
galbladder strips. All results from [C&'];
determinations are given as  AFzs/Fsg.
Gallbladder tension is given in millinewtons
(mN)/mg of tissue. Statistical differences
between means were determined by Student’s t-
test. Differences were considered significant at
P <0.05.

4-RESULTS

We have recently shown that
gallbladder inflammation decreases both Ca?*
release from intracellular stores and Ca?* influx,
which resulted in diminished gallbladder
contractility.” To characterize melatonin effects
on Ca&" homeostasis in cholecystitis, we
challenged gallbladder smooth muscle cells
from the ligated and de-ligated groups with
different types of stimuli to release calcium
from intracellular stores (CCK and caffeine)
and to activate plasma membrane Ca®* entry
(KCI and depletion of intracellular Ca’* stores).
We also tested the effects of the hormone in the
contractile response to the stimuli, the oxidative
stress status and COX-2 expression.

Effects of melatonin on Ca’'
homeostatic mechanisms in AC. As shown in
Fig. 14, melatonin treatment (30 mg/Kg) was
able to reverse the AC-induced reduction in 10
nM CCK-evoked Ca* response. This dose
recovered both the fast initial rise due to Ca®*
release from internal stores and the subsequent
plateau, which is entirely dependent on influx
of extracellular calcium. Melatonin aso
preserved intracellular Ca®* release through
ryanodine receptors stimulated by caffeine,
which wasimpaired by AC (Figure 1B).

When we explored Ca?* influx through
L-type voltage operated Ca®* channels by
application of a depolarizing medium
containing 60 mM KClI, we found a decrease in
the response of inflamed cells, as previousy
reported " In animals treated with melatonin,
KCl-induced Ca* entry was almost normal
(Figure 24). Similar effects were obtained when
L-type Ca®* channels were selectively activated

with (+) BayK8644 (control: 0.179 + 0.009
AF340/Fsg0; AC: 0.108 =+ 0.009 AFz49/Fsg0; Mel
30: 0.213 +0.027 AF340/Fzg9, N =19, 13 and 11
cells, P <0.001 AC vs Mel 30).

A special feature of depolarization-
induced Ca* entry in AC is the insensitivity to
the blockade with dihydropyridines such as
nitrendipine,’ which suggests inflammation-
induced changes in the functional state or the
pharmacological profile of L-type Ca*
channels. When animals were treated with
melatonin, KCl-induced Ca®* influx was
sensitive to 1 pM nitrendipine and to the ATP-
sensitive K* channel blocker pinacidil (10 uM)
(88% and 75 % inhibition for nitrendipine and
pinacidil, respectively, n = 12 and 9 célls; P <
0.001, Table 1), indicating that melatonin
protects these channels from inflammation-
associated damage.

We have recently demonstrated that
capacitative Ca®* entry (CCE) in response to
intracellular Ca®* stores is present in the
galbladder” and that this mechanism was
reduced in cholecystitic cells'. In this work we
have also tested the effects of melatoninin CCE
in AC. In order to do that, we activated CCE by
pre-treatment of cells with thapsigargin (TPS)
in Ca?" free medium for 30 min and later
reintroduction of Ca* in the bath. As shown in
Figure 2B, melatonin treatment was effective in
the recovery of CCE. In addition, changesin the
functionality CCE channels induced by AC,
which made them insensitive to both
nitrendipine and 2-APB (100 uM), were absent
under melatonin treatment. Thus, CCE was
inhibited by both nitrendipine and 2-APB to the
same extent than in control cells (61 %, 68 %
and 80% of inhibition for nitrendipine, 2-APB,
and both, respectively, n = 10, 15 nd 15 cells, P
<0.01, Table 2).

We aso assayed a smaller dose of
melatonin (2.5 mg/Kg), which recovered CCK-
and caffeine-induced Ca”" release (CCK: 0.249
+ 0.028 AFay/Fzgg; caffeine: 0.393 + 0.038
AF340/Fzg0, N = 15 and 17 cells, not significant
vs control), did not improve KCl-induced Ca?*
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Figure 3 AC-impaired contractility is not improved by melatonin treatment. 4.- Representative original
traces of changes in isometric tension in response to 10 nM CCK and a depolarizing solution containing 60
mM KCI in control, AC and Mel 30 galbladder strips. B.- Histograms show summary data of contractile
responses to 10 nM CCK, 10 uM ACh, 60 mM KCI and CCE protocol (mean £ SEM) in the three
experimental groups. N = 8-14 strips, * P < 0.001 vs control.

influx (KCl: 0.09 £ 0.006 AFzy/Fzg; N =
17cells P < 0.01), but recovered the
pharmacological profile of calcium entry (data
not shown), indicating that this dose is less
effective in the treatment of AC.

Effects of melatonin on AC-impaired
contractility. Taken together, our results show
that both Ca?* release from the stores and Ca?*
influx from extracellular medium, impaired by
acute cholecystitis, were normalized under high
dose melatonin treatment. Given that the
increase in [Ca"]; is determinant for activation
of myosin light chain kinase leading to smooth
muscle contraction,” we would expect the
recovery of the contractile responses to both
Ca®* release and Ca®* influx manoeuvres after
melatonin treatment. However, as shown in
Figure 3, gdlbladder strips from melatonin-

treated AC guinea pigs responded to 10 nM
CCK and 60 mM KCI with similar or smaller
contractions than untreated AC gallbladder
strips. This contractile impairment was aso
evident when melatonin treated strips were
exposed to 10 uM ACh, CCE activating
protocol (Fig 3 B) or even to 1 uM ionomicin,
which causes Ca* increases independently
from activation of receptors and channels
(control: 3.11 + 0.57 mN/mg, AC: 0.72 + 0.15
mN/mg, Mel 30: 0.94 = 0.16 mN/mg; n =8 - 4
strips, P > 0.05 AC vs Mél 30). Contractility
was aso impaired when animals were treated
with 2.5 mg/Kg melatonin.

Melatonin effects on MDA and GSH
content. The levels of MDA in the gallbladder
tissue were measured in order to assess lipid
peroxidation in AC. MDA levels were found to



224 PJ Gomez-Pinilla

be higher in AC group compared to control
tissue (control: 0.51 + 0.07 nmol/mg protein;
AC: 1.39 = 0.26 nmol/mg protein, n =5 and 4
animals , P < 0.05). In the group of animals
treated with melatonin (30 mg /Kg) MDA
content was similar to that of control group
(0.72 £ 0.10 nmol/mg protein, n =3 , P > 0.05
vs control). Melatonin was also effective in
increasing the content of reduced glutathione
(control: 11.31 £ 1.04 nmol/mg protein; Mel
30: 15.81 £+ 1.02 nmol/mg protein, n = 5 and 3,
P < 0.05) that was reduced in AC (5.64 + 0.62
nmol/mg protein, P < 0.0001 vs control ).

10 nM CCK

10 mM caffeine .

AC

Melatonin effects on Ca’* homeostasis
and contractility after bile duct deligation. The
results above suggest that although melatonin
resolves inflammation there are some
contractile disabilities that melatonin treatment
can not restore. It has to be noted that in the
model used in this study, the gallbladder suffers
stretch as the result of bile duct ligation and the
continuous bile output. Taking this into
account, it would be difficult to see any
improvement in motility keeping the bile duct
ligated. To solve this, after inducing AC, we
performed de-ligation of bile duct and after two
days we harvested the tissue and tested Ca’*
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Figure 4. De-ligation normalizes AC-impaired [Ca®|; transients in response to store depletion.
Representative [Ca’']; responses to 10 nM CCK (4), and 10 mM caffeine (B) in fura-loaded GBSM cells
from AC, deligated (DL) and melatonin-treated DL (30 mg/Kg/day) animals. Note that melatonin
treatment induces an additional recovery of CCK-induced Ca®* release. Traces are typical of 18-21 cells.
Histograms show summary data of AFz4o/Fzg0 from experiments in the above described conditions (mean +

SEM). * P <0.01vs AC, 5 P <0.05vsDL.
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homeostasis and contractility to check for the
effects of melatonin on the recovery of
gallbladder function.

Ca’* release from intracellular stores
(through IP; and ryanodine receptors stimulated
by CCK and caffeine, respectively) was
restored just with the de-ligation procedure and
this recovery was maintained after 30 mg/Kg
melatonin treatment (Fig 4). However, Ca’*
influx activated either by depolarization (60
mM KCI) or by store depletion (following TPS
treatment and Ca®* reposition) was still
impaired after de-ligation (Fig 5) and this Ca’*
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entry was not sensitive to nitrendipine, pinacidil
or 2-APB (Table 1). Mélatonin was able to
recover both the magnitude and the
pharmacologic profile of Ca?* influx (Figure 5,
Table 1).

The effects of melatonin on Ca?*
homeostasis after de-ligation correlates with a
decrease in lipidic peroxidation as indicated by
the reduction in MDA content and the increase
in GSH (MDA: 0.87 + 0.08 nmol/mg protein,
P < 0.05 vs AC, GSH: 10.03 £+ 0.73 nmol/mg
protein, P < 0.05vs AC, n=5animals).

KCI
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Figure 5. Melatonin restores Ca”" influx after de-ligation. (4) [C&2"]; signal in response to a depolarizing
solution containing 60 mM KCl and 2 mM CaZ*in AC, deligated (DL) and melatonin-treated DL cells. In B,
after application of a Ca?* free medium with the Ca®* pump inhibitor thapsigargin (1 pM), 2 mM external
Ca®* was restored to initiate Ca2* entry, evidenced by afast plateau [Ca?'];. Traces are typical of 14-20 cells.
Histograms show summary data of AFz4o/Fzg9 from experiments in the above described conditions (mean +

SEM).* P <0.01vsAC,§ P <0.01vsDL
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However, de-ligation was associated to
an increase in GSH content compared to that in
AC group, and elevated MDA levels (GSH:
10.97 + 0.52 nmol/mg protein, P < 0.05 vs AC;
MDA: 1.75 + 0.08 nmol/mg protein, P < 0.05
vs AC, n = 5 animals). As inflammation of
gastrointestinal tract is associated with an
increase in COX-2 expression,”? we quantified
the expression of this enzyme in response to
AC, deligation and melatonin treatment. As
observed in Figure 64 and B, the expression in
control tissue is amost undetectable, but it
increases after AC, the levels are still high after
two days of de-ligation and melatonin drives
the expression to control levels.

When we tested the contractility of
galbladder strips after de-ligation, we found
that contractions in response to amost every
tested stimulus were the same or even smaller
than in AC strips (Figure 7). The fact that the
response to CCK was impaired (Figures 74 &
B), in spite of the recovery of CCK-induced
Ca®* release, suggests that Ca®* desensitization
of the contractile apparatus occurs. This was
supported by the impairment in ionomicin-
induced contraction (control: 3.72 + 0.45
mN/mg, AC: 1.39 + 0.15 mN/mg, DL: 0.67 +
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0.14 mN/Kg, Me 30 + DL: 210 + 0.22
mN/mg; n = 12 - 6 strips, P < 0.05 AC vs Mdl
30 + DL and control vs Mel 30 + DL), which
caused a similar [Ca’"]; increase in all
experimental  groups.  Interestingly, the
contractility of melatonin treated gallbladder
strips improved, especially when ACh was used
as agonist (Figure 7B). The contractile response
to activation of Ca influx (either by
depolarization or CCE) was aso higher in
melatonin treated animals (Figure 7B). All
together this suggests that melatonin, at high
doses, affects either Ca® dependent and
independent mechanisms  to improve
contraction and recover gallbladder
functionality.

5-DISCUSION

We present here data showing that
melatonin protects against acute cholecystitis-
induced alterations of Ca’* homeostatic
mechanisms, normalizes markers of oxidative
stress and recovers gallbladder contractility
shortly after inflammation, which is of
importance for a fast restoration of gallbladder
functionality in this pathological state.

H *

NNINEE

Control

Fold increase (COX-2/ a-tubulin)
-

AC DL Mel 30 + DL

Figure 6.- Melatonin treatment normalizes COX-2 expression 4.- Typical example of western blot
analysis of COX-2 and a-tubulin protein expression in gallbladder smooth muscle from control, AC, de-
ligated (DL) and melatonin-treated DL (30 mg/Kg/day) animals. a-tubulin content was used as loading
control. B.- Summary data are expressed as fold increases respect to control tissue (represented in the figure
as adotted line). Data are means + SE of 4-6 experiments. * P < 0.05 vs control, 8 P < 0.01 vs AC and DL.
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ACisaclinical condition characterized
by inflammation of the gallbladder tissue.?
Important functional consequences of AC
includes a loss of contractile response to
agonists and intrinsic nerve stimulation and
gdlbladder stasis® # mainly due to a
deregulation of calcium signals but also to
changes in contractile proteins such as F actin.”

Inflammation is related to
overproduction of oxygen-derived free radicals
(especiadly, superoxide and hydroxyl radical),
which leads to considerable oxidative stress.”
In the gastrointestinal tract, where nitric oxide
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(NO) is @an important neurotransmitter
mediating relaxation,”® peroxynitrite production
has been found to mediate deleterious effectsin
inflanmation.?* Reactive oxygen species and
peroxynitrite induce cellular injury via severa
mechanisms  including  peroxidation  of
membrane lipids.® Many studies have reported
that there is a correlation between the intensity
of biliary tract obstruction and increased liver
free radical generation, as well as a direct
correlation between the level of oxidative stress
and the biochemical markers of liver injury.?*°
In addition, it has been established that
deleterious accumulation of lipid peroxides is
correlated with marked impairment of soluble
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Figure 7.- Melatonin treatment recovers gallbladder contractility after de-ligation. 4.- Representative
origina traces of changes in isometric tension in response to 10 nM CCK and a depolarizing solution
containing 60 mM KCl * in AC, deliagated (DL) and melatonin-treated DL gallbladder strips. B.-
Histograms show summary data of contractile response to 10 nM CCK, 10 uM ACh, 60 mM KCl and CCE
protocol (mean = SEM) in the three experimental groups. N = 8-29 strips, * P < 0.05 vs AC, 8 P < 0.01 vs

DL, ** P<0.001 vs ACand DL.
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antioxidant defence mechanisms® In this
study, we demonstrate that bile duct ligation
also induces an increase in lipid peroxidation in
gallbladder smooth muscle represented by high
levels of MDA as well as by the depletion of
the ubiquotus antioxidant gluthation. Increased
MDA levels in gallbladder smooth muscle in
response to H,O, exposure has been previousy
reported,? which agrees with the increase in
H,O, and MDA content described in
galIbladder inflammation.*

The most important finding in the
present study is that melatonin dose-
dependently protected gallbladder smooth
muscle Ca®* homeostasis from damage caused
by the AC protocol, being 30 mg/kg more
effective than 2.5 mg/Kg. The protective effect
of melatonin was accompanied by a significant
decrease in MDA levels and an increase in GSH
content, suggesting that melatonin counteracts
the increase in AC-induced lipid peroxidation
and preserves the intracellular signalling related
to Ca®* homeostasis. The protective effects of
melatonin in the digestive system have been
demonstrated in various pathological conditions
related to inflammation such as acute
pancreatitis® various forms of gastritis® and
colitis.® The mechanism of this protection by
melatonin has been mainly attributed to its
antioxidant properties and its ability to attenuate
lipid membrane peroxidation and related
damage of cell membranes. Thus, melatonin
functions as a direct free radical scavenger of
the highly toxic hydroxyl radical, the cytotoxic
O, and the peroxyl radical produced during
peroxidation of lipids? Meatonin has also
been shown to scavenge peroxynitrite anion,

which agrees with its inhibitory effects on
peroxynitrite-evoked contraction reported by
our group in galbladder smooth muscle®
Besides its free radical-scavenging actions,
melatonin also protects the cells acting as an
inducer of antioxidant enzymes such as
superoxide dismutase, catalase, and glutathion
peroxidase.®

In our study, melatonin protects Ca?*
homoestatic mechanisms located both in the
plasma and sarcoplasmic membranes, which is
consistent with the lipophilicity and easy entry
of melatonin into cells protecting the
subcellular compartments. However, the fact
that 2.5 mg/Kg melatonin was able to protect
sarcoplasmic Ca?* channels but did not afford
protection to Ca®* channels located in plasma
membrane, similar to the deligation
manoeuvre, indicates that plasma membrane
suffers more damage in acute cholecystitis.

It is noteworthy that the protection
provided by melatonin was not completely
effective against AC-induced contractility
impairment unless the obstruction of the bile
duct was relieved. In this regard, it has to be
noted that melatonin protected cells from
oxidative injury and lipid peroxidation as
demonstrated by the levels of MDA and GSH,
as well as by the normalization of Ca’*
homeostasis. However, melatonin did not
protect against the mechanical modifications of
the galbladder wall as conseguence of the
distension, which trandates into contractility
impairment. In addition, persistent alterationsin
Gl function are commonly observed after
resolution  of intestind  inflammation.*
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Table 1.- Pharmacological sensitivity of Ca®* infllux activated by 60 mM KCl-induced depolarization

No inhibitor Nitrendipine Pinacidil
Control 0.218 +0.013 0.013 +£0.001 *** 0.030 + 0.005*%**
AC 0.120+0.015 0.088 + 0.006 0.130+0.020
Mel 30 0.168 + 0.029 0.020+£0.011** 0.041 + 0.024**
DL 0.098+0.011 0.070+0.014 0.118+0.015
Mel 30+ DL 0.198+0.018 0.009 + 0.007*** 0.009 + 0.006

Ca®" increases are expressed as Mean + SEM of AF34/Fagp in response to the stimuli. N = 10- 30 cells,

**P<0.01, *** P<0.001

In agreement with this, in our model,
de-ligation itself improves Ca?* release from
intracellular stores and recovers GSH content,
but these improvements are not associated to
the recovery of gallbladder contractility. When
animals were treated with melatonin,
gallbladder function was aimost normal. Thisis
of great importance, since melatonin, in
addition to afford protection against
inflammation, would help in the
reestablishment of gallbladder function after the
resolution of the inflammation after an episode
of transitory biliary obstruction.

Cyclooxygenase-2 (COX-2) plays a
key role in diverse inflammatory conditions. It
is the key enzyme that catalyzes the
biosynthesis of prostaglandins from arachidonic
acid.®® It is expressed in trace quantities in
resting cells, often undetectable by western blot
analysis but it is highly induced by pro-
inflammatory mediators and mitogenic factors.
In keeping with previous results™ ** our study
we show that COX-2 expression is amost
absent in control gallbladder smooth muscle but
COX-2 protein increases significantly in AC. In
the gastrointestinal tract, COX-2 is strongly
expressed in inflamed gastric and colonic
mucosas and COX-2-derived PGs play a

protective role and are crucial in the resolution
of inflammation.?® In agreement with this, PGE,
has been described as a protective agent against
the deleterious effects of H,O, and
taurochenodeoxycholic acid on gallbladder
contractility, preventing even the lipid
peroxydation in response to these stimuli.* The
increase in COX-2 expression detected in our
study would induce an increase in PGs which
would confer cytoprotection to gallbladder
muscle. However, both Ca®* homeostasis and
contractility are impaired in AC despite the up-
regulation of COX-2 expression, indicating that
the cytoprotection, if occurs, is not enough to
preserve signalling pathways and contraction.

In addition, COX-2 contributes to
dysmotility and enhanced excitability of
myenteric neurones in the inflamed colon* and
prolonged elevation of COX-2 expression
appears to contribute significantly to long-term
changes in GI function and proliferation.
Melatonin, which has been shown to protect
from inflammatory injury as described above,
causes a suppression of COX-2 expression and
COX-2 derived PGs in the inflamed tissue.? *°
Accordingly, protective effect of melatonin in
AC correlates with a normalization of COX-2
expression.
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Table 2.- Pharmacological sensitivity of Ca2" infllux activated by store depletion (CCE).

No inhibitor 2-APB Nitrendipine 2-APB/Nitren
Control 0.096+0.011 0.052 +0.007* 0.052 + 0.005** 0.008 + 0.002**
AC 0.063 + 0.009 0.073+0.007 0.070 +0.020 0.067 +0.015
Mel 30 0.116+ 0.021 0.055+ 0.007* 0.028 +£0.011* 0.013 + 0.003**
DL 0.053 + 0.007 0.068 + 0.008 0.048 + 0.006 0.058 + 0.007
Mel 30+ DL 0.134+0.011 0.063+0.013* 0.030 + 0.005** 0.034 + 0.006**

Ca®" increases are expressed as Mean + SEM of AF34/Fsg in response to the stimuli. N = 9- 27 cells,

* P<0.01, ** P<0.01,*** P<0.001.

In conclusion, our study shows for the
first time a protective role of melatonin in the
development of AC related to a reduction in
lipid peroxidation, an increase in the
antioxidant defences and down-regulation of
COX-2. In addition, melatonin causes the
recovery of gallbladder contractility soon after
the resolution of the biliary obstruction. Taking
into account the low side effects described for
melatonin and its beneficial effects in other
gastrointestinal pathological conditions,
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Nuestro estudio muestra que el envejecimiento altera la cinética de la vejiga urinaria de cobaya,
produciendo dos cambios fundamentales y aparentemente contradictorios. aumento en la excitabilidad de
la vejiga durante la fase de llenado y disminucion en la contraccion del detrusor durante la miccion. El
aumento de actividad estd indicado por la reduccion de la capacidad de la vejiga, acortamiento del
intervalo de miccion y contracciones no asociadas a miccion. La disminucion en la respuesta contractil
del detrusor produce una menor presion de vaciado y conduce a la aparicion de volumen de reserva.
Estas dos modificaciones funcionales de la vejiga envejecida reflejan en parte el comportamiento clinico
observado en humanos en las alteraciones de la miccién asociadas a la edad: hiperactividad y pérdida de
contraccion del detrusor, asi como diversas formas de incontinencia.

Hay que observar que, si bien es posible que la vejiga envej ecida presente cambios en la matriz
extracelular con hipotéticas consecuencias mecanicas, nuestro estudio cistométrico descarta que el
detrusor envejecido tenga alteraciones mecanicas importantes, dado que no se alteran la complianza de la
vejigani la presion basal. Esto indica que los efectos de la edad sobre la funcion vesical deben explicarse
principalmente por alteraciones de |os mecanismos contractiles y/o de control.

Los datos presentados en esta memoria pueden explicar razonablemente la citada disminucion
de la contraccion del detrusor. Por un lado hemos observado que la funcion neuromuscular esta alterada
en el envejecimiento, lo que se debe tanto a una clara disminucion funcional de la inervacion excitadora
motora purinérgica y aferente, como a un aumento de la inervacion inhibidora (nitrérgica y adrenérgica)
(Cap II). Es de notar que los cambios que el envejecimiento produce en la funcion del plexo intrinseco
incluyen cambios en la modulacion colinégica de otras fibras nerviosas (aparece inhibicion de terminales
purinérgicas excitadoras y desaparece la inhibicion de fibras relajantes presente en individuos jovenes)
gue recuerda los conocidos cambios en las redes sinapticas de la corteza cerebral observados en el
enve ecimiento.

Junto a estos cambios neurales, el envejecimiento actiia directamente en las células del detrusor
inhibiendo la actividad de la via de sensibilizacion al calcio, gracias a una reduccion de la activacion de
las proteinas CPI-17 y MYPT1 y a una menor expresion de esas proteinas y de sus proteinas activadoras
(PKC, ROCK,...). Esto explica que la respuesta contractil del musculo detrusor a diversos estimulos
(Cap I11) coexista con un paraddjico incremento en la magnitud de las respuestas de calcio a esos mismos
estimulos. Aunque nuestros resultados sobre la homeostasis del calcio pueden explicar este incremento
(aumentos del deposito movilizable de calcio y de la sensibilidad de los canales de entrada de calcio en el
citosol, junto a disminucion en la velocidad de extrusion de calcio desde el citosol, (Cap 1V)), €
significado y mecanismo de estos cambios es dificil de explicar, aunque una ateracion debida a estrés
oxidativo cronico asociado al envejecimiento es muy probable, debido a la conocida sensibilidad de los
diversos transportadores del i6n calcio frente a oxidantes. La discrepancia entre sefiales de calcio y nivel
de contraccion también puede reflejar el hecho de que las sefiales de calcio son solamente un
componente iniciador del mecanismo contractil.

Dado que agunas teorias del envejecimiento incluyen como factor causal cambios en la
homeostasis del calcio, nuestro hallazgo de una mayor amplitud de la sefial producida por diversos
estimulos y un enlentecimiento de la subsiguiente recuperacion podria ser significativa, ya que se sabe
gue cambios en los parametros de amplitud y frecuencia de las sefiales repetitivas de calcio controlan la
expresion genética, que como hemos mostrado en esta memoria, estd modificada para proteinas muy
importantes en la sefializacion intracelular (Cap I11).

En la reduccion de la contraccion en la vejiga envejecida también podria colaborar el
enlentecimiento de los mecanismos de extrusion de calcio (Cap IV), ya que un retraso en la recuperacion



236 PJ Gomez-Pinilla

de los niveles de calcio puede reducir la excitabilidad celular a actuar sobre los diversos canales de K*
presentes en este tipo celular.

En nuestras condiciones experimentales la melatonina fue capaz de recuperar la funcionalidad
del tejido vesical en individuos envejecidos, revirtiendo la mayor parte de los parametros afectados por la
edad. Es probable que este efecto se deba a su capacidad antioxidante, tanto directa como indirecta, ya
que redujo e incremento que la edad provocaba en los indices de estrés oxidativo, si bien nuestros
resultados tan solo permiten establecer firmemente una correlacion, sin demostrar causalidad.

Acerca de la aparicion de hiper-excitabilidad vesical, hay factores tanto mecanicos como
funcionales que podrian explicarla. La mayor rigidez de la vejiga envejecida, asi como la presencia de un
volumen residual, podrian facilitar que la vejiga se contrajera antes en individuos envejecidos, aunque
como hemos comentado antes, la complianza no esta alterada en este grupo. Desde el punto de vista
funcional disponemos de dos posibles explicaciones: la aparicion de contracciones gigantes en la zona
del trigono, y la alteracion de los nervios aferentes sensitivos. Este Gltimo mecanismo, puesto de
manifiesto en e capitulo 11, permitiria que la vejiga presentase mayor actividad a pesar de tener una
menor capacidad de contraccion. Dado que en ultima instancia la actividad del detrusor esta regulada por
un arco reflgo que incluye nervios extravesicales y médula espinal, cualquier alteracion en el
componente aferente puede resultar en cambios en €l patron final de excitacion del efector. Ademas, en
nuestro laboratorio hemos detectado en € trigono de individuos envejecidos la existencia de
contracciones gigantes espontaneas (datos no incluidos en esta memoria) y de una mayor sensibilidad a
la activacion del plexo nervioso. Este patron es plenamente compatible con los rasgos de mayor
excitabilidad en presencia de una menor capacidad de contraccion del detrusor: la mayor actividad del
trigono produciria contracciones no asociadas a la miccion que, cuando se transmitieran a resto de la
vejigainducirian su vaciamiento con una menor presion debido al debilitamiento del detrusor.

Para determinar si el proceso de envejecimiento tenia las mismas caracteristicas en diferentes
tipos de masculo o si por el contrario habia aspectos singulares relacionados con la localizacion y
funcion del érgano, analizamos las alteraciones que el envejecimiento produce en la vesicula biliar (Cap
V), 6rgano en el que, a pesar de tener su epitelio importantes funciones reabsortivas, la disposicion de las
fibras musculares, funcion de reservorio asi como € control por e plexo nervioso intrinseco son
similares a los de la vejiga urinaria. Al igual que ocurria en € otro tejido objeto de estudio, el
envejecimiento provocaba una reduccion en la capacidad contractil y alteraciones en la inervacion
intrinseca, dando lugar a una funcion neuromuscular alterada que probablemente causara disfunciones en
el vaciamiento en respuesta a la ingesta de alimentos o durante |os complejos motores migradores tipicos
del tracto digestivo. El analisis mas detallado de la inervacién nos indicd una reduccion en el plexo
nitrérgico inhibidor, totalmente opuesto a lo que ocurria en la vejiga urinaria, y una elevacion en la
sensibilidad de fibras sensitivas de caracter inhibidor liberadoras de CGRP, que tampoco coincide con lo
gue describimos en la vejiga. A nivel de la célula muscular si que eran coincidentes los resultados en
cuanto a la hipotonia en respuesta a los principales agonistas y la activacion de la entrada de calcio
mediada por despolarizaciéon o por vaciamiento de depdsitos. En este tipo muscular la menor
contractilidad estaba asociada a una disminucion de la [Ca®']. y no a una sobrecarga como ocurria en la
vejiga. Sin embargo, debe destacarse que la sefializacion del calcio solo se afecta en lo que respectaala
entrada del i6n desde el espacio extracelular, manteniéndose la movilizacion del Ca?* en respuestaa CCK
y cafeina que promueven la liberacion de Ca®* desde el deposito a través de canales/receptores de IP; y
rianodina, respectivamente. Estos resultados indican la posibilidad de que los canales ionicos situados en
la membrana de las células musculares de la vesicula biliar sean sensibles €l envejecimiento mientras los
localizados en los depositos mostrarian una mayor resistencia a deterioro o dafio asociado al
envejecimiento. El hecho de que la respuesta contractil a la CCK sea inferior en e envejecimiento, a
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pesar de movilizar este agente la misma cantidad de Ca?’, sugiere que, ademds de la contraccion
dependiente de calcio, se afectan procesos contréctiles independientes de Ca?* y relacionados con la
sensibilidad de la maquinaria contractil al ion. Mientras que la posibilidad de una reduccion en los
mecanismos o Vias de sensibilidad al Ca2* se est4 explorando actualmente en nuestro laboratorio, en esta
memoria hemos demostrado que se produce una reduccion en la cantidad de F-actina presente en las
células musculares, 1o que ocasionaria en si mismo una reduccion en la capacidad contractil de estas
Células.

Al igua que ocurria en la vejiga urinaria la administracion de melatonina a animales
enve ecidos mejoraba espectacularmente la capacidad contractil de la vesicula biliar, tanto en lo que
respecta a la contraccion miégena como a la de tipo neurdgeno. En cuanto a la homeostasis del Ca®*, la
melatonina no fue capaz de modificar el perfil de entrada de Ca?* al citosol, indicando su incapacidad de
recuperar la funcionalidad de los canales de Ca®* del plasmalema. El hecho de inducir una mejora en la
contractilidad sin afectar la [Ca’"]. sugiere que la melatonina puede modificar mecanismos de
sensibilizacion al Ca®, tal y como apuntan los resultados obtenidos recientemente en nuestro laboratorio
y larecuperacion en el contenido de F-actina que presentamos en esta memoria.

Segun los resultados que acabamos de comentar, es evidente que el envejecimiento de la vejiga
urinaria 'y vesicula biliar, a pesar de producir globalmente una pérdida de contractilidad, tiene aspectos
diferenciados en cada tejido. Debe tenerse en cuenta que a pesar de que la funcion de ambos drganos es
almacenar/expeler fluidos, ya encontramos singularidades en la funcion neuromuscular de ambos
misculos en animales adultos. Asi, las fibras inhibidoras nitrérgicas se estimulan y ejercen efectos
relgjantes en la vesicula biliar mientras que en la vejiga se encuentran “frenadas” bajo modulacion
colinérgica (al igual que ocurre con las adrenérgicas inhibidoras). Teniendo en cuenta que en el caso de
la vejiga urinaria una contraccion no siempre va acompafada de una evacuacion, ya que ésta depende
también del estado de otros componentes como los esfinteres interno y externo, uretra, y distintos
componentes neurales del reflejo de miccion, es posible que este o6rgano necesite de mecanismos
complejos de neuromodulacion ausentes en el otro diverticulo. Es llamativo también el que la vejiga
urinaria sufra una mayor pérdida de contractilidad (60 % frente a 30%) y mayores alteraciones en la
homeostasis del Ca?* por e envejecimiento que la vesicula biliar. Esto puede estar relacionado con una
mayor proteccion antioxidante en la vesicula biliar por ser el higado el principal 6rgano metabodlico y
detoxificante, haciendo necesario e incremento del nivel de proteccion en sus células y estructuras anejas
como lavesicula biliar. Esto se pone de manifiesto en las medidas de GSH realizadas en ambos tejidos y
presentadas en los trabagjos experimentales |1 y VIII donde encontramos que en el anima adulto los
niveles de GSH de la vesicula biliar son dos veces superiores a los detectados en la vejiga urinaria,
siendo los niveles de MDA, indicativos de peroxidacion lipidica, similares en ambos tejidos. Ademas,
teniendo en cuenta que la melatonina se excreta por via hepatica y siendo el tracto digestivo la fuente
mas importante de melatonina extrapineal, la exigua melatonina remanente en el anima envejecido
podria conferirle mayor proteccion a este 6rgano.

Los trabajos VI-VIII de esta memoria tienen como objetivo determinar si la melatonina tiene
efectos beneficiosos sobre el musculo liso en situaciones patologicas asociadas a un aumento
considerable del estrés oxidativo como es la inflamacion. Utilizamos un modelo experimental de
colecigtitis acalculosa aguda por tratarse de una patologia con un indice de mortalidad elevado y parala
gue no existe tratamiento farmacoldgico curativo o preventivo. La posibilidad de encontrar un
tratamiento preventivo es de gran importancia teniendo en cuenta su alta prevalencia en enfermos
hospitalizados en unidades de cuidados intensivos.

La colecistitis acalculosa aguda, que segun nuestros resultados cursa con un incremento en la
peroxidacion lipidica como demuestran el incremento en los niveles de MDA vy la reduccion de la
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defensa antioxidante GSH, provocod un gran deterioro en la capacidad contractil tanto neur6égena como
miégena. Con respecto al plexo nervioso intrinseco, los canales de Na® voltaje-dependientes son
especialmente sensibles a la inflamacion, volviéndose inactivos o insensibles al bloqueo por TTX, por lo
gue la respuesta contractil a la EFS, cuyo origen neurégeno lo demuestra el hecho de ser bloqueada por
atropina y ®-conotoxina, se debe a la estimulacion de las terminales nerviosas del tejido inflamado. Al
igual que ocurria en el envejecimiento, las fibras nitrérgicas son especialmente sensibles al estrés
oxidativo y pierden su funcionalidad. Por el contrario, las fibras sensitivas excitadoras se vuelven mas
excitables y colaboran en la contraccion neurégena. En la vesicula envejecida las fibras sensitivas de
caracter inhibidor eran las que aumentaban su sensibilidad, por lo que es posible que estas fibras
inhibidoras tengan un umbral de excitacion mas bajo siendo excitadas por bajos niveles de estrés
oxidativo mientras que cuando e dafo oxidativo aumenta también se excitan las de naturaleza
excitadora, que bien por ser mayoritarias o liberar proporcionalmente mas neurotransmisor, se vuelven
dominantes (Cap V1).

En la disfuncién neuromuscular descrita también participa la menor respuesta contractil de
caracter midgeno que se describe en los capitulos VII y VIII de esta memoria. Todos los estimulos
ensayados (CCK, acetilcolina, activacion de entrada de Ca?* por despolarizacion o vaciamiento de los
depositos) produjeron menor respuesta, siendo ésta significativamente inferior a la producida en €l
animal envejecido, lo que concuerda con la mayor agresion oxidante que se produce durante €l proceso
de inflamacion. En células aisladas encontramos una gran afectacion de los mecanismos de movilizacion
de Ca®*, con deterioro no solo de los canales de Ca®* localizados en la membrana, sino también de los
situados en los depodsitos y sensibles a IP; y rianodina, 1o que indica que s el estrés oxidativo es
suficientemente fuerte también ocurre en la vesicula biliar un deterioro de todos los elementos que
orguestan la homeostasis del calcio. Es muy destacable el cambio en la sensibilidad farmacologica de los
canales situados en la membrana plasmatica, que se vuelven insensibles a sus antagonistas especificos
(Cap VIl y VIII).

Todas las alteraciones relacionadas con los mecanismos homeostaticos del calcio mejoraban
considerablemente con el tratamiento con melatonina, a igual que lo hacian los parametros relacionados
con € estrés oxidativo y la sensibilidad farmacologica de las contracciones neurégenas. Sin embargo, las
respuestas contractiles a agonistas y ala estimulacion eléctrica del plexo nervioso continuaban afectadas.
Debe considerarse que en nuestro modelo se produce un estiramiento continuo de la vesicula como
consecuencia del paso de bilis a arbol biliar extrahepatico, de modo que los efectos mecanicos de este
estiramiento persisten a pesar de haberse paliado la inflamacion. Para evitar que el estiramiento ocultara
los efectos de la melatonina en la contractilidad, sometimos a anima a una nueva intervencion
quirdrgica en la que se desligaba el conducto cistico y tras dos dias se sacrificaba el animal. Tras realizar
esta maniobra, comprobamos que debido probablemente a la reperfusion del 6rgano previamente
estirado, los parametros de estrés oxidativo aumentaban y la contractilidad estaba aiin mas deteriorada.
Sin embargo, en animales tratados con melatonina se producia una recuperacién notable de la
contractilidad que coincidia con una disminucion en la expresion de COX-2, enzima ligada a los
procesos inflamatorios del tracto digestivo.

En conjunto nuestros resultados demuestran que €l tratamiento con melatonina es efectivo en la
recuperacion del musculo liso y plexo nervioso de la vejiga urinaria y vesicula biliar sometidos a un
ligero estrés oxidativo mantenido en el tiempo como ocurre en el envejecimiento, pero también ejerce
efectos beneficiosos en estados de mayor agresion oxidativa como la inflamacion aguda. Consideramos
gue estos resultados tienen gran relevancia clinica ya que sientan las bases para la utilizacion terapéutica
de lamelatonina en condiciones fisiopatol 6gicas para las que no existe un tratamiento eficaz.
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1.- El envejecimiento produce en la vejiga urinaria una disfuncion en la miceion caracterizada por
un aumento en la excitabilidad de la vejiga durante la fase de llenado y una disminucién en la
contraccion del detrusor durante la fase de vaciamiento. Estos cambios en € modelo “in vivo”
pueden explicarse por cambios en la excitabilidad y neuromodulacion del plexo nervioso intrinseco,
asi como por la reduccion en la capacidad contractil midgena. Esta tltima estd causada por una
disminucion en los mecanismos contractiles de sensibilizacion al calcio, ya que la contractilidad
deteriorada se acompaiia de un incremento en la sefal de Ca®" debido, a menos en parte, a una
reduccion en los mecanismos de extrusion del ion.

2.- El envglecimiento también altera la contractilidad de la vesicula biliar afectando tanto al
componente neurégeno como al midgeno de la respuesta contractil del tejido, si bien el deterioro es
inferior a que se produce en la vejiga urinaria. En €l plexo nervioso pierden su funcionalidad los
nervios nitrérgicos, y la falta de sefal relajante eferente se acompana de una hipersensibilidad de
fibras sensitivas inhibitorias. A nivel del masculo liso, el envejecimiento reduce el proceso de
entrada de Ca’* al interior celular, lo que se traduce en una menor respuesta contréctil a los
agonistas que estimulan dicha entrada. Ademas, el menor contenido en F-actina que se detecta en
las células envejecidas puede colaborar activamente en la pérdida de contractilidad.

3.- El tratamiento de los animales envejecidos con melatonina durante un mes produce en ambos
organos una recuperacion de la funcionalidad y la normalizacién de la practica totalidad de los
mecanismos afectados. El hecho de que el efecto beneficioso de la melatonina se correlacione con
una disminucion en los parametros de estrés oxidativo y la profusion de mecanismos restablecidos,
apoyan la hipotesis de que los cambios asociados al envejecimiento estan causados por un
incremento gradual del estrés oxidativo al que se ven sometidos los distintos componentes celulares
de ambostejidos.

4.- Lainflamacion aguda de la vesicula biliar produce un gran deterioro en la funcion contractil. Al
igual que ocurria en el envejecimiento, las fibras nitrégicas pierden su funcionalidad pero el estrés
oxidativo aumentado provoca una hipersensibilidad de las fibras sensitivas excitatorias. Esta mayor
agresion oxidativa se ve reflejada en un mayor deterioro de la homeostasis del calcio, que se
acompaiia incluso de un cambio en el perfil farmacologico de los canales de entrada del ion y una
reduccion en los procesos de liberacion de calcio desde depositos. Esto, junto con una disminucion
de la cantidad de F-actina muscular, provoca una dramatica pérdida en la contractilidad del
musculo.

5.- El tratamiento con melatonina previo a la induccion de la colecistitis tiene efectos preventivos
tanto del deterioro del plexo nervioso como de la homeostasis del calcio en las células musculares,
gue se acompaiian de una recuperacion en la capacidad contractil una vez resuelta la obstruccion
biliar. Estos efectos se correlacionan con una reduccion en el estrés oxidativo y en la expresion de
COX-2, enzima relacionada con lainflamacion del tracto digestivo.

6.- La melatonina puede constituir una herramienta terapeatica eficaz en la prevencion de
alteraciones vesicales y vesiculares relacionadas con un incremento del estrés oxidativo como el que
se produce en el envejecimiento y/o inflamacion.
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Todos tenemos la felicidad dentro. Ya sabes donde esta: no hay que buscar mas,
solo eliminar los obstaculos que nos impiden llegar a ella. Eso si, exige creatividad.

Lou Marinoff, “El ABC de la felicidad” (Ediciones B)






Nadie comprende la realidad, asi que no se
preocupe ... esto es solo el camino hacia ella.
Roger Penrose
“El camino a la realidad, una guia
completade las leyes del universo”
(Ediciones Debate)
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