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RESUMEN 
 
Los astrocitos son el tipo celular del sistema nervioso que exhibe un aumento en su 

volumen bajo diversas condiciones patológicas en las que se presenta edema celular 

cerebral. Como respuesta a este hinchamiento, los astrocitos movilizan activamente 

osmolitos intracelulares para contrarrestar el desbalance osmótico y lograr la recuperación 

del volumen original; uno de estos osmolitos es el glutamato, el principal neurotransmisor 

excitador. El aumento en los niveles de glutamato en el medio extracelular, puede llevar a 

la sobreactivación de sus receptores ionotrópicos neuronales y conduce a la muerte 

neuronal por excitotoxicidad. Bajo este escenario, un factor capaz de exacerbar el daño, es 

el incremento de los niveles de trombina en el tejido cerebral que ocurre cuando la 

patología asociada a edema transcurre junto con una alteración en la barrera 

hematoencefálica. La trombina ejerce efectos a nivel celular mediante la activación de los 

receptores PAR (Receptores Activados por Proteasas) acoplados a proteínas G. El daño 

por trombina en el cerebro bajo patologías asociadas a edema cerebral como la isquemia, 

se reporta consistentemente aunque los mecanismos que subyacen a este efecto lesivo no 

han sido aclarados.  

La hipótesis planteada en esta investigación propone a la trombina como un 

elemento capaz de incrementar la movilización de glutamato que ocurre en respuesta al 

aumento en volumen. Los resultados de nuestra investigación en astrocitos en cultivo 

muestran que la trombina incrementa notablemente la salida de glutamato en condiciones 

de edema cerebral hiposmótico e isosmótico in vitro. Este efecto está mediado por la 

activación del receptor PAR-1 y participan la vía de señalización que conduce a la 

elevación Ca2+ intracelular iniciada por la fosfolipasa C, así como activación de PI3K. En el 

modelo de hinchamiento isosmótico, consistente en la presencia de una elevada 

concentración de K+ extracelular como ocurre durante la isquemia o el trauma 

craneoencefálico, se identificó a la trombina como un agente potenciador de la salida de 

glutamato en astrocitos únicamente a través de la vía de liberación activada por el aumento 

en volumen, sin afectar otros mecanismos de salida como son la exocitosis o la operación 

reversa del transportador. Este efecto requiere la previa apertura de la vía sensible al 

volumen. Las acciones de la trombina afectan igualmente la salida de taurina, considerada 

como representativo de la vía de liberación de osmolitos orgánicos. En conjunto estos 

resultados postulan a la potenciación de glutamato a través de la vía activada por volumen 

como un posible mecanismo de generación de daño causado por trombina en patologías 

que transcurren asociadas a edema cerebral y a una pérdida en la integridad de la barrera 

hematoencefálica.  
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ABSTRACT 

 
In pathological conditions associated to brain edema, cell swelling is mainly seen in 

astrocytes. These glial cells respond to volume changes with the extrusion of intracellular 

solutes or osmolytes together with osmotically obligated water to recover their original cell 

volume. Glutamate, the major excitatory neurotransmitter, also play a role in water 

homeostasis; this represents a risk for brain excitability and viability since an increase in 

extracellular glutamate concentration due to cerebral edema may lead to neuronal 

ionotropic receptors overactivation, which triggers an auto-propagated chain of damage 

resulting in excitotoxic neuronal death. An exacerbation of this damage can occur when a 

rise in thrombin concentration takes place in cerebral tissue due to a disturbance in the 

blood brain barrier as occurs in many pathologies concurrent with cerebral edema. 

Thrombin exerts multiple cellular responses through the activation of the G-protein coupled 

receptors: PARs (Protease-Activated Receptors). Toxic effects associated with high 

concentrations of thrombin have been widely reported although the precise mechanisms 

underlying these effects are still unclear. 

 The hypothesis for the present research is that thrombin can increase the volume 

activated release of glutamate which could then be responsible for the damage observed in 

the presence high concentrations of thrombin. Results of our research in cultured 

astrocytes confirmed that thrombin leads to a remarkable increase of glutamate release 

under conditions of isosmotic and hyposmotic cerebral edema in vitro. This effect was 

mediated by the activation of PAR-1 and the subsequent signal transduction pathways that 

included intracellular calcium mobilization, elicited by PLC and the activation of PI3K. In the 

isosmotic swelling model, consisting in cell exposure to high extracellular potassium 

concentration as occurs in ischemia or head trauma, thrombin was shown to potentiate 

glutamate release through the volume-activated pathway and without affecting other 

release mechanisms as exocitosis or the reverse operating transporter. This effect of 

thrombin required a prior activation of the volume sensitive pathway. Thrombin actions 

influenced also the release taurine, largely considered as the representative for the organic 

osmolyte pathway. Taken together, these findings suggest that thrombin potentiation of 

glutamate release through the volume-activated pathway may be a mechanism involved in 

its toxic effects, observed in pathologies that concur with cerebral edema and a disruption 

of the blood brain barrier. 
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1. INTRODUCCIÓN 

 

La preservación del mecanismo de regulación del volumen celular, a través de las distintas 

ramas de la evolución biológica, expone la relevancia fisiológica intrínseca de este proceso 

homeostático. El volumen de una célula es una característica  determinada genéticamente 

y su alteración súbita repercute, sin lugar a dudas, sobre la compleja arquitectura de los 

compartimentos intracelulares, así como en las redes metabólicas y de señalización 

intracelular que dependen en gran medida de la concentración y distribución espacial de 

iones y biomoléculas. 

 La membrana plasmática se describe como semipermeable debido a su casi nula 

permeabilidad a las proteínas, su alta permeabilidad al agua y en menor grado y de 

manera selectiva a varios solutos de bajo peso molecular; esto origina que en ausencia de 

gradientes de presión hidrostática significativos, el flujo neto de agua a través de la 

membrana plasmática esté en función de la generación de gradientes de presión osmótica 

por concentraciones diferenciales de solutos a ambos lados de la membrana (Lang, 2011). 

 La ausencia de pared celular en las células animales y la naturaleza semipermeable 

de la membrana plasmática, son características que favorecen un estado proclive a 

modificaciones en el volumen. La estrategia de los organismos animales terrestres para 

evitar estas modificaciones continuas y mantener su homeostasis, consiste en regular 

finamente la osmolaridad del líquido intersticial que baña las células que los conforman; 

asegurando así, variaciones muy estrechas mediante el  sistema renal en coordinación con 

el sistema neuroendocrino (Pedersen et al., 2011). Aún bajo estas condiciones fisiológicas 

controladas, las células no están exentas de pequeñas modificaciones, ya que la 

generación de microgradientes osmóticos locales y transitorios es una consecuencia 

común de las actividades celulares básicas, en las que constantemente se forman y 

disipan elementos osmóticamente activos, como ocurre durante la síntesis y degradación 

de macromoléculas, procesos de dinámica del citoesqueleto o de captación de nutrientes y 

exocitosis, entre muchos otros (Hoffmann et al., 2009). 

 El volumen celular puede presentar alteraciones más considerables bajo diversas 

condiciones patológicas en las que se pierde el control sobre la osmolaridad del plasma. El 

término edema proviene del griego οἴδημα, "hinchazón" y hace referencia al exceso de 

líquido en los tejidos que ocurre como consecuencia de una dinámica anormal de los 

fluidos. La causa más común de hinchamiento celular bajo condiciones anisosmóticas es la 

hiponatremia, los cambios en volumen que ocurren bajo estas situaciones no son 

permanentes ya que las células inician rápidamente mecanismos activos de recuperación 

del volumen. 

 Distintas patologías transcurren con aumentos en volumen bajo condiciones en las 
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que no se presentan cambios en la osmolaridad externa y son consecuencia más bien, de 

cambios en la redistribución iónica o de un aumento en el contenido intracelular de 

moléculas osmóticamente activas acompañadas por agua. Este aumento en volumen bajo 

condiciones de isosmolaridad ocurre en patologías como hipoxia, isquemia, epilepsias, 

trauma craneano o encefalopatía hepática (Lambert et al., 2008). 

 La descripción más detallada del origen de las alteraciones en el volumen celular 

bajo condiciones patológicas, se abordará en secciones posteriores bajo el marco de las 

patologías que se asocian a el tipo celular de interés para este estudio. 

 

1.1. El decremento regulador del volumen 

 Para contrarrestar un aumento en volumen, las células ponen en marcha el 

decremento regulador del volumen (DRV), un proceso complejo y dinámico que dirige una 

serie de adaptaciones celulares necesarias para enfrentar y revertir la alteración en 

volumen; entre éstas figuran la reorganización del citoesqueleto, modificaciones en la 

adhesión celular y la salida activa de solutos osmóticamente activos u osmolitos que al 

generar flujos de agua conducen al equilibrio osmótico y a la recuperación del  volumen 

(Pasantes-Morales et al., 2006). 

 El DRV puede entenderse como un proceso de tres etapas interconectadas; la 

cuales de manera muy general consisten en: la detección del cambio en volumen, su 

amplificación a través de una red de transducción de señales y la activación de 

mecanismos efectores. A continuación, se describirán en mayor detalle. El proceso general 

del DRV se encuentra esquematizado en la figura 1, al final de este apartado. 

1.1.1. La detección del cambio en volumen 

 

 Las células son capaces de sensar y responder ante cambios en su volumen del 

orden de 3% (Wehner et al., 2003; Hoffmann et al., 2009). El elemento que tiene la función 

de sensar el cambio en volumen no está claramente identificado; sin embargo, hay varias 

propuestas con evidencia substancial que permanecen bajo discusión, las cuales se 

pueden englobar dentro de aquellas que plantean elementos que tienen que ver con 

cambios a nivel bioquímico y las que lo hacen a nivel mecánico. 

 Los cambios de carácter bioquímico, que se presentan durante el aumento en 

volumen, y a los que podía estar respondiendo el sensor de volumen ocurren 

principalmente sobre la fuerza iónica o el agrupamiento de las macromoléculas (Minton et 

al., 1992; Burg, 2000; Sabirov et al., 2000). El aumento en volumen, induce variaciones en 

el estado de asociación de las proteínas citosólicas lo que altera substancialmente sus 
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propiedades bioquímicas y en consecuencia su función, pudiendo llevar a un aumento o a 

una disminución de su actividad. 

 Las alteraciones celulares de tipo mecánico, se pueden detectar a nivel de la 

membrana plasmática o en la estructura del citoesqueleto. La remodelación del 

citoesqueleto generada por el aumento en volumen, se traduce también en cambios en la 

morfología membranal ya que ambas guardan una estrecha relación. (Hoffmann et al. 

2009). Una gran variedad de moléculas insertadas en la membrana pueden responder a 

estos fenómenos, entre las cuales figuran el receptor EGFR, integrinas, así como canales 

activados por estiramiento. Sin embargo, a pesar de la existencia de varios casos 

documentados sobre esta activación de proteínas de membrana y dado que el DRV activa 

una diversidad de moléculas en una estrecha ventana espacio-temporal, es difícil 

establecer con claridad la señal inicial de aquellas que pertenecen a la red de transducción 

(Pasantes-Morales et al., 2004; Lezama et al., 2005; Pasantes-Morales et al., 2006).  

 Ya que ninguna de las propuestas discutidas, abordada de manera individual, 

presenta evidencia suficiente para ser considerada la identidad encargada de sensar el 

volumen, se ha planteado que esta tarea está a cargo más bien, de un sistema conformado 

por varios de los elementos descritos anteriormente, que responden dependiendo de la 

magnitud y la naturaleza del cambio en volumen (Hoffmann et al., 2009).  

1.1.2. Osmotransducción. El papel de calcio 

 

 La detección del cambio en volumen pone en marcha la segunda etapa del DRV 

que engloba la señalización intracelular bajo la que se amplifica la señal del cambio en 

volumen y se conecta hacia los distintos efectores. El hinchamiento celular tiene profundos 

efectos en la señalización intracelular e involucra, además de la activación de los 

mecanismos de recuperación del volumen, moléculas relacionadas con las respuestas a 

estrés, sobrevivencia y reorganización del citoesqueleto, entre otras (Pasantes-Morales et 

al., 2000a; Hoffmann y Pedersen, 2006). 

 Las vías de señalización activadas por el DRV, parecen ser en su mayoría, 

específicas para los distintos tipos celulares que han sido estudiados; sin embargo, dos 

tipos de señalización son constantes a través de los diversos tipos celulares: la activación 

de proteínas cinasa de tirosinas y el incremento en los niveles de Ca2+
i. Con respecto a 

estas no se ha determinado por completo su función específica y jerarquía dentro del DRV, 

ni se ha establecido claramente la existencia de alguna interacción entre ellas (Pasantes-

Morales et al., 2006). 

 Dentro de la variedad de proteínas cinasas que modifican su actividad durante 

variaciones en el volumen celular se encuentran PI3K, PKC, los miembros de la familia de 
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las MAPK (JNK, ERK1/2 y p38) y diversas cinasas con actividad tirosina cinasa como 

miembros de la familia src, FAK y algunos receptores membranales (de La Paz et al., 

2002; Liu et al., 2003; Lezama et al., 2005). Las MAPK incrementan, en la mayoría de los 

casos, su actividad bajo condiciones hiposmóticas (principalmente ERK 1/2); sin embargo, 

parecen estar mayormente relacionadas con la activación de mecanismos adaptativos ante 

cambios en volumen a largo plazo, que al involucrar la participación de factores de 

transcripción, modulan la expresión de genes relacionados con el transporte y metabolismo 

de los osmolitos (Bettinger y Amberg, 2007). Las demás cinasas, con perfiles de activación 

a tiempos cortos que varían de acuerdo al tipo celular, se han relacionado más 

estrechamente con algunas vías de salida de osmolitos durante el DRV; en este sentido, 

se ha demostrado que los inhibidores de la familia src tienen un efecto sobre la corriente 

de Cl- activada por volumen y canales de K+ del tipo BK y Kv (Cohen, 2005). 

 La reducción en la osmolaridad extracelular va acompañada en un gran número de 

tipos celulares de un incremento en [Ca2+]i; sin embargo, solo en algunos sistemas se ha 

demostrado que el calcio participa directamente sobre la movilización de osmolitos. La 

intervención del calcio en el DRV es especialmente evidente en aquellos sistemas 

celulares, principalmente de origen epitelial, que utilizan vías de movilización de osmolitos 

activadas directamente por calcio; como son, la activación de K+ del tipo BK. Además de 

los canales de K+ también se ha demostrado que algunas conductancias de Cl- y de taurina 

pueden ser reguladas por procesos dependientes de calcio y calcio-calmodulina (MacLeod 

y Hamilton, 1999; Li et al., 2002) 

 La fuente del aumento en Ca2+
i depende del tipo celular evaluado, aunque la 

mayoría de los estudios enfocados a dilucidar el papel del  calcio en la regulación del 

volumen celular, describen que el aumento en calcio tiene un componente de entrada 

extracelular y otro de liberación de pozas intracelulares. Los canales de calcio que se han 

descrito como involucrados en la entrada de calcio durante la hiposmolaridad incluyen 

canales activados por estiramiento de membrana, canales de calcio activados por voltaje 

de tipo L, y canales TRP (Wehner et al., 2003; Liedtke y Kim, 2005; Gees et al., 2010)  

 

1.1.3. Mecanismos efectores: osmolitos y su movilización 

 

 Los osmolitos que la célula moviliza durante el DRV son esencialmente de dos 

tipos: iones inorgánicos, principalmente los iones de mayor abundancia intracelular el Cl- y 

K+ y compuestos orgánicos de bajo peso molecular. Los osmolitos orgánicos son un grupo 

heterogéneo de pequeñas moléculas entre las que se encuentran compuestos metilados 

(metilaminas, glicerofosforilcolina y betaina), polialcoholes (sorbitol o inositol), aminoácidos 
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libres y sus derivados como glutamina, glutamato, glicina, GABA y taurina (Junankar y Kirk, 

2000; Khan et al., 2010; Hoffmann y Pedersen, 2011). 

 Algunos de los osmolitos orgánicos se conocen como osmolitos compatibles, un 

término que indica que llevan a cabo su función osmoreguladora sin comprometer otras 

funciones en la célula; entre estos la taurina es considerada como el osmolito 

representativo, debido a sus diversas propiedades entre las que sobresale su presencia en 

un gran número de tipos celulares a muy elevadas concentraciones (1-40 mM) y de forma 

soluble en el citosol. Además, la taurina no forma parte de la estructura de las proteínas, y 

no participa en reacciones metabólicas, con excepción de la síntesis del ácido taurocólico, 

lo que le permite desplazarse dentro y fuera de la célula, sin afectar el metabolismo celular. 

La rápida movilización de la taurina en respuesta al aumento en volumen está ampliamente 

documentada y se ha descrito su salida frente a cambios tan pequeños en osmolaridad 

como 2-3 mOsmolas (Pasantes-Morales et al., 2000b). 

 Las vías de movilización de iones y osmolitos orgánicos durante el DRV han sido 

estudiadas en detalle y se ha llevado a cabo la caracterización de sus propiedades a nivel 

farmacológico y para el caso de los canales que movilizan a los iones sus características 

electrofisiológicas; sin embargo, a excepción del K+ y a pesar de la extensa investigación 

dedicada a este campo, no se ha logrado identificar de manera específica la identidad 

molecular encargada de la movilización del Cl- ni de los osmolitos orgánicos (Pasantes-

Morales et al., 2006).  

 La movilización del K+ ocurre a través de vías activadas por fenómenos 

coincidentes con el aumento en volumen celular como son la despolarización por la salida 

inicial de Cl-, que activa canales de K+ activados por voltaje (Kv), o el aumento en calcio 

que puede activar canales de K+ del tipo BK. Se ha reportado que distintos canales de K+ 

pueden activarse durante el aumento en volumen en un mismo tipo celular; ya que 

mientras cambios pequeños en la osmolaridad, activan un canal presumiblemente del tipo 

de maxi-canales de K+, dependiente de Ca2+ y sensible a caribdotoxina; cambios más 

pronunciados, activan una corriente independiente de Ca2+ que parece corresponder a 

algún canal de la familia 4M2P. (MacLeod y Hamilton, 1999; Ordaz et al., 2004). 

 El Cl- se moviliza a través del denominado canal de cloro regulado por volumen (Cl-

vol); este canal aniónico no selectivo, muestra entre sus características biofísicas una 

rectificación saliente e inactivación a potenciales positivos y dependiente de tiempo, 

presenta una secuencia de permeabilidad Einsenman I: : SCN->I->Br->Cl->F->gluconato y 

depende de la presencia de ATP intracelular más no de su hidrólisis (d'Anglemont de 

Tassigny et al., 2003; Okada, 2006). Esta corriente es sensible a inhibidores generales de 

canales de Cl- como DIDS, SITS, 9-AC, NPPB, DDFK, ácido niflúmico y ácido flufenámico; 
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recientemente, el compuesto DCPIB, se describió como un inhibidor selectivo para el canal 

y sin efectos visibles sobre otros canales de Cl- examinados (Decher et al., 2001). A pesar 

de que se ha reportado en numerosas ocasiones la clonación del canal que produce esta 

corriente, con entidades moleculares pertenecientes a de la familias ClC y CaCCs, entre 

otros, con el paso del tiempo todas estas propuestas han sido refutadas o permanecen 

altamente cuestionadas (Nilius et al., 1996; Almaca et al., 2009; Okada et al., 2009). 

 Los osmolitos orgánicos se movilizan a través de una vía difusional 

presumiblemente a través de un poro parecido a un canal que se ha denominado canal de 

movilización de osmolitos orgánicos sensible a volumen (VSOAC). La movilización de 

osmolitos orgánicos muestra una dirección de flujo determinada por el gradiente de 

concentración, sin la contribución de transportadores dependientes de Na+ y exhibe un 

perfil farmacológico notablemente similar al del Cl-vol; sin embargo, existen múltiples 

evidencias que las identifican como vías independientes por lo que las similitudes que 

llegan a presentar sugieren una interdependencia entre ambas vías (Sanchez-Olea et al., 

1991; Sanchez-Olea et al., 1996; Abdullaev et al., 2006). 

Figura 1. El Decremento Regulador del Volumen (DRV). Las células se encuentran en 

un ambiente de osmolaridad extracelular finamente regulada. Un cambio en la 

osmolaridad externa o una redistribución de iones o moléculas puede originar un 

aumento en el volumen celular por entrada de agua osmóticamente obligada. El DRV, la 

respuesta celular activa ante el hinchamiento, consta de tres etapas: el “sensor” de 

volumen, cuya identidad permanece desconocida, se encarga de la detección del cambio 

en volumen y la activación de las vías de osmotransducción que finalmente ponen en 

marcha la movilización de osmolitos. Los osmolitos más comúnmente usados por las 

células son los iones con mayor presencia intracelular: cloro y potasio, que se movilizan 

a través de canales; así como el grupo heterogéneo de los osmolitos orgánicos (o.o.) 

que se moviliza a través del denominado canal aniónico de osmolitos orgánicos 

activados por volumen (VSOAC). 
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1.2. Edema cerebral. Relevancia de los astrocitos 

 
 La alteración del volumen celular adquiere una relevancia especial en el cerebro 

debido a las restricciones físicas que impone el cráneo a la expansión del tejido cerebral. 

La condición de edema cerebral, ejerce inicialmente una fuerte presión sobre los pequeños 

capilares originando una disminución en la irrigación de oxigeno y nutrientes, 

posteriormente puede presentarse ruptura de vasos y en casos muy extremos, si la 

condición persiste, el tejido cerebral se desplaza hacia la zona de menor resistencia el 

foramen magnum; originando la compresión del tallo cerebral con consecuencias 

extremadamente delicadas debido a que esta estructura es la vía de comunicación del 

cuerpo con el encéfalo y ubica centros nerviosos implicados en la generación y regulación 

de los ritmos respiratorio y cardiaco del organismo (Pasantes-Morales, 1996; Sterns y 

Silver, 2006; Verbalis, 2010). 

 Aunado a esto, el edema cerebral tiene importantes implicaciones a nivel celular, ya 

que la liberación hacia el espacio extracelular de los iones Cl- y K+, debida a la propia 

activación del proceso de DRV, así como de algunos osmolitos orgánicos pueden alterar la 

excitabilidad neuronal; tal es el caso del glutamato, el neurotransmisor excitador más 

importante del sistema nervioso que al estar presente en altas concentraciones a nivel 

intracelular es empleado por la célula como un osmolito orgánico durante el DRV 

(Pasantes-Morales et al., 2002a). 

 El edema cerebral puede ser vasogénico o celular; el primero ocurre cuando se 

genera un daño en la barrera hematoencefálica y origina la expansión del espacio 

intersticial por la entrada de agua y proteínas provenientes del plasma. El de tipo celular 

ocurre cuando hay una acumulación de agua en el citosol debida a perturbaciones en la 

distribución normal de osmolitos en el espacio intersticial. El desarrollo de edema 

vasogénico suele llevar a la generación de edema celular y viceversa, ya que la expansión 

del volumen citosólico puede producir perturbaciones de la barrera hematoencefálica 

(Pasantes-Morales y Cruz-Rangel, 2009). 

 1.2.1. El papel de la astrocitos en el edema celular cerebral 

 

 A nivel celular son los astrocitos los que presentan hinchamiento bajo condiciones 

de edema cerebral. Los astrocitos son la población glial más abundante en el cerebro y 

tienen un papel fundamental en la preservación de la homeostasis, ya que entre otras 

cosas, aportan de nutrientes y factores de crecimiento a las neuronas, juegan un papel 

central en el ciclo del glutamato y mantienen los niveles extracelulares neurotransmisores y 

de K+ adecuados para la excitabilidad neuronal; además constituyen la parte celular de la 
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barrera hematoencefálica y conforman la matriz sobre la que se distribuyen y migran las 

neuronas (Panickar y Norenberg, 2005). 

 El hinchamiento preferente de los astrocitos sobre las neuronas puede ser el 

resultado de un manejo distinto de los osmolitos o de una redistribución de osmolitos entre 

neuronas y células gliales como parte de su función como salvaguardas de la homeostasis 

neuronal. En este sentido, un estudio in vivo de Nagelhus y colaboradores en 1993 

mostraron que en el cerebelo de ratas, la aplicación de una condición experimental de 

hiponatremia por reducción en osmolaridad del plasma, genera una inmediata 

redistribución del alto contenido celular de taurina de las células Purkinje hacia los 

astrocitos cercanos; el resultado de este fenómeno es que los astrocitos aumentan su 

volumen, mientras que las neuronas permanecen sin cambios (Nagelhus et al., 1994). 

 Otro factor podría ser la presencia de un mecanismo intrínseco que prevenga la 

entrada de agua a las neuronas, como una reducida expresión de aquaporinas. La AQP-4 

es la más expresada en el cerebro y se encuentra principalmente en astrocitos; exhibe una 

alta presencia en los pies de los astrocitos que conforman la barrera hematoencefálica y en 

los astrocitos subependimales, aunque también se expresa en otras regiones cerebrales 

(Venero et al., 2001; Badaut et al., 2002; Papadopoulos y Verkman, 2007). 

 Uno de los mecanismos homeostáticos a cargo de los astrocitos y que puede estar 

implicado en el hinchamiento observado bajo algunas condiciones patológicas es el 

"amortiguamiento del K+"; a través de este mecanismo se regula la concentración de K+ 

extracelular ([K+]e) y se mantiene en niveles constantes cercanos a 3 mM (Somjen, 1979). 

Los procesos neuronales como la señalización eléctrica rápida involucran la entrada de 

Na+ y la salida de K+ de las neuronas y dado a que el volumen del espacio extracelular es 

muy limitado en el SNC, aún pequeños flujos de K+ hacia el exterior celular pueden 

producir cambios considerables en la [K+]e (Sykova y Nicholson, 2008). Las modificaciones 

en la [K+]e tienen un profundo impacto sobre la fisiología de las células del CNS ya que 

alteran características tan importantes como el potencial de reposo de la membrana, la 

activación e inactivación de canales sensibles a voltaje, la transmisión sináptica y el 

transporte electrogénico de los neurotransmisores. Es por esto, que el exceso de K+ en el 

espacio intersticial es removido y acumulado temporalmente por los astrocitos, desde 

donde circula a través de las uniones comunicantes del sincicio astroglial, hacia zonas de 

menor concentración (Kofuji y Newman, 2004).  

 Existen diversos elementos involucrados en la remoción y temporal acumulación de 

K+ en los astrocitos; entre ellos se han descrito algunos canales y transportadores. El 

principal canal de K+ presente en astrocitos es el canal de rectificación entrante de K+ (Kir), 

su isoforma más expresada es el Kir 4.1. Este canal presenta propiedades únicas que lo 
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postulan como un elemento importante del mecanismo de amortiguamiento del K+, entre 

estas se encuentran la facilitación de un flujo entrante de iones K+ sobre su salida, su alta 

probabilidad de apertura al potencial de reposo de la membrana y el incremento en su 

conductancia conforme aumenta la [K+]e (Butt y Kalsi, 2006). Se ha demostrado que 

ratones knockout para el Kir 4.1 exhiben una captación de K+ deficiente (Kucheryavykh et 

al., 2007; Olsen y Sontheimer, 2008). 

 La acumulación de K+ en astrocitos también ha sido ligada a la actividad del NKCC. 

Este cotransportador electroneutro pertenece a la familia de los SLC12, su isoforma 

NKCC1 está ampliamente distribuida en diversos tejidos y tipos celulares incluyendo a los 

astrocitos. El transportador opera acoplando la energía de los gradientes 

transmembranales y bajo la estequiometria 1Na+:1K+:2Cl- (Isenring y Forbush, 2001) En 

astrocitos la acumulación intracelular de K+ debida a un aumento en su concentración 

extracelular, puede ser parcialmente prevenida mediante los inhibidores de NKCC 

furosemida o bumetanida o por la remoción experimental del Na+ y Cl- extracelular (Walz, 

1992; Ransom et al., 1996). 

 En condiciones patológicas como la hipoxia, la isquemia y la depresión cortical 

propagada, la [K+]e puede alcanzar niveles tan altos como 60-80 mM, este aumento 

extracelular en K+ puede llevar a que los sistemas de amortiguamiento del K+ se vean 

sobrepasados y los astrocitos acumulen un exceso de K+ generando hinchamiento celular  

(Kofuji y Newman, 2004; Leis et al., 2005). 

1.2.2. La hiponatremia y la generación de edema celular cerebral hiposmótico 

 
 El edema cerebral es una condición asociada a numerosas patologías, con 

consecuencias clínicas frecuentemente más graves que la propia patología de origen; el 

edema cerebral hiposmótico ocurre principalmente durante el curso de hiponatremia 

aguda. La hiponatremia se define como una reducción en la concentración de Na+ en el 

suero de un valor normal de 145 a 136 mEq/litro y dado que el Na+ es el elemento más 

abundante en el plasma de los animales terrestres, una disminución en su concentración 

se traduce inmediatamente en un decremento de la osmolaridad plasmática. La 

disminución en la concentración de Na+ puede deberse a una retención o exceso de agua 

en el plasma que origine su dilución, o porque se reduzcan directamente los niveles de 

sodio sérico. La retención de agua ocurre bajo diversas patologías como insuficiencia renal 

o cardiaca, así como por una secreción inadecuada de la hormona antidiurética; un exceso 

de agua por su parte, puede deberse a una ingesta rápida y excesiva de agua que 

sobrepase la capacidad renal, tal como ocurre durante la polidipsia psicótica. Por otra 

parte, un decremento en el Na+ sérico ocurre generalmente debido a una pérdida excesiva 
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de Na+, en respuesta a una deficiencia en mineralocorticoides, durante episodios de 

diarrea o vómito severo o de quemaduras extensas, así como durante pruebas de 

resistencia física extrema. El síndrome nefrótico, una severa disfunción renal, lleva también 

a hiponatremia; se presenta en el contexto de una variedad de enfermedades primarias y 

sistémicas, tales como diabetes, lupus eritematoso, y en ciertas neoplasias (Pasantes-

Morales et al., 2002b). 

1.2.3. La isquemia y la generación de edema celular cerebral isosmótico 

  

 La isquemia cerebral es una patología que induce hinchamiento celular en 

condiciones isosmóticas, es decir, ocurre sin la alteración de la osmolaridad plasmática; se 

presenta cuando hay una reducción o interrupción en el flujo sanguíneo que impide a las 

células nerviosas recibir un correcto suministro de oxigeno y glucosa, sus principales 

elementos metabólicos. Esto se traduce inmediatamente en una falla energética celular, ya 

que la alta tasa metabólica del cerebro y la baja capacidad de almacenamiento y síntesis 

de sustratos, requiere de su aporte constante a través de un elevado flujo sanguíneo. La 

disminución en los niveles de ATP origina el arresto de la ATPasa Na+/K+ y el colapso 

progresivo de los gradientes iónicos transmembranales; esta situación, provoca la 

despolarización generalizada de las células que eleva los niveles de K+
e. Como ya se 

describió anteriormente, el aumento en los niveles de K+ extracelular propicia su 

acumulación excesiva en astrocitos induciendo un aumento en su volumen; se ha 

reportado el incremento de la actividad funcional del NKCC1, así como, su expresión bajo 

condiciones de isquemia. Además, la magnitud del edema celular disminuye en presencia 

de su bloqueador bumetanida o en ratones knockout para el NKCC1 (Su et al., 2002a; 

Chen y Swanson, 2003; Jayakumar y Norenberg, 2010). 

 Paralelo al incremento de K+ extracelular, durante la isquemia se presenta un 

aumento en la concentración de glutamato debido a que su remoción del espacio 

extracelular, a cargo principalmente de los astrocitos, depende del funcionamiento de 

transportadores acoplados al gradiente de Na+. Y dado que la isquemia propicia la 

inversión del gradiente de Na+ por la alta despolarización y el arresto de la ATPasa Na+/K+, 

bajo esta situación, el transportador no solo falla en remover el glutamato extracelular sino 

que contribuye a su salida desde dentro de la célula por su operación en reversa (Gamba, 

2005). Otra vía que colabora a la elevación nociva de la concentración extracelular de 

glutamato es la activada por el incremento en el volumen celular, ya que el glutamato es 

uno de los osmolitos que la célula moviliza como parte del proceso activo de la regulación 

del volumen celular. Estas elevadas concentraciones de glutamato eventualmente disparan 

la cascada excitotóxica que consiste en la sobreexcitación de los receptores ionotrópicos a 

glutamato, principalmente el receptor de tipo NMDA, con la consecuente entrada masiva 
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de calcio a la célula y la activación de diversas rutas enzimáticas que participan en la 

muerte neuronal como proteasas, lipasas, endonucleasas y especies reactivas de oxígeno 

(Camacho y Massieu, 2006; Rossi et al., 2007). A este nivel cualquier otro elemento que 

promueva la liberación de glutamato será responsable de una exacerbación del daño 

excitotóxico. 

 

1.3. Modulación del decremento regulador del volumen por Receptores Acoplados a 

Proteínas G (GPCRs) 

 Los receptores acoplados a proteínas G (GPCRs) constituyen la más grande y 

diversa superfamilia de receptores membranales, su mecanismo de transducción clásico 

se inicia con el cambio conformacional que induce la unión extracelular de su ligando y 

promueve la activación de las proteínas G heterotriméricas a las que se encuentra 

asociado en la parte intracelular. Las proteínas G son un complejo de tres subunidades α, 

β y γ que al activarse se disocian en α y el complejo βγ, pudiendo cada uno activar a su 

vez moléculas efectoras específicas. Existen varias isoformas de proteínas Gα y 

dependiendo del subtipo al que se encuentre asociado el receptor, es la vía de 

señalización que desencadena (Marinissen y Gutkind, 2001).  

 La primera evidencia que mostró un papel para los GPCRs dentro de la 

osmoregulación fue reportada por Bender y colaboradores (1993) quienes describieron, 

que cultivos primarios de astrocitos expuestos a una condición hiposmótica, conseguían 

recuperar su volumen más rápidamente en presencia de ligandos de GPCRs como 

endotelina o norepinefrina (Bender et al., 1993). Algunas evidencias indirectas, 

posteriormente descritas, apuntaron fuertemente a que la participación de GPCRs podía 

estar mediada en parte, a través de su conocida capacidad de inducir la movilización 

intracelular de calcio; entre estas, Cardin y colaboradores (2003) mostraron que, al generar 

un aumento en los niveles de calcio intracelular mediante el uso del ionóforo de Ca2+ 

ionomicina durante la hiposmolaridad, se observa un aumento prominente de la salida 

osmosensible de taurina y la tasa de recuperación de su volumen original también se ve 

significativamente incrementada. El trabajo de Cardin, postuló al Ca2+ como un elemento 

potenciador de la respuesta dirigida por los mecanismos del DRV ante la hiposmolaridad, 

esto debido a que el efecto es únicamente observable cuando el incremento en calcio 

coexiste con un estímulo hiposmótico, no así cuando es aplicado en condiciones 

isosmóticas (Cardin et al., 2003). Aunado a esto, el hecho de que la mayor parte de las 

células lleven a cabo el DRV de manera independiente de Ca2+ (como se menciona en la 

sección de Osmotransducción) y que por otra parte el aumento en calcio mimetizado por el 

ionóforo tenga un efecto potenciador sobre la salida de osmolitos activada por volumen 
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planteó la posibilidad de que es la elevación de calcio, por encima de los niveles 

alcanzados durante hiposmolaridad, la que adquiere un papel modulador de las respuestas 

del DRV. 

 Estudios posteriores mostraron la habilidad de distintos agonistas de GPCR para 

inducir el fenómeno de potenciación en cultivos de la línea de fibroblastos Swiss 3T3. 

Franco y colaboradores (2004) mostraron que la adición de ATP al estímulo hiposmótico 

induce una potenciación de la salida de taurina mediada por los receptores purinérgicos 

metabotrópicos P2Y; la respuesta, parcialmente dependiente de la liberación intracelular 

de Ca2+, está mediada por las moléculas de señalización PI3K y CaMKII (Franco et al., 

2004b). En una investigación, que marca el antecedente directo del presente estudio, 

Vázquez-Juárez y colaboradores mostramos que la trombina ejerce un efecto similar, de 

potenciación de la liberación de taurina, así como de la corriente de Cl- activada por 

volumen y acelera la tasa a la que las células recuperan su volumen; la vía se señalización 

caracterizada en este estudio involucra la activación del receptor PAR-1 por la trombina y 

la participación de una vía mediada por calcio y una vía independiente de calcio que 

incluye la transactivación del receptor EGFR mediada por la cinasa citosolica c-src 

(Vazquez-Juarez et al., 2008b). 

 

1.4. Trombina y receptores activados por proteasas (PARs) 

1.4.1. Estructura de la trombina 

 
 La trombina (EC 3.4.21.5) es una enzima proteolítica de la familia de las serina 

proteasas, denominadas así por la presencia de una serina en el sitio activo que resulta 

esencial para la hidrólisis del enlace peptídico. Se sintetiza en el hígado en forma de su 

zimógeno protrombina y desde ahí es liberada hacia el plasma sanguíneo; su forma activa 

se genera en respuesta al daño del tejido vascular y en presencia de los factores Xa, Va, 

calcio y fosfolípidos de membrana.  

 A nivel de estructura esta proteasa de 37 kDa está constituida por dos cadenas 

peptídicas, la ligera A de 49 aa y la pesada B de 259 aa, unidas a través de un puente 

disulfuro; esta última aloja el sitio catalítico y los dos exositios que modulan su interacción 

con el sustrato. Los estudios cristalográficos indican que la trombina tiene una estructura 

globular elipsoidal y que el sitio activo se encuentra dentro de una hendidura angosta y 

pronunciada lo que le brinda especificidad (Stubbs y Bode, 1995; Grand et al., 1996). 

 Tradicionalmente se ha conocido a la trombina por su papel central en el proceso 

de coagulación sanguínea, ya que cataliza la conversión del fibrinógeno circulante en 

monómeros de fibrina insoluble que al polimerizarse conforman la matriz fibrosa del 

coágulo sanguíneo (Coughlin, 2000); sin embargo, actualmente se sabe que es una 
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enzima multifuncional que además de participar en la hemostasis, es capaz de inducir una 

diversidad de respuestas celulares mediante la señalización a través de los receptores 

activados por proteasas (PARs; Proteinase-Activated Receptors) (Grand et al., 1996; 

Coughlin, 2005).  

1.4.2. Receptores activados por proteasas 

 
 Los PARs son una familia de receptores perteneciente a la superfamilia de GPCRs. 

Hasta el momento se han descrito cuatro miembros de la familia: del PAR-1 al 4, 

denominados así de acuerdo al orden en que fueron clonados (Macfarlane et al., 2001).  

 El mecanismo de activación de los receptores PAR es peculiar, ya que a diferencia 

del común de receptores G que transducen en respuesta a la unión de un ligando soluble, 

los PARs se activan por la unión intramolecular de una secuencia peptídica que se 

encuentra encriptada en la región amino-terminal extracelular del propio receptor, la cual 

se expone mediante el corte proteolítico (Fig. 2); la trombina induce la activación de los 

miembros PAR-1 y -4, la activación del PAR-3 se encuentra bajo discusión y el PAR-2 se 

activa mediante el corte por otras serina proteasas, principalmente tripsina. (Coughlin, 

2000; Macfarlane et al., 2001; Hollenberg y Compton, 2002; Coughlin, 2005). El sitio de 

corte N-terminal y las secuencias de unión intramolecular son específicas para cada uno 

de los cuatro receptores; con base en esta característica se han desarrollado péptidos 

sintéticos que mimetizan las secuencias-ligando, lo cual ha sido una herramienta muy útil 

para el estudio específico de cada receptor PAR y para descartar otras múltiples acciones 

que las enzimas proteolíticas pudieran tener a nivel celular (Vu et al., 1991).  

 

 

Figura 2. Mecanismo único de activación de los receptores de la familia PAR. La 

activación se lleva a cabo mediante el corte proteolítico por la trombina que 

desenmascara una nueva secuencia amino-terminal. La unión intramolecular de esta 

secuencia a la segunda asa intracelular genera el cambio conformacional que inicia la 

señalización. Modificada de Coughlin, 2005. 

 

El prototipo de la familia PAR y más estudiado es el receptor PAR1. La isoforma 

humana está constituida por 425 aminoácidos y presenta en el extremo amino-terminal, 
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dos regiones de interacción con trombina, altamente conservadas entre los receptores de 

mamíferos. La primera región de interacción, interviene en el reconocimiento del sitio de 

corte del receptor humano por el dominio catalítico de la trombina (LDPR41↓S42FLLRN) y 

entre los residuos 50 al 55 se sitúa el dominio rico en residuos cargados (D50KYEPF55) 

que interacciona fuertemente con el exositio I de unión a aniones de la trombina; la 

presencia de este dominio explica la activación del receptor PAR-1 a bajas 

concentraciones de trombina (Nanevicz et al., 1995). 

 El PAR-3 presenta al igual que PAR-1, la región de interacción con el exositio de 

unión a aniones de la trombina; sin embargo, su corte proteolítico no inicia cascadas de 

señalización en murinos y parece insensible a la activación por el péptido sintético que 

mimetiza la secuencia amino-terminal expuesta tras del corte. Estas evidencias han llevado 

a proponer que el PAR-3 funciona más bien como un cofactor para la activación del 

receptor de baja afinidad PAR-4 el cual carece de sitios de interacción a exositios de la 

trombina. La hipótesis planteada sostiene que el PAR-3 interaccionaría con el dominio de 

unión a aniones de la trombina, estabilizando la enzima, lo que facilitaría la activación del 

PAR-4 (Nakanishi-Matsui et al., 2000; Hollenberg y Compton, 2002).  

1.4.3. Vías de señalización del PAR-1 

 
 El receptor PAR-1 induce una gran diversidad de respuestas celulares mediante su 

asociación con los subtipos de proteínas G heterotriméricas Gq (q), Gi (i), G12 (12) y G13 

(13). La vía clásica de cada subtipo se describe brevemente a continuación: la asociación 

del receptor a la proteína Gq/11 activa a la fosfolipasa C  (PLC) que conduce la catálisis 

de fosfatidilinositol-bifosfato (PIP2) de membrana en inositol-trifosfato (IP3) y diacilglicerol 

(DAG), el IP3 induce el aumento de los niveles de [Ca2+]i mediante la apertura de canales 

específicos en el retículo endoplásmico, el Ca2+ liberado junto con el DAG activan a las  

isoformas clásicas (,  y ) de la proteína  cinasa  C  (PKC)  (Babich et al., 1990; Hung et 

al., 1992). Por su parte la asociación de Gi, desencadena la inhibición de la producción de 

AMPc y con de G12/ G13 regula señales hacia citoesqueleto mediante la estimulación de la 

polimerización de actina y la formación de fibras de estrés (Hung et al., 1992; Buhl et al., 

1995; Kanthou et al., 1996; Gohla et al., 1999) (Fig. 3). 

 La señalización de los PAR se ve rápidamente concluida por mecanismos como la 

fosforilación en la región carboxilo terminal citoplásmica, mediada por la cinasa del 

receptor acoplado a proteínas G (GRK), la unión de proteínas adaptadoras como la β-

arrestina y la internalización del receptor dirigida predominantemente hacia lisosomas para 

su posterior degradación ya que dada su activación de naturaleza proteolítica, no puede 

ser reciclado (Hoxie et al., 1993; Ishii et al., 1994; Trejo, 2003). La rápida inactivación que 

muestran los receptores PARs induce la formación de una cantidad finita de segundos 
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mensajeros; de esta manera, la concentración que alcanzan los mensajeros dentro de la 

célula en un momento determinado, es proporcional a la tasa en que los receptores se 

proteolizan y activan, lo que les permite dirigir respuestas proporcionales a la 

concentración de trombina (Ishii et al., 1993; Coughlin, 2005). 

 

Figura 3. Vías de señalización activadas por el PAR1. Cascada abajo de la 

activación del receptor se encuentran las vías asociadas a Gαq, Gα12/13 y Gαi. 

Abreviaturas: PAR1, receptor activado por proteasas 1; PLCβ, fosfolipasa C β, PIP2, 

fosfatidilinositol 4,5-bifosfato; DAG, diacilglicerol; IP3, inositol trifosfato; PKC, proteína 

cinasa C; RhoGEFs, factores intercambiadores de nucleótidos de guanina para Rho; 

PI3K, fosfoinosítido-3 cinasa; R.E., retículo endoplásmico. Modificada de Coughlin, 

2005. 

 

1.5. Trombina y activación de PARs en el cerebro 
 

 La protrombina y su forma activa, al igual que muchas de las macromoléculas 

circulantes en la sangre, no atraviesan la barrera hematoencefálica (BHE) en condiciones 

fisiológicas; sin embargo, el cerebro posee los elementos necesarios para producir, activar 

y regular la función de la trombina endógenamente (Sokolova y Reiser, 2008).  

 Se ha detectado la presencia de protrombina y su RNAm en el bulbo olfatorio, la 

corteza, el cerebelo y en cultivos primarios de astroglía y de líneas celulares de sistema 
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nervioso de humano y rata (Deschepper et al., 1991; Dihanich et al., 1991; Weinstein et al., 

1995).  

 La amplia distribución tanto de la trombina como de los receptores PAR, sugiere 

abiertamente su papel como molécula local de señalización en el cerebro. Numerosos 

estudios han demostrado que los receptores PARs inducen una gran variedad de 

respuestas en el cerebro, aunque aún no es claro cuáles de estás ocurren de manera 

fisiológica. En diversos tipos neuronales y en astrocitos, se ha observado que la trombina 

modula cambios en la morfología celular, induce la retracción de neuritas y revierte la 

forma estrellada de los astrocitos a una morfología plana de tipo epitelial. En astrocitos 

induce además, la secreción del factor de crecimiento nervioso NGF y del vasoconstrictor 

endotelina-1 e interviene en señales de proliferación (Grand et al., 1996; Suidan et al., 

1996). 

 

1.5.1. Trombina y PARs en condiciones patológicas asociadas a edema cerebral 

 
 Las respuestas inducidas por trombina en el cerebro se mantienen altamente 

controladas a diferentes escalas, ya que existe una regulación tanto de los elementos 

responsables de la conversión de pro-trombina a trombina así como de la expresión de los 

receptores PAR; también, se ha detectado la presencia de inhibidores endógenos que 

mantienen los niveles de trombina activa en un estrecho margen. Sin embargo, se ha 

demostrado que este balance puede verse seriamente alterado en condiciones 

patológicas.  

 Está ampliamente documentada la participación de la trombina en situaciones de 

daño por isquemia, trauma craneano y episodios hemorrágicos. La trombina en estas 

patologías se encuentra en elevadas concentraciones debido al aumento en su expresión 

endógena (Riek-Burchardt et al., 2002; Hua et al., 2003; de Castro Ribeiro et al., 2006), 

mientras que los niveles de su proteína inhibidora PN-1 se mantienen normales (Riek-

Burchardt et al., 2002). La protrombina circulante en la sangre se encuentra en altas 

concentraciones (~1μM) y durante el transcurso de patologías como trauma craneano o 

isquemia, puede generarse una cantidad suficiente de trombina sistémica que 

potencialmente ingresará en el parénquima cerebral si se presentan alteraciones en la 

permeabilidad de la barrera hematoencefálica (BHE) (Ossovskaya y Bunnett, 2004; Keep 

et al., 2008). El aumento en la cantidad de trombina en el cerebro bajo condiciones 

patológicas puede generar la activación anormal de los receptores PAR con consecuencias 

lesivas, a este respecto, existe amplia evidencia del papel tóxico de la trombina el cerebro 

en patologías asociadas a el edema celular pero aún se desconocen los mecanismos de 

daño (Smith-Swintosky et al., 1995; Riek-Burchardt et al., 2002; Hua et al., 2003; de Castro 
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Ribeiro et al., 2006). 

En estudios con modelos in vivo de isquemia global e isquemia focal transitoria y 

permanente (Ohyama et al., 2001; Hua et al., 2003; Cuomo et al., 2007) y también en 

modelos in vitro que reproducen algunas de las características presentes en isquemia, 

como privación de glucosa y oxigeno (Smith-Swintosky et al., 1995; de Castro Ribeiro et 

al., 2006), se observó que la administración de inhibidores de trombina como el argatroban, 

la hirudina, la PN-1 y la antitrombina tiene efectos protectores, que desaparecen al agregar 

una cantidad equimolar de trombina; la administración exógena de trombina en estas 

condiciones tiene como consecuencia la exacerbación del daño. 

A nivel de receptores PAR, se ha descrito que bajo condiciones experimentales de 

isquemia severa in vitro (privación de oxígeno y glucosa) e isquemia focal transitoria o 

permanente in vivo se induce una sobreexpresión de los receptores PAR-1 y PAR-3 

(Striggow et al., 2001). La participación de los receptores PAR fue posteriormente 

confirmada mediante estudios con ratones knockout para el receptor PAR-1, ya que estos 

ratones presentan una disminución en volumen de infarto y en la muerte celular, con 

respecto a ratones control, tras la aplicación de un modelo de isquemia focal transitoria o 

un modelo de hipoxia/isquemia; los efectos observados en los ratones knockout fueron 

corroborados mediante el uso de fármacos antagonistas del PAR-1 (Junge et al., 2003; 

Olson et al., 2004).  
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2. PLANTEAMIENTO DEL PROBLEMA 

 
La regulación del volumen celular es el proceso que se activa en respuesta a una 

condición de aumento en volumen e involucra la salida activa de osmolitos intracelulares 

con la finalidad de recuperar el volumen original. Este proceso tiene una relevancia 

singular en el cerebro debido a que su fisiología es especialmente susceptible a las 

alteraciones que conlleva el edema, como son la disminución del espacio extracelular y la 

modificación de los niveles extracelulares de iones y neurotransmisores. Durante el edema 

cerebral son los astrocitos las células que aumentan su volumen y como parte del proceso 

de recuperación de volumen celular, liberan al espacio extracelular osmolitos 

potencialmente dañinos como el aminoácido glutamato, que al ser el principal 

neurotransmisor excitador debe mantenerse en niveles controlados en el espacio 

extracelular, ya que su presencia en exceso induce la sobreactivación de sus receptores 

ionotrópicos y da origen a la cascada excitotóxica que conduce a la muerte neuronal. A 

este nivel cualquier otro elemento que promueva la liberación de glutamato será 

responsable de una exacerbación del daño excitotóxico.  

Se ha demostrado que la adición de trombina conjunta a un estímulo hiposmótico 

en fibroblastos Swiss 3T3 tiene un efecto potenciador sobre los mecanismos efectores del 

DRV como la liberación de osmolitos orgánicos. El papel tóxico que presenta una elevada 

concentración de trombina en el cerebro ha sido descrito en varios estudios pero aún se 

desconoce el mecanismo responsable del daño; la trombina puede aumentar su 

concentración en el cerebro durante el curso de patologías en las que se compromete el 

correcto funcionamiento de la barrera hematoencefálica, algunas de estas patologías se 

encuentran  asociadas a edema cerebral. Este conjunto de elementos conducen a  

plantear si ¿La trombina tiene un efecto potenciador de la liberación de glutamato como 

osmolito en condiciones de aumento en volumen? y ¿Cuáles son los elementos 

involucrados en este efecto? 
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3. HIPÓTESIS 
 
La trombina tiene un efecto potenciador sobre la movilización de los osmolitos glutamato y 

taurina que ocurre en astrocitos como respuesta a condiciones de aumento en volumen 

celular. El efecto por trombina estaría mediado a través de la señalización intracelular de 

calcio, posterior a la activación de algún miembro de la familia de receptores activados por 

proteasas PAR, y posiblemente también involucra la activación de proteínas con actividad 

de cinasa de residuos de tirosina. 

 

4. OBJETIVO GENERAL 

Investigar si en astrocitos bajo condiciones de aumento en volumen, la trombina mediante 

la activación de receptores PAR y la movilización intracelular de calcio genera una 

potenciación de la movilización de los osmolitos orgánicos glutamato y taurina. 

 

Objetivos específicos 

 

4.1. Trombina y edema hiposmótico 
 

 Examinar el efecto de la trombina sobre la movilización del glutamato y taurina 

inducida bajo condiciones de hinchamiento hiposmótico en astrocitos. 

 Identificar la vía de movilización que modula la trombina. 

 Examinar posibles moléculas de señalización involucradas en el efecto de la 

trombina incluyendo inicialmente: 

1. Participación de receptores PAR 

2. Activación de vías de movilización de Ca2+
i, 

 Determinar la interacción de estas vías con otras moléculas de señalización 

activadas por hiposmolaridad como proteínas con actividad cinasa de tirosina. 

4.2. Trombina y edema isosmótico 

 
Investigar la potenciación de la liberación del glutamato y taurina por trombina bajo un 

modelo de aumento en volumen en condiciones isosmóticas por perturbación de la 

homeostasis del K+
 extracelular en astrocitos. 

 Examinar las características de la potenciación, haciendo un análisis comparativo 

con la condición hiposmótica. 

 Identificar la participación de receptores PAR y el papel de la movilización de calcio 

intracelular. 
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5. RESULTADOS 

 

Los resultados de esta tesis doctoral se presentan en tres partes; la primera parte muestra 

los datos del efecto que induce la presencia trombina en la salida de glutamato estimulada 

por un aumento en volumen de carácter hiposmótico en astrocitos. Estos resultados están 

publicados en el artículo: Ramos-Mandujano G, Vazquez-Juarez E, Hernandez-Benitez R, 

Pasantes-Morales H. 2007. Thrombin potently enhances swelling-sensitive glutamate efflux 

from cultured astrocytes. Glia 55(9):917-925. 

 

La segunda parte abarca la investigación enfocada a esclarecer las vías de 

señalización que participan durante la potenciación por trombina de la movilización de 

taurina y glutamato estimulada por hiposmolaridad; así como la posible participación de 

proteínas con actividad de cinasa de tirosinas. Estos resultados se encuentran publicados 

en el artículo: Cruz-Rangel S, Hernandez-Benitez R, Vazquez-Juarez E, Lopez-Dominguez 

A, Pasantes-Morales H. (2008). Potentiation by thrombin of hyposmotic glutamate and 

taurine efflux from cultured astrocytes: signalling chains. Neurochem Res 33(8):1518-1524. 

 

La tercera parte comprende el estudio del efecto de la trombina sobre la 

movilización de osmolitos inducida por un modelo de aumento en volumen isosmótico; este 

modelo se basa en la presencia de una elevada concentración de K+ extracelular, una 

característica presente en patologías como la isquemia. Los resultados correspondientes a 

esta parte se encuentran publicados en el artículo: Vazquez-Juarez E, Hernandez-Benitez 

R, Lopez-Dominguez A, Pasantes-Morales H. (2009). Thrombin potentiates d-aspartate 

efflux from cultured astrocytes under conditions of K homeostasis disruption. J Neurochem. 

111(6):1398-1408. 

 

 La cuarta parte incluye algunos resultados no publicados acerca de los elementos 

de señalización involucrados en la potenciación por trombina bajo el modelo de aumento 

en volumen isosmótico. Estos resultados se corresponden con la vía de señalización 

hallada para la potenciación por trombina bajo condiciones de aumento en volumen 

hiposmótico. 
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5.1. PRIMERA PARTE. 
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Thrombin Potently Enhances Swelling-Sensitive 
Glutamate Efflux from Cultured Astrocytes 
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ABSTRAeT 
High concentrations of thrombin (Thr) have been linked to 
neuronal damage in cerebral ischemia and traumatic brain 
injury. In the present study we found that Thr markedly 
enhanced swelling-activated efflux of 3H-glutamate from cul
tured astrocytes exposed to hyposmotic mediurn. Thr (0.5--5 
U/roL) elicited small 3H-glutamate effiux under isosmot ic 
conditions and increased the hyposmotic glutamate efflux by 
5- to 10-fold , the maximum effect being observed at 15% 
osmolarity reduction. These Thr effects involve ¡ts protease 
activity and are fulIy mimicked by SFFLRN, the synthetic 
peptide activating protease-activated receptor-lo Thr poten
tiation of 3H-glutamate effl ux was largely dependent on a 
Thr-elicited increases in cytosolic Ca2+ (Ca2+ ¡) concentration 
([Ca2+]i)' Preventing Ca2+i r ise by treatment with EGTA-AM 
or with the phospholipase C blocker U73122 reduced the 
Thr-increased glutamate efflux by 68%. The protein kinase C 
blockers G06976 or chelerythrine reduced the Thr effect by 
19%-22%, while Ca/calmodulin blocker W7 caused a 63% in
hibition. In addit ion to this Ca2 + -sensitive pathway, Thr 
efTect on glutamate effiux also involved activation of phos
phoinositide-3 kinase (PI3K), since it was reduced by the 
PI3K inhibitor wortmannin (51% inhibition). Treating cells 
with EGTA-AM plus wortrnannin essentially abolished Thr
dependent glutamate efflux. Thr-activated glutamate release 
was potently inhibited by the blockers of the volume-sensi
tive anion permeability pathway, NPPB (IC5o 15.8 11M), 
DCPfB (lCso 4.2 11M), and tamoxifen (ICso 6.6 llM). These 
results suggest that Thr may contribute to the excitotoxic 
neuronal injury by elevating extracellular gluta mate release 
from glial cells . Therefore, this work may aid in search of 
neuroprotective strategies for treating cerebral ischemia and 
brain t rauma. Cl 2oo7 Wiley-Liss, Ine. 

INTRODUC TION 

Excitotoxicity is linked to a number of brain injuring 
situations, inc1uding ischemia and hemorrhagic or trau
matic episodes (Won et aL, 2002; Xi et aL , 2002). In is
chemia, neuronal death in th e perifocal area occurs by a 
sustained increase in extracellular glutamate levels, 
generated by the combined effects of swelling-evoked re
lease, excessive depolarization, and the impaired opera
tion of the Na + -dependent carrier, this later resulting 
from the energy failure and dissipation of the trans-

0 2007 Wiley·Liss, Ine. 

membrane Na+ gradient (Won et al., 2002). Under these 
conditions, any additional factor enhancing glutamate 
effiux from brain cells will exacerbate the excitotoxic 
damage. The purpose of the present s tudy is to investi 
gate whether thrombin (Thr) might be one of these fac
torso Thr is present in brain during primary cerebral 
hemorrhages, or after the blood brain barrier disruption 
in tr auma episodes. Increasing evidence relates Thr to 
bra in injury after cerebral ischemia, as later discussed 
in detail (De Castro Ribeiro et al., 2006; Xi et aL, 2003)_ 
Thr a lso seems to be involved in the neurological compli
cations in HIV (Boven et al., 2003) and it is found accu
mulated in the senile plaques of the Alzheimer brain 
(Akiyama et aL, 1992). Cell responses to Thr occur via 
the protease-activated receptors (PAR) 1,3, and 4 (Junge 
et aL, 2004). These receptors are coupled to members of 
the G-protein families particula rly Gq, Gi, and G 12/13, 
and through this interaction Thr eli cits a variety of 
downstream signaling chains (Coughlin , 2000). The link 
of Thr with glutamate effiux here investigated, is based 
on recent reports showing th at ligand activation of G
protein coupled receptors (GPCR) potentiates the swel
ling-evoked effiux of amino acids such as taurine and 
glutamate, which in a variety of cells including brain 
cells, a re acting as osmolytes. Activation of purinergic 
receptors, cholinergic muscarinic receptors, and lysopho
sphatidic acid receptors enha nces the volume-sensitive 
efflux of glutamate (D-aspartate) and taurine (Cheema 
et al. , 2005; Franco et aL, 2004; Heacock et al. , 2006; 
Mongin and Kimelberg, 2005). 

Depending upon ¡ts levels in brain, Thr may exert 
neuroprotective properties at low concentra tions (Pike 
et a l. , 1996; Striggow et al., 2000), or an injuring effect 
at high concentration (Xi et al. , 2003). Subnanomolar 
concentrations of Thr potentiates the swelling-induced 
taurine release and this mechanism may contribute to 
Thr neuroprotection (Cheema et a l. , 2005). In contrast, 
high levels of Thr in brain are recognized as a condition 
contributing to neuronal death in i schemia, intracerebral 
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h emorrhage, and trauma (De Castro Ribeiro et al., 2006; 
Xi et aL, 2003). A common feature of these pathologies 
is astrocyte swelling, derived from multiple factors such 
as lactacidosis, arachidonic acid accurnulation , K+ trans
port, and glutamate uptake, a11 of them activated in is
chemia and trauma (Kimelberg, 2005). Consequently, if 
Thr potentiates glutamate efflux from swollen astro
cytes, it will contribute tú exacerbate excitotoxicity and 
may he a key factor aggravating braio injury. In the 
present study we found a strong effect of Thr, at concen
trations present in injuring conditions in brain, inducing 
glutamate efflux and increasing its release from astro
cytes swollen by exposure to hyposmolarity. The Thr 
effects on glutamate efflux a re suppressed by blockers of 
the volume-sensitive anion channel (VSAC). 

MATERlALS AND METRODS 
Materia ls 

Basal medium Eagle, fetal bovine serum and Fura-2 
were from Invitrogen, Eugene, OR. Thrombin (Thr) was 
from Vital Products Boynton Beach, FL. W7-HCI, che
lerythrine chloride, G06976, EGTA-AM, were from 
Calbiochem-Novabiochem Corp. (San Diego, CA). DCPIB 
(4-[(2-B u ty 1-6, 7 -di ch loro-2-cyc lopen ty 1-2 ,3-di h yd ro-1-oxo
lH-inden-5-yl)oxy]butanoic acid) was from TOCRIS. D

[2,3-3H] aspartic acid and L-[G-3H] glutamic acid were 
from New England Nuclear (Boston, MA). Thr from 
h uman plasma, NPPB (5-Nitro-2-(3-phenylpropyl-amino)
benzoic acid), tamoxifen, niflumic acid, DIDS (4,4/-Dii
sothiocyanato-stilbene-2,2/-disulfonic acid), U73122, PPACK 
and the synthetic peptides SFFLRN and GYPGKF were 
from Sigma Chemical (St. Louis, MO). All salts for prepara
tion of medium solutions were from Merck (Darmstadt, 
Germany). 

Cell Cultures a nd Solutions 

Primary cultures of astrocytes were obtained from 8-
day-old rat cerebella. Dissociated cell suspensions were 
plated at 2.1 x 104 cells/cm2 density in plastic dishes, 
with Basal medium Eagle, 10% heat-inactivated fetal bo
vine serum, 2 mM glutamine, 50 U/mI penicillin , and 50 
l1g/mL streptomycin, and incubated at 37°C in humidi
fi ed 5% CO2/95% air atmosphere. Cells were used after 
2-3 weeks in culture. Isosmotic medium contained (in 
mM): 135 NaCl, 5 KCl, 1.7 KH2P04 • 1.17 MgS04 , 1 
CaC!" 10 glucose and 10 REPES, pH 7.4 (300 mOsm). 
Hyposmotic solutions (7.5, 15, and 30% reduction) were 
prepared reducing NaCl. Osrnolarity was verified in a 
freezing point osmometer. 

3H-Glutamate Release Experiments 

Astrocytes preloaded 1 h with 3H-glutamic acid (0.075 ~Ci/ 
mL) in isosmotic medium were wash ed, and superfused 
at 1 mUmin for 5 min to reach a stable efflux baseline. 

OLlA DOI lO.lOO2lglia 

Then the isosmotic medium was replaced with the ex
perimental medium and samples were collected for 
8 mino Radioactivity collected every min and that 
remaining in cells was measured in a liquid scintillation 
counter. Results are expressed as radioactivity released 
per minute as percentage of th e total radioactivity incor
porated during loading. 

Determination of Changes in [Ca2 +]¡ 

[Ca2 +]¡ was determined using fura-2/AM in astrocytes 
cultured on rectangular cover-glasses in plastic dishes (60 
mm), as previously described (Franco et al. , 2004). Fluo
rescence was estimated in a Fluoromax-3 Horiba lumines
cence spectrometer. Excitation wavelength was alternated 
between 340 and 380 nm and fluorescence intensity was 
monitored at 510 nm. Fluorescence was measured under 
isosmotic conditions until the baseline was stable and 
then medium was made hyposmolar by addition of the 
appropriate volume of distilled water. Values were used to 
calculate the ratio of fluorescence intensity (fluorescence 
at 340 nmlfluorescence at 380 nm). 

Statistical Analysis 

All data are given as means ::!:: SEM. Statistical signif
icance was determined using analysis of variance 
(ANOVA) followed by Tukey's test. Statistically signifi
cant differences were consider ed at *P < 0.01, lf < 
0.05. 

RESULTS 
Thrombin Markedly Incr eases the Hyposmotic 

Efflux of 3H-Gluta m ate from Cultured Astrocytes 

A 30% reduction in osmolarity increased 3H-glutamate 
effiux from cultured astrocytes from 0.5% (of total accu
mulated radioactivity) in isosmotic conditions, to 1.86% 
at th e peak release, reach ed 2- 3 min after the stimulus. 
The net release of labeled glutamate, i.e. hyposmotic 
release minus isosmotic release was 4.6% (Figs. 1A,B). 
Addition of Thr (5 U/mL) markedly stimulated th e 
hyposmotic glutamate effiux, increasing the peak release 
to 8.6% and the net release to 23.3%, i.e., a 5-fold 
increase over release in the absence of Thr (Figs. 1A,B). 
Thr-induced increase was observed in a range of 7.5% to 
30% hyposmotic conditions, with maximal potentiation 
at 15% (Fig. lB). Thr a lso slightly increased glutamate 
effiux in isosmotic condi t ions (Fig. lB). Thr effect was 
concentration-dependent, with maximal effect at 20 nM 
(O. lU/mL). No further increase was observed at higher 
concentrations, up to 1 ~tM (5 U/mL) (Fig. 1C). All these 
experiments were made using 3H -glutamate as cell glu
tamate tracer, but this effiux may be underestimated if 
glutamate is metabolized to glutamine and other com
pounds not responding as osmolytes. Thr effect was then 
examined in cells loaded with 3H -o-aspartate, a non 
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metabolizable analogue of glutamate. o-aspartate effiux 
in 30% hyposmotic medium was 5.3% (±0.6S; n = 6) 
and 32.8% (± 38; n = 6) in 30% hyposmotic plus Thr, i. e. 
6-foId higher than the control in the absence of Thr. 

Commercial-grade bovine plasma-derived Thr (166 UI 
mg protein) was used throughout the present study but 
since a recent r eport (Weinstein et al., 2005) showed dif
ferences in microglial cell responses between bovine
derived or low activity Thr and the recombinant human 
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Thr of high activity (3490 U/mg), we compared the 
etfects of bovine-pIasma derived Thr of 166 U/mg and 
the human plasma-derived Thr of ;::: 2000 U/mg. At the 
same activity, the effect of the two Thr preparations on 
glutamate effiux was identical (results not shown). 

Thr effect increasing hyposmotic glutamate effi ux may 
result from a receptor-mediated protease action. This 
was confirmed by the abolishment of Thr effect by pre
treatment with the protease inhibitor PPACK (Fig. 2). 
Thr effects may occur through the PAR. The subtypes 
PAR-1, PAR-3, and PAR-4 are Thr receptors, and 
their activation initiates Thr signaling cascades. Using 
the PAR-activating synthetic peptides SFFLRN and 
GYPGKF for PAR-1 and PAR-4, r espectiveIy, we aimed 
to investigate whether Thr effect increasing hyposmotic 
glutamate efflux is a receptor-mediated action. Figure 3A 
shows a concentration-response cur ve of SFFLRN ef
fects. At 2-I1M the peptide significantly increased gluta
mate effiux and at 5- 10 pM the agonist fully mimicked 
the effect of Thr. The PAR-4-activating peptide GYPGKF 
at much higher concentration (50 /lM) on!y increased 
glutamate efflux to a level corresponding to 3% of the 
Thr effect (Fig. 3B). These results suggest an efTect of 
Thr increasing glutamate effiux by protease-mediated 
actioo esseotially via the PAR-! subtype. 

Ca2 + Signaling in the Effect of Thr 
on Gluta ma te Efflux 

Hyposmolarity leads consistently to [Ca2+J¡, increase 
whose magnitude and source are cell specific (Pasantes
Morales and Morales-Mulia , 2000). In cerebellar astro
cytes, 30% hyposmo!arity elicited onIy a small ¡ncrease in 
[Ca2 +]¡ (Fig. 4). Thr in contrast, confirming its effect in 
numerous cell types, elicited a much higher [Ca2+J¡ rise. 
The source of this [Ca2 +]¡ rise was investigated treating 
cells with Ca2 + -free medium (plus 0.1 mM EGTA) to 
evaluate the extracellular Ca2+ contribution , or with 
ionomicin to deplete all internal stores. Both, external 
and interna! sources contribute with about 50% to the 
Thr effect elevating Ca2 + (Fig. 4). Thr-induced [Ca2 + ]¡ 

rise seems mediated by PAR-! as shown by the effect of 
SFFLRN reproducing fully the Thr effect (Fig. 4). 

Fig. 1. Effect of thrombin (Thr) increasing the hyposmotic effiux of 
3H-glutamaw from cultured cerebellar astrocytes. A: Time course of aH _ 
glutamate effiux evokcd by a 30% rcduction of external osmolarity and 
the potentiation by Thr (5 U/mL). Astrocytes preloaded with 3H-gluta
maw were superfused (1 mUmin) with isosmotic medium during 5 
min, a nd then (arrow) 8 min with 30% hyposmotic medium (O) or with 
hyposmotic mcdium plus Thr (e ). Points reprcscnt thc radioactivity 
released at each fraction, expressed as percentage of total radioactivity 
accumulated during loading. B: Effect of Thr increasing glutamate 
effiux in isosmotic or hyposmotic (7.5, 15, and 30%) conditions. Bars 
represent 3H·glutamate released in the five main fractions of t he peak 
minus five fractions of the release in isosmotic conditions (net release) . 
Dashed bars: Thr 5 UlmL, empty bars: no Thr added. C: EfTect of 
increasing concentrations of Thr (0.005-5 UlmLl on hyposmotic (30%) 
3H_glutamaw effiux. Points represent net 3H _glutamaw release as 
above described. Resul ts are means :t SE of ~ experiments. Signifi
cantly different from controls in the absence of Thr *p < 0.01; P < 
0.05. 
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Pig. 2. EfTect of Thr treatment with the protense inhibitor PPACK 
on hyposmotic 3H _glutamate efflux . A: Thr was preicubated (30 min) 
with the protease inhibiwr PPACK (1 11M) and the assay proceeded as 
in Pig. 1. B: Bara represent net 3H-glutamate release as described in 
Pig. 1. Rcsults are menns :': SE of 4 expcriments. Significantly different 
from the control in the absence of the protease blocker *P < 0.01. 

The Thr-increased hyposmotic 3H -glutamate effiux 
from astrocytes was strongly Ca2 + -dependent. Figure 5 
shows a 68% glutamate effiux reduction in cells treated 
with 25 11M EGTA-Al\Il in Ca2+ -free medium. Rernoval of 
extracellular Ca2 + CCa2 + -free medium plus 0.1 mM 
EGTA) decreased 32% glutamate effiux. The [Ca2+]¡ 
dependent fraction of Thr-increased glutamate efflux 
importantly involved phospholipase C (PLC). since its 
blockade with U73122 inhibited the release by 64% 
(Figs. SA,B) (Table 1). These results stress the participa
tion of a PLC-dependent Ca2

\ pool in the effect of Thr 
on the hyposmotic glutamate effiux. In the absence of 
Thr glutamate effiux was also markedly Ca2+ -and PLC
dependent (Table 1). 

The influence on glutamate efflux of signaling ele
ments activated downstream [Ca2+]¡ increase such as 
protein kinase C (PKC) and calmodulin protein CCaM) 
were next examined. The general PKC blocker cheler
ythrine (2.5 pM) 22% reduced the Thr-increased gluta
mate effiux and the Ca2 + -dependent PKC isoform 
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Fig. 3, EfTcct of thc PAR l and PAR·4·activating synthctic pcptidcs 
SFFLRN and GYPGKF increasing hyposmotic 3H-glutamate efHux. A: 
Effect of increasing concentrations of SFFLRN O-50 flM ) on 3H _gluta_ 
mate effiux. B : Comparison of the effects of Thr and of SFFLRN (5 flM) 
or GYPGKF (50 flM) enhancing 3H-glutamatc cfHux. Experimental 
assay and results as in Fig. 1. Means ::!: SE of 3-5 experiments. Signifi
cantly difTerent from controls in the absence of the agonists *p < 0.01. 

blocker Gü6976 (1- 10 11M) reduced it 19% (Fig. SC). In
hibition of CaM with W7 reduced glutamate effiux in 
the presence of Thr by 66% (Fig. SC). The hyposmotic 
glutamate efflux in the absence of Thr was similarly 
afTected by these blockers (Table 1). 

Involvement of P hosph oinosi tid e-3 Kinase 

Stimulation of GPCR, particularly of the G 12/13 types, 
is known to activate phosphoinositide-3 kinase (PI3K), 
likely via the dissociated G-protein 13')' subunits. (Brock 
et al, 2003). The hyposmotic effiux of taurine (Cardin 
et aL, 2003) is sensitive to PI3K inhibition. Similarly, 
Thr-increased glutamate efflux was 51% reduced by the 
PI3K blocker wortmannin (Fig. 6). PI3K inftuences the 
Thr-enhanced glutamate efflux by a Ca2 + -independent 
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Fig. 4. Changes in lCa2+ 1i elicited by, hyposmolarity and by hypos
molari ty plus thrombin or SFFLRN. rCau ]; was measured with rura-2/ 
AM, as dctailcd in Methods. A: Increase in rCa2+1i cvokcd by hyposmo
tic conditions in absence (O) or presence Ce ) of thrombin 5 U/mL or 
(A) SFFLRN 5 11M. EfTects 0[: (O) Ca2+ -free medium plus 0.1 mM 
EGTA, (. ) 25 )IM EGTA-AM, or (O) trcatmcnt with 1 )IM ionomycin (5 
min ) in externa! Cah -free conditions. Results expressed as ratio of fluo
rescence intensity (340/360 nm). B : Quantification of the peak Ca2 + 
response in the indicated conditions. Results correspond to the peak 
value minus the basal value for each condition. Significantly different 
from the 30% hyposmotic control condition "P < 0.01. Significantly dif
fere nt from the Thr condition " p < 0.01. 

mechanism, since when wortmannin and a Ca2+ -free 
condi tion were tested together, showed mostly addi tive 
effeets and this treatment essentially suppressed gluta
mate effiux (93% inhibition) (Fig. 6). 

Thr-Increased Glutamate Efflux Occu rs Tb rou gh 
th e Volume-Sen s it ive Anion P ath way 

Thr-increased glutamate effiux from astrocytes occurs 
through the effiux pathway typieally sensitive to the 
VSAC bloekers. NPPB, tamoxifen, and DCPIB showed a 
strong effect reducing the Thr-stimulated glutamate 
effiux, with ICso of 15.8, 4.2, and 6.6 ~M, for NPPB, 
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Fig. 5. Ca2+ signaling in the hyposmotic plus Th r 3H-glutarnate 
effiux. A: Effect of externa! CaH ornission (. ) or of t reatment with 
EGTA-AM (25 flM ) (e ) or U73122 (5 ~IM) C.A.). Astrocyte loading and 
supcrfusion assay as dcscribcd in Fig. 1. Thc Ca2 +-frcc-rncdium con
tained 0.1 mM EGTA. B: Bars represent data fro rn A expressed as net 
release as in Fig. 1. C: Effect of W7 (50 ~IM ), Gó6976 (1 flM), or cheler
ythrine (2.5 llM), on 3H-glutamate effiux. Bars are net release as 
defined in Fig. 1. Cells were preincubated with the inhibitors during 20 
min and the drugs were present in the media throughout the experi
mento Control bar corresponds to the hyposmotic pl us Thr net gluta
mate release without any treatment. Means = SE of 3--8 experiments. 
"P < 0.01; P < 0.05. 

DPCIB, and tamoxifen, respectively (Fig. 7). DIDS 50 
~M and niflumie aeid (500 ~M) redueed it 80%-84% (Ta
ble 1). As expected, the hyposmotic glutamate effiux in 
the absence of Thr was also markedly sensitive to all 
these bloekers (700/0-100% inhibition) (Table 1). The 
Thr-elicited glutamate effiux in isosmotic conditions was 
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TABLE 1. Effecl of Ca2 + ·Free Conditions and o( PLC, PKC, PI3K, and 
VSAC Blockers on the 3H·Glutamate Efflux $timulated by 30% 

Hyposmotic COl/dition in the Presence or Absence of Thrombin (Thr) 

Percentage 
inhibition (roro control release 

EGTA-AM 25 11M 
U73122 5 ~M 
Ca2 + e-free + EGTA 0.1 mM 
006976 1¡IM 
Chelerythrine 2.5 ~M 
Wortmannin 100 nM 
DCPlB 10 J..lM 
NPPB 50 J..lM 
DLDS 50 )IM 
Niflum ic acid 500 11M 
Tamoxifen 10 ¡.1M 

H30 

73.7 
66.7 
69,9 
21.4 
3l.8 
48.3 
97 .4 
99. 7 
85.1 

100 
70 

H30 + THR 

68.5 
63.87 
31.9 
18.5 
21.7 
50.8 
92,8 
97.1 
79.9 
84.1 
94 .7 

AstrocyU>s were exposed to the various conditions !lnd blockers as described in 
ResulÚl . The numbera r<lpresent the pill'«lntage inhibition from the control releaS<). 
Data are menns of 3-8 expcriments, with SEM always lower than 10%. 

essentially suppressed by NPPB, DCPIB, or tamoxifen 
(Fig. 8). 

DISCUSSION 

The present results showed, to our knowledge for the 
first time, a dramatic effect of Thr increasing the vol
ume-sensitive release of glutamate from astrocytes, 
swollen by exposure to hyposmotic conditions. This effect 
of Thr was observed at low and mild reductions in osmo
larity, but also a significant increase of glutamate effiux 
was evoked by Thr in isosmotic conditions. Activation of 
a variety of GPCR by their ligands, enhances the effiux 
of osmolytes from a number of cell types. ATP, oxotre
morin-M, Thr, norepinephrine , sphingosin-1-phosphate, 
and Iysophosphatidic acid , a ll potentiate the swelling
activated release of taurine (Cheema et aL, 2005; Franco 
et aL, 2004; Heacock et aL, 2006; Manolopoulus et aL, 
1997; Thoroed et aL, 1995). The volume-sensitive effiux 
of D-aspartate is also increased by ATP and oxotremorin
M (Heacock et aL, 2004; Mongin and Kimelberg, 2005). 
AlI these studies, including the present work, show that 
the GPCR-mediated increase of taurine and glutamate 
(or D-aspartate) is sensitive to CI - channel blockers, sug
gesting a volume-activated organic anion channel as the 
translocation pathway involved. 

Thr effect enhancing glutamate efllux from astrocytes 
is mediated by its protease activity, being suppressed by 
the protease blocker PPACK. The effect of Thr is likely 
occurring through the protease activated receptor PAR
lo Four members of PARs have been identified (PAR 1-4) 
and aU of them are expressed in astrocytes (Junge et aL, 
2003; Wang et aL, 2002). Although Thr can activate 
PAR-l , PAR-3, and PAR-4, most of its known actions in 
astrocytes occur via the prototype member of the family 
PAR-lo This subtype is a lso that primarily involved in 
the effect of Thr increasing glutamate effiux, since the 
PAR-l agonist SFFLRN reproduced it fulIy, while the 
PAR-4 agonist was essentially ineffective. Thr increased 
taurine effiux in astrocytoma cells is aIso mediated by 
PAR-l (Cheema et al., 2005). 
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Fig. 6. EfTcct of PI3K blockade on the hyposrnotic plus Thr 3H _glu_ 
tamate effiux. A: Time course of hyposmolarity plus thrombin 3H_gluta_ 
mate release (O) t reated with wortmannin (lOO nM) (. ), EGTA-AM (25 
11M) (O) or EGTA-AM plus wortmannin (e ). Superfus ion assay and 
t reatrncnt with blockers as in Fig, 3, B: Bars rcpresent data from A 
expressed as net release as in Fig. 1. Control bar corresponds to the 
hyposmot ic plus Thr net glutamate release without a ny treatment. 
Means ::!: SE of 3-8 experirncnts. *p < 0.01. 

A common feature of the GPCR activation is an 
increase of Ca2 +¡ levels and the consequent set in 
motion of Ca2+ -mediated signaling pathways. The infiu
ence of the Ca2 + -associated signaling elements on GPCR 
effects increasing osmolyte fiuxes has been examined in 
detail , and certain differences have been found between 
the different receptors and the various cell types. Gluta
mate effiux stimulated by Thr in astrocytes is markedly 
Ca2 + -dependent, being similar in this respect to the tau
rine and glutamate ftuxes elicited via purinergic and 
muscarinic receptors in a variety of cell types. Prevent
ing the [Ca2+ ]¡ rise evoked by these receptors reduced 
by 680/0-90% the osmolyte ftuxes (Franco et aL, 2004; 
Heacock et aL, 2006; Mongin and Kimelberg, 2005 and 
present results). In contrast, stimulation of taurine 
effiux occurring via Iysophospholipids receptors is only 
partially (30-40%) attenuated after suppression of the 
receptor-elicited [Ca2+ ]¡ increase (Heacock et al., 2006). 
Noteworthy, this difference in Ca2

+ sensitivity is found 
in spite of the robust rise in [Ca2 +]¡ evoked by the 
GCPR agonists in a ll cases (Heacock et aL, 2006). Sorne 
differences have been found also on the PLC infiuence. 
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Fig. 7. Dose-dependent effect of DePIB (A), tamoxifen (B) a nd 
NPPB (e ) on the hyposmotic plus Thr 3H _glutamate effiux. Astrocytes 
were preincubated duri ng 30 min with the indicated concentration of 
the blockers and t he drugs were present in media throughout t he 
experiment. Superfusion assays as in Fig. 1. lnsets are plots of net glu
tamate release versus drug concent ration. Net release calculated as in 
Fig. 1. Ie 50 values for the blockers are indicated. Means ± SE of 4-8 
experiments. 

PLC blockade markedly attenuated the Thr-stimulation 
of glutamate effiux in astrocytes, to about the same 
magnitude as the Ca2+ -free condition, stressing the ¡m
portance of PLC on the Thr effect. PLC is also involved 
in taurine effiux enhanced by oxotremorine-M in SR
SY5Y neuroblastoma cells, but is not participating in 
the effect mediated by Iysophospholipid receptors in the 
same cells (Heacock et a l. , 2006). The role of PKC on 
taurine or glutamate effiux increased by GPCR is a lso 
different depending on the type of receptor invoJved. 
Thus, while PKC contributes to taurine effiux enhanced 
by agonists of muscarinic and lysophospholipid r eceptors 
in SH-SY5Y cells (Heacock et al. , 2006; Loveday et al., 
2003) it has little inftuence when the potentiation is 

9 10 II J2 13 
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689 10 111213 
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Fig. 8. Effect of NPPB, De PIB, and tamoxifen DePIB (A), tamoxi
fen (B) and NPPB (e ) on the Thr elicited 3H-glutamate efflux in isosmo
tic oonditions. The superfusion assay was as described in Fig. 1 cxccpt 
that the stimulus was a Thr-containing isosmotic medium. To test the 
effccts of the volume-sensitive anion cha nnel- blockers, astrocytes were 
preincubated during 30 min with the indicatcd amount of the drugs 
and then superfused with media containing the same concentration of 
the blockers. Means ± SE of 3--8 experiments. 

mediated by purinergic r eceptors (Franco et al., 2004; 
Mongin and Kimelberg, 2005). Similarly, we found here 
that the PKC blockers cheJerythrine and G66976, thi s 
later specific for Ca2 + -dependent PKC isoforms, only 
mildly reduced the Thr-stimulated glutamate effiux. The 
Ca2 + ¡CaM, in contrast, is an important downstream sig
naling element in the Thr enhanced glutamate effiux 
from astrocytes as well as in the effect of ATP on taurine 
and D-aspartate effiux (Franco et a l. , 2004; Mongin and 
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Fig. 9. Schcmatic representation of suggcsted signaling pathwuys 
involved in the Thr-stimulated 3H-glutamate efflux from cultured astro
cytes, based on the present results. Two pathways are contributing, one 
is the Ca2 + -PLC-dependent pathwuy, possibly resulting from the PAR
l-mediated Gq and Gi activation a nd the other one involves PI3K 
activated possibly by 012113 13'1 subunits. CaM and PKC Rct as clown
stream effectors. The final interaction of these signals with the gluta. 
mate efflux pathway remains to be darified. The molecular identity of 
the pathway is so far unknown. 

Kimelberg, 2005). AlI these results show a wide range 
of variation between the contributions of Ca2 + -related 
signaling pathways on the GPCR effect stimulating 
osmolyte fluxes. The reason for these differences is so 
far unc1ear. 

PI3K is involved in the Thr action increasing glutamate 
efflux from astrocytes, which was 30% reduced by the 
PI3K blocker wortmannin. PI3K can be activated by Thr 
via a Ca2 + Iras pathway or by a Ca2 + -independent mecha
nism, involving G-protein (Gi12l13) ¡3-y subunits (Hawes 
et aL, 1996; Coughlin, 2000). This later possibility is sup
ported by our results showing that Ca2 + omission and 
PI3K blockade have an additive effect, suppressing gluta
mate efflux when tested together. From all these observa
tions, it is conc1uded that the effect of Thr on glutamate 
efflux here described, results from the combined operation 
of a PLC-mediated Ca2 + -dependent pathway (70%) and a 
Pl3K-dependent signaling (30%) (Fig. 9). 

The present results provide elements to consider a 
potential link between the injuring effect of Thr and 
excitotoxic damage. Excitotoxicity is the main process 
related to secondary neuronal injury and death in ¡sche
mia and other pathologies (Yi and Hazell, 2006). Several 
mechanisms concur to generate the extracellular gluta
mate increase in ischemia. Excessive depoJarizacion, and 
the reversal operation of the glutamate carriers are 
main sources of extracellular glutamate , but release 
through the swelling-activated pathway, particularly 
from astrocytes, is an important additional mechanism, 
particularly in regions of incomplete ischemia (Feustel 
et al. , 2004). These observations stress the interest of 
our present results showing a prominent increase of glu
tamate efflux by Thr, which can be then considered as 
an important contributor to excitotoxicity. 

There is evidence relating Thr and brain damage dur
ing ischemia. At short term, Thr activity is increased in 

OLlA DOI lO.lOO2lglia 

the ischemic core and Thr receptors are upregulated (Xi 
et aL, 2002). Consistent with these observations, inhibi
tors of the Thr actions such as argatroban and hirudin 
increase neuronal survival (Kawai et aL, 1996; Karabiyi
koglu et aL, 2004) and in the same line, transgenic mice 
lacking PAR-1 exhibit less ischemic damage than their 
wild type littermates (Striggow et al., 2001). An early 
necrotic neurotoxicity elicited by Thr has been recently 
documented in the rat striatum in vivo (Fujimoto et aL, 
2007). The mechanisms responsible for Thr-related neu
ronal injury are still poorly understood. In this respect, 
our results showing a marked increase of glutamate 
efflux from astrocytes raise the question of whether exci
totoxicity contributes in part to the Thr induced neuro
nal damage. A connection between Thr neuronal injury 
and excitotoxicity is suggested by the increase in the 
NMDA receptor response observed in hippocampal CAl 
pyramidal cells following activation of PAR-1 (Gingrich 
et aL, 2000). The Thr-evoked stimulation of glutamate 
release here described was notably strong in astrocytes 
showing some degree of swelling, but it was also 
observed in not-swollen cells, a result of interest in eval
uating Thr injuring effect at more distant ischemic peri
focal areas where cell swelling is not prominent. 

Glutamate efflux potentiated by Thr was suppressed 
by the anion channel blockers tamoxifen, DCPIB, and 
NPPB. DCPIB, a selective inhibitor of the VSAC (Decher 
et aL, 2001) showed the most potent etTect, with an IC50 
of 4.7 pM. This blocker also markedly reduced the 
hyposmotic D-aspartate release in cultured astrocytes 
(Abdullaev et al., 2006). These results point to the VSAC 
as the pathway involved in the Thr-evoked increase in 
hyposmotic glutamate efflux. Accordingly, neuroprotec
tive strategies may consider the use of blockers of this 
pathway, combined with Thr receptor inhibitors, 
under conditions such as ischemia and head trauma in 
which high Thr brain levels and astrocyte swelling are 
coincident. 
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Abstract Activation of protein-acti vated receptor (PAR- I) 
by thrombin potentiates the hyposmoti c efflux of 3H_D_ 
aspartate and 3H-taurine from cultured cerebe1 lar astrocytes. 
This effect is mediated by a thrombin-elicited increase in 
cylosol ic Ca2

+ levels [Ca2
+] ¡ and the activation of phos

phoinosit ide-3-ki nase (PI3K). These signall ing pathways 
operate independently showing add it ive effects if prevented 
simu ltaneously. The contribution of the Ca2

+ -mediated 
pathway 10 thrombin-increased D-aspartate or taurine efflux , 
evaluated by the inhibitory effect of prevent ing [Ca2

+] ¡ rise, 
was higher for D-aspartate (64% efflux decrease) than for 
taurine (40% decrease) . The PI3K blocker decreased 48% 
and 36% D-aspartate and tau rine efftux, respectively. Hyp
osmolarity increases phosphorylation ofEGFR and c-src, but 
thromb in did not enhance this effect. Blockade of EGFR/src 
phosphorylation marginally reduced ( 11-1 4%) the hypos
molarity plus thrombin efftux of o-aspartate; taurine efflux 
was more sensitive to these blockers (18-26%). Since 
thrombin has no effect increasing EGFR/src phosphory lation 
in astrocytes, the contribution ofthis transactivat ion pathway 
may represent the inh ibit ion of the hyposmotic efflux so lely. 
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lntroduction 

Animal cell s have a characteristic volume defined fo r each 
cell lineage. Preserving this volume is necessary to mai n
tai n the cytoarchitectu re and the proper concentration of 
signall ing moleeules in the eytosol. Although in physio
logieal conditions the extracellu lar f1uids have a highly 
controlled oSlllolarity, the water content in intracellular 
compartments ean be transiently and eontinuously altered 
during the normal funct ion of the ce l!. Nutrient uptake, 
cell moti lit y, secretion, synaptic ion gradients, synt hesis 
and degradation of macromolecules are, among others, 
situati ons creati ng local osmotic gradients. Adapt ive 
mechanisms to counteract these changes are necessary to 
maintain the cytoarchitecture neeessary for the correct 
spatial assembly of transduction networks. Cell volume is 
also disturbed in pathological conditions. Cell volume gain 
occurs when the osmolarity of the ftuids is perturbed by 
failure in the mechanisms of osmotic control. Patholog ies 
leading to hyponatremia generate hyposmot ic swelling [1]. 
This occurs in acute or chron ic renal failure, hepat ic cir
rhosis, congesti ve heart fa ilure, or nephrotic syndrome, 
psichogenic polydipsia or during endurance athl etic event s, 
Hyponatremia occurs also in the clderly and during preg
nancy [ IJ. Cell swell ing occurs al so without a change in 
external osmolarity. This type of swell ing known as cyto
toxic swelling is due to ion redistribution or accumulation 
of osmoticall y active solutes, fo llowed by obligated water. 
It is commonly associated with hypoxic or ischemic epi
sode and with hepatic encephalopathy [2, 3, 4J. Changes in 
cell volume are potentiall y harmful in all cell s but it is 
particularly detrimental in brain , due to the restricti ons to 
expansion imposed by the rigid cranium. As expansion 
occurs, the constrai ning of sma ll vesse ls generates episodes 
of ischemia, infaret, excitotoxieity and neuronal death. In 
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extreme conditions, caudal herniation of the brain paren
chyma through the foramen magnum affects brain stem 
nuclei resulting in dealh by respiratory and cardiac arrest. 

ASlrocytes are the brain cell s preferentially swelling in 
both, hyposmoti c or isosmoti c conditions. In hyposmolar
ity, the higher swelling observed in astrocytes with respect 
to neurons may be due ei ther to the preferentia l express ion 
of aquaporins or to a more efficient operation of volume 
regulation in neurons as compared to astrocytes. This later 
notion is supported by a study showing that upon a 
hyposmotic condition in vivo, the Purkinje cell s in the 
cerebeJlum release an abundant pool of taurine which is 
transferred to neighbour astrocytes [S1. As consequence of 
thi s taurine translocat ion, neurons are preserved whi le 
astrocytes swell. In isosmotic conditions generating high 
levels of ex tracell ul ar K+, the role of astrocytes protecting 
neurons by siphoning K+ results in astrocyte swelling 
[6, 7J. 

The cell response to hyposmotic swelling has been 
extensively exami ned in brain ce ll s in culture, neurons as 
well as astrocytes. Upon exposure to reduced ex ternal 
osmolarity, ce ll s fi rst swell and Ihen activate a mechanism 
of vo lume regu latory decrease (RVD) consistent in the 
extrusion of osmolica ll y act ive so lules followed by water. 
This is an active mechanism occurring in spite of the 
persistence of Ihe hyposmot ic cond ition [8, 9J. The 
osmolytes involved in RVD are the main intracellular ions 
K+ and Cl - and a large number of heterogeneous small 
organic molecules, grouped on the term of organic osmo
Iytes [ IOJ. Amino ac ids are part of thi s pool of organic 
osmolytes. Taurine, GABA and glutamate are released 
from neurons and astrocytes in response to hyposmotic 
swelling [ II J. This might affect neuronal excitability, 
GABA and glutamate being major neurotransmitters. 

Besides the act ivation of osmolyte efflu x pathways, 
other effectors are also linked to swelling and RVD. 
Membrane remodelli ng, reorganization of the cytoskeleton, 
activation of stress-detecting molecules and reactions to 
alert the cell of situations threaten ing survival. AIl these are 
reactions necessary for the ce ll to adapt to the complex and 
varied changes imposed by the change in ceJl volume, 
during swelling first and during the subsequent volume 
recovery. It is not surprising then, that changes in cell 
vol ume activate a variety of signalling chains, which are 
now being explored in detail. Furthermore, from the 
number of signalling molecules acti vated it is necessary to 
assign each of them lo the variety of responses evoked by 
swe ll ing. A further complication may resu lt if Ihe signal 
ling chains are not the same in all cell s. An example of 
thi s poss ible variation is Ihe influence ofCa2+ on RVD. An 
increase in [Ca2+J¡ is a most consistent response of ce ll s to 
swelling. However, RVD is Ca2+-dependent in sorne cells 
and Ca2+ -independent in other ce ll s [ 12]. In the firs t case, 
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LCa2+]¡ increase influence Ca2+-activated K+ channels, 
mainly of the large-conducrance Ca2+-dependenl K+ 
channels, and elic it K+ efflux, which is an earl y event in 
RVD. In contrast , in another large number of cell s, these 
channels are not involved in RVD but the correcti ve K+ 
efflux occurs throllgh other types of K+ channels such as 
voltage-dependent or swelling act ivated K+ channels [ 13, 
14], which are not responding to Ca2+ increase. In these 
cells, consequently, RVD is Ca2+-independenl. Other 
os mol y te pathways such as the volume-sensitive channel 
and the tallrine (organic osmolyte) efflllx pathway are lar
gely Ca2+-independent [12, 13]. 

An in teresting observation is that even in those cell s 
showi ng Ca2+-i ndependenl RVD, increasing [Ca2+1¡ over 
the levels elicited by the hyposmotic stimulus markedly 
pOlentiates sorne of the osmolyte efflux path ways, notably 
the organic osmolyte efflux pathway. This effect of rCa2+]¡ 
increasing organic osmolyle fluxes has been observed when 
[Ca2+]¡ ri se is evoked by a Ca2+ ionophore (ionomyci n) [ IS] 
or by increasing [Ca2+]¡ by activation of G-protein coupled 
receptors (GPCRs) of the subfami ly activating a PLC-Ca2+ 
pathway [Rev. in 16]. At present, a variety of Ihese recep
tors have been shown to stimulate the hyposmol ic laurine 
effl ux in various cell types. Purinergic, PAR- I, M3 mus
carinic, H I hi slamine and Iysophospholipid receptors 
increase the hyposmotic taurine efflux in a large variety of 
cell types [Rev. in 16]. This effecr ofGPCRs is also exerted 
on other os mol y tes. Glutamate (D-aspartate) efflux is 
potentiated by agonists of purinerg ic and PAR- I receptors 
in cultured astrocytes [17. 18J and by the muscarinic 
cholinergic receptor agonisl Oxo-M in SH-SYSY cell s [19], 
thi s receptor also increases the swell ing sensitive efflu x of 
myo-inos ilOl from SH-SYSY cell s [20]. 

These effects of GPCRs agonists increasing organic 
os mol y te fluxes appear to be essentially mediated by the 
PLC-Ca2+ pathway, being all of them Ca2+-dependent 10 
sorne extent. The degree of dependence, though, varies 
according to the agonists examined, the osmolyte traced 
and the magnitude of osmolarity reduction [16.1-

Besides the Ca2+-dependent signalling chain, a variety 
of GPCR actívate other signalling cascades via the ír 
interaction with growth factor receptors. These form an 
important family of transmembrane molecu les with 
intrinsic tyrosi ne kinase activity, which activate a p1ethora 
of intracellular signalling elements. Hyposmotic swell ing 
activates some of these receptors. EGFR aCli vates by 
hyposmolarity in fibroblasts and keratinocytes [21 , 22] and 
phosphorylat ion of ErbB4 is increased by swell ing in cer
ebellar granule neurons [23]. There is evidence now 
avai lable about an active cross-talk between GPCRs and 
tyrosine kinases, by a mechanism known as transactivation. 
EGFR and members of the src fami ly are the molecules 
more directly invo lved in thi s interplay [24, 2S, 26]. 

~ Springer 



39 

 

1520 

GPCR/tyrosine ki nase crosstalk is onl y starting to be 
examined in reference to cell vo lu me regulation. A recent 
stud y from our group in 3T3 fibroblasts [27] shows that 
activat ion of PAR- I by thrombin potentiates the hypos
motic phosphorylation of EGFR and src and that these tWQ 
molecules have an important con tri bution to Ihe hypos
motic efflux of taurine acti valed by thrombi n. In contrast, 
the increase of the hyposmotic glutamate efflu x by acti
vat ion of two GPCRs, the purinergic P2Y receptor and the 
PAR- I receptor, appear to be large ly dependent on the 
PLC-Ca2+ pathway [ 17, 18]. This is a marked di fference 
wi th the response in fibroblasls in which in hibition of the 
PLC-Ca2

+ pathway by EGTA-AM or U73 122 reduced the 
efflu x of laurine by 40--50% [27]. This may be due to a cell 
difference or 10 an osmolyte difference. This was invesli
gated in the present study in wh ich we examined O) the 
effect of thrombin on EGFR or src phosphory lation 
increased by hyposmolarity, (ii) the effect of src and EGFR 
blockers on the thrombin increased glutamate efflux and 
Oii ) the effect of the same treatment on the potenti ation by 
th rombin of the hyposmotic taurine efflux. 

Results and Discussion 

Thrombin Markedl y Enhanced [Ca2+:L in Astrocytes 
Which Contributes to the Potentiation of Glutamate 
and Taurine Efflux 

Cul tured astrocytes in isosmotic conditions have a [Ca2+]¡ 

of about 60 nM. Reduction in external osmolarity (30%) 
induced a sma ll and sustained increase in [Ca2+]¡ which in 
average is 64.3% higher than in isosmotic conditions, 
reaching 100 nM (Fig. 1). Addition of thrombi n markedl y 
enhances [Ca2+] ¡. At the peak, [Ca2+]¡ is more than S-fold 
that found in isosmotic condit ions and 4.5-fold that eli ci ted 
by hyposmolarity (Fig. 1). This is a well known effect of 
thrombin, documented in a large variety of cell s. In a 
previous study in cul tured cerebellar astrocytes [17] we 
investigated the source of thi s thrombi n-elicited [Ca2+]¡ 

rise, by treat ing cells with Ca2+ -free medium (plus 0.1 mM 
EGTA) to evaluate the contribution of extracellu lar Ca2

+, 

or with ionomycin to deplete all internal stores. It was 
found thal the contribution of external and internal sources 
is simi lar, of about 50% each. We now examined the 
influence of preventi ng [Ca2+]¡ rise on the efflux of taurine 
potentiated by thrombin, and compared to that prev iously 
observed for glutamate. 

Exposure to 30% hyposmotic solution increased 3H_D_ 

aspartate efflux from cultured astrocytes. The efflu x of 
3H-D-aspartate in isosmotic conditions which was in aver
age 0.6% (percentage of total accumulated radioacti vity), 
increased to abou t 3% al the peak re lease reached 2-3 min 
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Fig. I Hyposmolarity and hyposmolarity plus thrombin-induccd 
increase in rCa2+1i in culturcd cercbellar astrocytes. Cclls plated on 
rectangular glass coverslips (10 x 50 mm) in plastic dishes wcre 
loaded by incubation with fura -2-AM (2.5 ~M) for 60 mino Digital 
images of the cclls were obtained in a F1uoromax-3 Horiba 
lumincscence spectrometcr at an cmission wavelcngth of 510 nm 
using paired exposures to 340 and 380 nm excitation wavelength 
sampled cvery 3 s. Thc change in [Caz+ li was monitorcd by 
nuorcscence under isosmotic conditions until the baseline was stable 
and then medium was made hyposmolar (30%) by addition of the 
appropriate volume of distitled water. (a) Representative traces of the 
increase in [Ca2+'[¡ determined from the ratiometric changes in 
nuorescence. (b) Peak transient levels in [Ca2"']; reached at the 
indicated conditions: H30%. medium with 30% reduced osmolarity; 
HT: hyposmotic plus thrombi n medium. Data are means ± SE 
(11 = 4) analyzed using analysis of variance (ANOVA) followed by 
Tukey test. Signi fi cantly di ffcrCI1\ fro m the hyposmotic condi tion 
*p < 0.01; signincantly differetll from the HT condi tion ** p < 0.01 

after the stimulus. Thereafte r the efflux slowly inactivated 
towards basal levels. The net release in the four largest 
frac tions Le., the hyposmotic release minus the release in 
isosmotic conditions reached 7% (Fig. 2a). Addition of 
thrombi n (5 U/ml) markedly potenti ated the hyposmotic 
glutamate release. In the presence of thrombi n, the net 
release of the four mai n fractions was 38%, corresponding 
to S.4-fold increase over the hyposmolic release (Fig. 2a). 
These results agree with Ihose previously reported in cer
ebellar astrocytes measuring 3H-glutamate efflux [ 17]. The 
effect of Ih rombin inc reas ing 3H-D-aspartate efflux was 
largely dependent on the thrombin-induced increase in 
ICa2"']¡. This is a well known signall ing pathway evoked by 
the thrombin-induced PAR- I activation. In the present 
study, prevent ing [Ca2"']¡ rise by EGTA-AM (Fig. 2b) 
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Fig. 2 Effecl of Ihrombin increasing Ihe hyposmolic efflu x of 3H_D_ 
aspartale from cu ltured cerebellar aSlrocyles. (a) Time course of J H_ 
D-aspartate release by hyposmolic 30% condi lion (H30%) (e ) and its 
potellt iat ioll by thrombin (5 U/ml ; HT) (O). Cell s preloaded with 3H_ 
D-aspartate were superfused (1 ml/min) with isosmot ic mediulll , and 
then (fruction No. 5) with 30% hyposmotic med ium. Isosmotic 
medium. 300 mOsm: 135 mM NaCl: H30% made by equ iosmolar 
reduclion 01' NaCl. Thrombin was added 10 Ihe hyposmotic solutions. 
Poims represen! the radíoaclívity released al each fractíon, expressed 
as percentage of tolal radioacli vity accu mulated during loading. Bars 
represent lhe release of 3H-D-aspartate released in the four main 
fractions of the peak after the stimul us minus four fractions of the 
release in isosmOlic condit ions (nel release). Dashcd bars: Ihrombin 
5 U/mi (HT). emply bars: no thrombin added (H30%). (h) Effects of 
PI3K blockade by wortmannin and of prevention of Ca2

+ ri se by 
treatment with EGTA-AM on hyposmolarity plus thrombin-elicited 
3H-D-aspartate efflu x. Cell s stimul ated with hyposmolarity plus 
thrombin (O ). pretreated with wortmannin 250 nM (6) or with 
EGTA-AM 25 ~IM in external Ca2"-free medium ( ... ) or with Ihe two 
condilions simu ltaneously (. ). Bars represent net release as aboye 
described. Resulls are means ± SE of 3- 8 experiments and analyzed 
usillg allal ysis of variance (ANOVA) followed by Tukey lest. 
Significantl y different from the control condition HT, *p < 0.05 

reduced D-aspartate efflux by 64%, stressi ng the impor
tance of the Ca2+-dependent signalling pathway on the 
effect of thrombin. 

Thrombin action on the hyposmotic taurine efflu x was 
next examined. Figure 3a shows the time course of 3H_ 
taurine efflux evoked by hyposmolarity. This response has 
been described in a large variety of cell s incJuding cultured 
astrocytes. In most ce ll types, the hyposmotic taurine efflux 
is only marginally Ca2+-dependent [12]. However, 
increasing [Ca2+]¡ by ionomyc in markedly potentiates thi s 

8 " 
" ~""'" 

~ " 
-HT 

• • " • • "!! " • • < 

" • , 
• ... • i 

2 

b " -HT 

" ~ " 
__ HTEGTAAM 

-6-HTWQRT 

6 

Time (mln) 

• 
g ", 
! i ::o 

1 • I 
H30'J1. HT 

9 10 11 12 13 

1521 

: " • ......... HT EGTA AM+WORT • • e " • • 
• • < 

" • , 
• ... • i 

6 1 6 9 10 11 12 13 

Time (mln) 

Fig. 3 Effect of thrombin increasing the hyposmotic efflux of J H_ 
taurine from cul tured cerebellar astrocytes. (a) Time course of J H_ 
taurine release by exposure to osmolarity reduced medium (H30%) 
(e ) and its potentiation by addition of thrombin (5 U/mi ; HT) (O). 
Experimental procedure delail s as in Fig. 2. (h) Effects of PI3K 
blockade by wonmannin and of prevention 01' Ca2+ rise by ¡realment 
with EGTA-AM on hyposmolarity plus thrombin-elicited 3H-Iaurine 
efflux from cultured cerebellar astrocyles. Cells stimulated with 
hyposmolarity plus thrombin (O), pretreated with wortmannin 
250 nM (6 ), with EGTA-AM 25 ~lM in external Ca2+-free medium 
( ... ) or with the two conditions simultaneously (. ). Points represenl 
the radioacl ivity released al each fraclion. expressed as percentage of 
total radioacti vity accurnulated during loading. Bars represent nel 
release of 3H-taurine as described in Fig. 2. Resul ts are means ± SE 
of 3-8 experiments and analyzed using analysis of vari¡¡nce 
(ANOVA) followed by Tukey test. Signi fica ntl y differcnt from HT, 
*p < 0.05 

efflux [15J. As shown in Fig. 3a, a 3.6-fold increase of 
hyposmoti c taurine efflux was observed in the presence of 
thrombin. Thrombin potentiates taurine efftux al so in 
astrocytoma and neuroblastoma ce ll s [28, 29] and in 3T3 
fibroblasts [271. The hyposmotic efftux of taurine enhanced 
by thrombin was 40% decreased by ceJl treatment with 
EGTA-AM (Fig. 3b). This inhibition is lower than that 
found for glutamate efflux, and more close to the 45% 
found in a previous study in fibroblasts [27]. 

The Contribut ion of PI3K 

An addi tional e lement in the signa lling pathway by which 
thrombin potentiates Ihe hyposmolic D-aspartate and lau
rine efflux is PI3K. Inhib ition of PI3K by wortmannin 
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inhibited the thrombin-increased hyposmotic o-aspartate 
effl ux by 48%. The simultaneous treatment with EGTA
AM, lo prevent Ihe thrombin-elicited [Ca2+]¡ ri se and of 
worlmann in to inhi bit P13K, essenti ally aboli shed 0-

aspartale efft ux (almost 90% inhibition), showing that the 
IwO signalling pathways operate independenlly and almost 
full y account for the hyposmotic efflux of o-aspanale in Ihe 
presence of thrombi n (Fig. 2b). 810ckade of P13K also 
reduced the hyposmot ic plus thro mbin efftux of laurine by 
36% (Fig. 3b), a less pOlent effect than that observed for 
o-aspartale. When cell s are Ireated with EGTA-AM and 
wortmann in logether, the hyposmotic plus ¡hro mbin laurine 
effl ux decreased 63% (Fig. 3b), also signi fi canlly less than 
the inh ibition of D-aspartate in the same condit ion . This 
may suggesl the involvement of another signall ing element 
fo r taurine effl ux. 

Thrombin is nOI Increas ing the Hyposmolarity-Evoked 
EGFR or src Phosphorylation in Astrocytes 

Transaclivation of growth factor receptors by GPCRs is 
well documenled [24-26]. A li nk between PAR- I acti va
tion by thrombi n and EGFR has been described in various 
ceH Iypes, although the nature and prevalence of Ihis 
transaclivation in connection wilh RVD or osmolyle fl uxes 
has not been explored in detai l. A study in 3T3 fib roblasts 
showed the pOlentiation by Ihrombin of the hyposmotic 
increase in EGFR phosphorylalion [27]. This was nol 
observed in cultured astrocyles, as shown in Fig. 4. The 
hyposmolic condi lion increased EGFR phosphorylat ion by 
about 40% over phosphory lalion in isosmotic medium, bul 
at variance to thal found in fibroblasls, Ihe presence of 
Ihrombin did nol further enhance Ihis effect (Fig. 4). The 
EGFR phosphorylation blocker AG 1478 markedly reduced 
Ihe increase eliciled by Ihe hyposmotic condi lion. 

The phosphorylalion of c-src was also enhanced by 
hyposmolarily in 3T3 fi broblasls [27], but simi lar lo EGFR, 
Ihrombin did not increase bul rather reduced c-src phos
phorylat ion (Fig. 5). The src blocker PP2 has a potenl 
inhibitory effecI and essenli ally abol ished Ihe hyposmo
larily-elicited phosphorylation in the presence or absence of 
thrombin. These results show thal , in contrast lo ¡he effecI 
of lhrombin in fibroblasts increasing c-src phosphory lation, 
this interacl ion is not observed in cultured astrocyles. These 
results show ¡hal in these cell s the EGFRlsrc palhway is not 
a prominenl signall ing chai n in the process of Ihrombi n 
potential ion of ¡he hyposmotic glutamate efftux . 

Contribution of the EGFRlsrc Palhway to the 
Thrombin-Elicited Efflux of Glutamale and Taurine 

We next exami ned the effect of blockade of the EGFR/src 
pa¡hway on the thromb in potentiated efft ux of D-aspartale 
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Fig. 4 Effec ls of hyposmolarily and of hyposmolarilY plus Ihrombin 
on EGFR phosphorylalion. Serum slarved cultured cerebcllar aSlro
cyles were exposed to Ihe indicated conditions fo r 3 min and Iysates 
were assayed for EGFR phosphorylation by Weslern blolling with 
anti-phospho EGFR (Tyr 11 73) ant ibody. (a ) Representative blol 
showing Ihe phosphorylation of EGFR induced by hyposmolarity 
(H30%) und hyposmolarity plus thrombin (5 U/ml. HT) in aSlrocyles 
pre-Irealed or nOI wilh the EGFR inhibilor AG I478 (10 ~IM) for 20-
30 min: lower blol : anti -aclin anlibody used as un internal standard 10 

normalize protein concenlralion in each lane. (b) Bands were 
quantined by densi lometer and EGFR phosphorylalion is expressed 
in bars as percentage of Ihe phosphory lalion increase over Ihe act ivilY 
in Ihe isosmolic condilion. Dala are means ± SE (n = 3- 5) and 
analyzed usi ng analysis of variance (ANOVA) followed by Tukey 
test. Signincantly different fro m HT condi lion *p < 0.01 

and taurine from cullured astrocytes. The thrombin
potenliated hyposmotic D-aspartate release was reduced 
11 - 14% upon blockade of EGFR or c-scr phosphorylation 
by AG I478 or PP2 (Fig. 6a). The release of laurine was 
more sensitive to these blockers, being in hibited 18-26% 
(Fig. 6b) . This suggests a higher contribulion of this 
pathway lo tauri ne efflux as compared lo D-asparlate. 
However, the contribution of EGFR/src in astrocytes is 
lower than Ihat found in a previous study in fibroblasls. At 
variance to that found in astrocyles, in Ihese cell s we found 
an effect of thrombin increasing EGFR and src phosphor
ylalion induced by hyposmolarity and a reduction of over 
40% of hyposmolarity plus thrombi n-induced taurine efflux 
[27]. Since in astrocytes, thrombin had no effecl increasing 
the hyposmolarity-evoked EGFR or c-src phosphorylation, 
the reduc tion in o-aspartate and taurine efflu x by its 
blockade may correspond lo Ihe inhi bil ion of the hypos
molic release in the absence of Ihrombin. The conlribulion 
of Ihe three signaling elements, i.e. [Ca2+]¡ ri se, PI3K and 
EGFR on laurine efflux is demonstrated by results in Fig. 7 
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Fig. 5 Efrects of hyposmolarity and of hyposmolarity plus thrombin 
on c-src phosphorylation. Cell Iysates obtained as in Fig. 4 were 
assayed for c-src phosphorylation by Western blotting with anti 
phospho c-src (Tyr 418) antibody. (a) Representative blot showing 
the phosphorylat ion of c-src induced by hyposmolarity (H30%) and 
hyposmolari ty plus thrombi n (5 U/mi, HT) in astrocytes pre-treated 
or nOI with the src family inhibitor PP2 ( 10 ~M) for 20--30 min; lower 
blot: anti -aclÍn antibody used as an internal standard to normalize 
protei n concentration in each lane. (b) Bands were quantified by 
densilometer, and c-src phosphorylalion is expressed as in Fig. 4. 
Significanlly different form the HT condilion *P < 0.01 

showing the additi ve effect of blockade of each one of 
these pathways, wh ich essentiall y abolished taurine efflux 
eli ci ted by hyposmolarity plus thrombin. 

Results of the presenl study showed that in cultured 
astrocytes, D-asparlate efflux evoked by hyposmolarity plus 
thrombin is importantly mediated by a Ca2+-dependent 
pat hway, plus a contribution of PI3K, and tha! blockade of 
Ihese IWO pathways reduces il s release over 90%. The srcl 
EGFR signall ing palhway may accounl for Ihe remaining 
10%, and may reflect Ihe marginal conlribulion of thi s 
pathway of the hyposmotic efflux in the absence of 
Ihrombin. In the case of taurine, the same signalling ele
ments contribute to the hyposmot ic plus thrombin efflux, 
but lhe Ca2+_ and PI3K-dependent palhways are less 
influential and the EGFRlsrc pathway is more influential 
than for D-aspartale efflux. These results indicate a differ
en ce between taurine and D-aspartate efflux regarding the 
importance of Ca2+/PI3K, as well as a difference between 
cultu red astrocytes and fibroblasts regarding the impor
tance of the thrombin transacti vation of the EGFRlsrc 
pathway, which in astrocytes is c1early lower than in 
fibrobl asts. The reason for thi s difference is so far unc1ear 
but may be due e ither to ce ll differences or to a lower 
expression of EGFR in astrocytes at 15 days in vitro, as 
used in thi s study, since it is known that EGFR expression 
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Fig. 6 Effects of EGFR and c-src phosphorylation bloc kade on (a) 
3H-D-aspanate and (b) JH-taurine efflu x eliciled by hyposmolari ty 
plus Ihrombin (HT). in cells pretreated with AGI478 (10 ~¡M, 
30 min) or wÍlh PP2 (10 ~M . 30 min). Bars represent nel release as in 
Fig. 2. Means ± SE of 3- 8 experiments. Significantly different from 
Ihe control (HT) condition. *p < 0.05 
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Fig. 7 Additive inhibitory effects of simullaneous blockade of the 
Ca2+-dependent. PI3K and EGFR pathways on 3H-taurine efflu x. 3H_ 
laurine efflux in cells stimulated with HT (O). treated with EGTA
AM (25 ~IM) in external Ca2+-free medium ( .. ). wortmannin 
(250 nM. I h) (.6.) and AGI478 (10 11M, 30 min) (_ ). or the three 
cOlldi lions simultalleously (O ). Bars represenl net 3H-tauri ne release 
as in Fig. 2. Means ± SE of 3-8 experiments. Significantly di fferent 
from HT. *p < 0.05 

is reduced in differenliated astrocytes [30]. Studies on olher 
cell types as well as a study in astrocytes al earli er stages of 
in vitro different iat ion may contribute to clarify these 
points. 
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A signi ficant contribution of PI3K in the thrombin 
increased hyposmotic efflux of o-aspartatc and tauri ne 
efflu x was found in the present sludy. The participat ion of 
PI3K mighl resul! from LhrombinfEGFR transaclivalion, in 
lum influencing PI3K. This is nol supporled though, by the 
relat ively minor influence of lhe EGFR/src palh way on 
1)-aSparlate and laurine fluxes, lower lhan (hal o f PI3K, as 
we ll as by Ihe add iti ve contribulion of Ihe PI3K and lhe 

EGFRlsrc pathways here demonstraled . Anolher possi ble 
mechanis m of PI3K aClivation is Ihrough Ihe f3y subun its o f 
Ihe G-protein coupled 10 the PAR receptor. Th is poss ibility 
remains lO be investigated. 

It is worthy lo notice thal Ihe increase in laurine and 
glulamatc efflux elicited by thrombin as we ll as by olhcr 
GPCR agonisls occurs cssentiall y lhrough lhe vo lumc
sensit ive organic osmolyle efflux palhway, being cssen
tially abolished by blockers of Ihis pathway. 
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Thrombin potentiates D-aSpartate efflux from cultured astrocytes 
under conditions of K+ homeostasis disruption 

Erika Vázquez-Juárez, Reyna Hemández-Benítez, Alejandra López-Domínguez and 
Herminia Pasantes-Morales 

Didsión de Neurociencias. Inslitulo de Fisiologia Celll/af, Unj¡¡ersidad Nacional Alltónoma de Maieo, Má ico DF. México 

Abstrae! 
Thrombin levels ¡ncrease in brain during ischemia and hem

orrhagic episodes, and may contributa lo excitotoxic neural 
damage. This study examined Ihe effecl 01 Ihrombin on glu

tamate efflux !rom ral cortical culturad aslrocytes using 3H_o_ 

aspartate as radiotracer. The glutamate efflux was ¡niliated by 
addition 01 100 mM K~ plus 1 mM ouabain (KlO) lo replícate 

extracellular and intracellular ionic changes that occur during 
cerebral ischemia. Upon exposure 10 KJO, astrocytes swelled 

slowly and progressively with no evidence 01 volume regula

tion. The KJO-induced swelling was inhibited by 65% with 
bumetanide and 25% with BaC!:i!, suggesting contribution 01 
Na"/K·/CI- co-transporter and Kir channels. KJO-eliciled 3H_o_ 

aspartale that consísted 01 two phases. The firsl transient 
component 01 the release corresponded to 13.5% 01 total 3H

o-aspartate loaded. It was markedly reduced (61%) by the 
glutamate transporter blocker DL-threo-b-Benzyloxyaspartic 

acid and weakly inhibited (21 %) by the volume-sensitive anion 

Swclling of bmin cells, predomimmtly astrocytes, occurs 

ei ther by a decrease in external osmolarity, or under 
isosmotic conditions by redistribution of ions and organic 

osmolyles which accumulate inlo Ihe cells, gcncrating the 
driving force for water influx. l sosmolic swelling occurs in 

brain associatcd with palhologies such as epilcpsies, ische

mia, hcpatic cncephalopalhy and eranial trauma (Mongin and 
Kimelberg 2004; Pasantes-Morales and Franco 2005). 

ASlroeytes are the brain cel ls which prcdominantly swcll 

under these eonditions, as eonsequenee of their crucial role 
of elearance from the extracellular space, of potential injuring 

molL'Culcs such as K" , ammonium, or lllctale, thus maintain

ing an optimal environment for neuronal funclion (Leis el al. 
2005; Norenberg el al. 2005; Syková and Nicholson 2008). 

Mechanisms of uplake ami/or melabolism operate speci fi 

cally in astrocy tes lo accomplish thi s homeostal ic funcl ion 
(Chen and Swanson 2003). However, during Ihe progress of 

pathologies, Ihe d earance capacilies of aSlrocyles may be 

© 2009 Thc Authors 

channel blocker 4-[(2-Butyl-6,7dichloro-2-cyclopentyl-2,3-di

hidro- l oxo-1H-inden-5-yl)oxy] butanoic acid (DCPIB). During 

the second sustained phase 01 release, cells lost 45% 01 
loaded 01 3H-o-aspartale via a mechanism thal was ¡nsensi

tive to DL-Ihreo-b-Benzyloxyaspartic acid but nearly com
pletely suppressed by DCPIB. Thrombin (5 U/mL) had only 

marginal effects on the firsl phase but slrongly polenliated 
(more than two-fold) 3H-o-aspartate efflux in the second 

phase. The effect 01 thrombin effect was proportional lo cell 

swelling and completely suppressed by DCP1B. Overall our 

data showed Ihal under KJO swelling conditions, thrombin 
potently enhance glutamale release vía volume-sensitive an

ion channel. Similar mechanisms may contribute to brain 

damage in neural palhologíes whích are associated with cell 
swelling, glutamale efflux and increased Ihrombin levels. 

Keywords: cytotoxic swelllng, volume regulation, excitoxic
ity, protease-activated receptors. 

J. Neurochem. (2009) 111 , 1398-1408. 

exceeded or foreed to opcrale al maximaJ rate, a siluation in 

which astrocyl es nol only fail lo reslOre homeostasis, bUI 
may trigger responses Ihal exacerbale and spread the original 

damage (Mongin and Kimclberg 2004; Pasantes-Morales 

and Franco 2005). Swelling is an early expression of 
Ih is execL-ded bufTeri ng capacity of aSlrocylcs. A Slrocyte 
swelling occurs in ischemia due lo K" and Cl- accumulalion 
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Abhrel'illlioIlYl,sed: KlO, 100 mM K+ plus 1 mMouabain; DCPIB, 4-
[(2 -Buty l-6. 7dichloro-2-eyclo¡x-ntyl-l .3-dihidro-l oxo-l H-inden-5-yl)oxy 1 
butanoic acid: TBOA, OL-thrco-b-Bcnzyloxyaspanic acid: NKCC, N+¡ 
K+/Cl - co-transponer: Kir, inwardly rcclifying K+ channcl; I'AR, 
proteinase act ivated rcccptor; DI OS. 4,4'-diisothiocyanost ilbenc-2.2'
disulfonic acid; NI' PB, 5-nitro-2-(3-phcnylpropylamino)bcnzoic acid. 
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fo llowed by osmotically-driven water. The enhanced 
eXlracell ular K+ levels, which may reach concenlrations of 
up lO 80 mM, generale an ionic imbalance hann ful fo r 
neuronal excitabi lity (Walz 2000; Rossi el al. 2007; Doyle 
el al. 2008). AIso invo lved in astrocytic K+ clearance is the 
Na+/K+ ATPase (Leis el al. 2005). If, as in ischemia, the 
ATPase acti vity is reduced or impaired, the diss ipation of 
Na + and K+ transmembrane gradients may further con trib

ute lo swell ing and lo dislurb in add ition, Ihe nomlal 
operation of transporters which use the driving force of these 
gradients for the uptake of a variety of molecules, 
including the high ly neurotoxic excitatory amino acid 
glutamate (Camacho and Massieu 2006; Doyle el al. 2008; 

Malarkey and Parpura 2008). This situation contributes to 
neuronal death by excitotoxic ity, particularly at the 
perifocal areas of global ischemia (Won el al. 2002; Rossi 
el al. 2007). Under these condilions, any additional factor 
enhancing glutamate efflux from brain cell s will aggravate 
the excitotoxic damage. Thrombin may be one of such 
facLors. 

Besides the ro le of thrombin in blood coagulat ion, th is 
molecule exerts a variety of effects on brain cells, which 
depending on thrombin concentration may be either cyto
proteclive or cytotoxic (Wang and Reiser 2003). Thrombin 
is present in brain in low concentrations, which dramaticall y 
increase in ischemia as well as in other hemorrhagic or 
traumatic episodes (Xi el al. 2003; De Castro Ribeiro el al. 
2006; Hua el al. 2007). Thrombin efTects occur through 
PAR-l , PAR-3 and PAR-4 receptors, activated by a 
proteolytic cleavage mechanism via G protein-coupled 
signaling paLh ways (Coughlin 2000). The PAR receptors 
are present in astrocytes (Junge el al. 2004). The link of 
thrombin with glutamate efflux here investigated is based on 
recen t reports showing that ligand activation of G protein
coupled receplors, including PAR receptors, pOlentiates the 
swell ing-evoked efflux of amino acids such as taurine and 
glutamate, which in a variety of cells are acting as 
osmolytes and in brain may have the dual role of osmolytes 
and neurotransmiuers (Fisher el al. 2008; Vázquez-Juárez 
el al. 2008). 

In a previous study, we showed a marked effect of 
Ihrombin increasing hyposmotic-swel li ng induced gluta
mate efflux from cul tured astrocytes (Ramos-Mandujano 
el al. 2007). The purpose of the present study is to 
investigate whether thrombin potentiates glutamate efflux 
evoked by isosmotic swelling under conditions disturbing 
the astrocytic capacity for K+ clearance, i.e. high extra
cellular K+ levels and ATPase blockade by ouabain (Leis 
el al. 2005). If th is occurs, thrombin may exacerbate 
neurotox icity and brain damage in pathologies concurren t 
with a disturbed K+ homeostasis. Due to the time required 
for the experiments, the non-metabolizable analogue of 
glutamate, D-aspartate, was used in th is study as tracer for 
glutamate. 

© 2009 The Authors 
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Materials and methods 

Materials 
Basal medium Eag[e, fe lal bovine serum and fura-2AM were 

purchascd from lnv itrogen. Ouabain octahydrate, L-glutamine (non
animal source), bumelan ide, 5-nitro-2-(3-phenylpropylamino)ben
zoic acid (NPPB) and the synthetic pept ide SFLLRN were from 
Sigma- Aldrich Chemical (St Louis, MO, USA). FSLLRN, TFLLR 
and A YPGKF were from Bachem Americas (Torrance, CA, USA). 
Pen Strep (penic illin streptomycin) was from GIBCO, Invitrogen's 
brand, Invitrogen (Carlsbad, CA, USA). DCPlB (4-[(2-Butyl-6, 
7dichloro-2-cyclopentyl-2,3-dihidro-1 oxo-I H-inden-5-yl)oxy] bu
tanoic ac id) and DL-TBOA were from TOCRIS Bioscience 
(Ellisvil le, MO, USA), and 4,4'·diisothiocyanostilbene· 2,2'·disulf· 
onic acid (D IOS) and PPACK rrom Calbiochem (San Diego, CA, 
USA). Thrombin was from Vital Products (bov ine plasma origin, 
spceific aetivi ty > 2000 U/mg protein). Radiactive molcculcs 
[2 ,3-3H1-Taurine and D-[2,3-3H]-aspartic ac id were from American 
Radiolabeled Chemicals lne. (St Louis, MO, USA) and Amersham 
Biosciences (Buckinghamshire, UK) rcspcctive ly. Salts for prep· 
aration of medium solutions were from J.T. Baker (NaCl, KC1, 
KH2P0 4, MgS04, CaCI2, and BaCI2), Sigma Chemicals (D-(+)

Glucosc) and Roche (I ndianapolis, IN, USA) (Hepes). 

Cell cultures 
Cortical astrocyte cultures were obtained from Wistar I day-old rat 
pups. Dissociated cell suspensions were plated at 3 x 106 cells in 
35 mm Petri d ishes, with basal medium Eagle, 10% heat-inaelivated 
fe tal bovine serum, 2 mM glutamine, 50 U/mL penicillin and 
50 pg/mL streptomycin. For cell volume measuremenls astrocytes 
were grown on eoverslips set over 60 mm Petri dishes with 
1.5 x 106 cells. Cultures were incubated at 37°C in humidified 5% 
CO2/95% air atmosphere, until confluence. 

Solutions 
Isosmotic control med ium contained (in mM) 135 NaCl, 5 KCI, 1.7 
KH 2PO", 1. 17 MgS04, I CaCI2, 5 glucose, 10 HEPES (300 mOslll, 
with pH 7.4). Isosmotic KlO so[utions were prepared replacing 
100 mM NaCl with 100 mM KCl, plus I mM ouabain. Hyposmotic 
solution (210 mOsm) was prepared correspondingly reducing NaCI. 
Osmolarity was verified by a freezing point osmometer from 
Precision Systems Inc. (Natick, MA, USA). 

Cell volume measurements 
Volume measurements were perfonned by estimating the changes in 
relative cell volume with a large-angle light-scattering system 
(McManus el al. 1993; Pedersen el al. 2002). Astrocytes cultured 
on coverslips were placed at 50Q angle relative lo the excitation light 
in a cuvette filled wÍlh isosmotic K/O. To tesl the effcct of 
hyposmolarity the cuvettc was fi lled with isosmotic medium during 
2 min and then distilled water was added to attain the osmolarity 
required. Cells \Vere excited at 585 nm with an argon are lamp 
(cmission was dctectcd at 585 nm). Data are cxpressed as the 
inverse of the emission signal as light intensity inversely corre lates 
wilh cell volume, according to the equation Ijll (where lo = the 
cmission signal average whcn basal signal has bcen reached just 
before the stimu lus; 1I = emission signal at time l). It should be 
notieed that absolute volume values cannot be obtained with this 
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method, bul Ihal il is useful main ly to comparatively evaluate 
changes in cell volume evoked by ditTerenl condi lions or in the 
presence of inhibitors. This has to be considered for all mentions lO 
cell volume made through the manuscript. 

Release experiments 
Astrocytes preloaded 1 h with JH-D-aspartale or JH-taurine 
(0.3 l1ei/mL) were washed and superfused at 1 mUmin wilh 
isosmotic control medium up to reach a stabl e efflux baseline. 
Then, medium was replaced by isosmotic KlO solution superfused 
conlinued during 40 min. To test the effect of blockers DL-threo-b
Benzyloxyaspartic acid (TBOA) and DCPIB, cells were 30 min pre
incubated wi th the inhibilor or Ihe corresponding vchicle. Thrombin 
(5 U/mL) was added as indicated in the figures. At the end of the 
experiment, radioactivity in sampl cs (collectcd during 45 min) and 
that remaining in cells was measured in a liquid sci ntillation counter. 
ResullS are expressed as rad ioactivity released per minute as 
pcrcentagc of the total radioacli vity incorporated during loading. 

Ca2
+ measurements 

To estimate changes in [Ca2+]¡ astrocytes cultured on rectangul ar 
coversl ips in plast ic dishes (60 mm), were incubated with fura-2/ 

AM (211M) for 40 min. The coverslips were then gently washed in 
control medium lo remove the extmce\l ular dye and were placed al a 
50° angle relative to the excitation lighl palh in a cuvene filled with 
control medium or wi lh KlO sol ution in a Fluoromax-3, Horiba 
luminescence spcctrometer. Exc italion wavelength was altemated 
belween 340 and 380 nm and fluorescence intensity was monitored 
al 510 nm. The valucs oblained through this procedure were used 10 

ca1culate the ratio of fluorescence intensity (fluorescence at 340 nml 
fluorescence at 380 nm). 

Data analysis 
Statislical ditTerences between experimental groups were detemlined 
by Studenl's t-test and analysis of variance (ANOVA) fo llowed by 
Tukey test, statistically signifi cant ditTerences were considered at 
*p < 0.05. AII data are given as mean ± SEM. 

Results 

High extracellular K+ concentration and ouabain (K/O) 
increased astrocyte volume under isosmotic conditions 
Cultured astrocytes exposed lO 100 mM KCl and 1 mM 

ouabain (isosmotic so lution made by equiosmolar reduction 
of NaCl) (KlO) showed a continuous increase in ce ll volume. 
Swelling started immediately after the treatment and pro
gressivcly increascd to reach a maximum aftcr 27 mino No 
significant ful1her swelling was observed up to 50 mino 
Max imal K/O-induced astTocyte swelling (evaluated with the 

limitations inherent to the li ght-scattering method) was 16% 
in average over eell volume in eontro ls (F ig. la). KJO
eli eited swelling was markedly redueed (66%) when astro

eytes were treated with 10 ).1M bumetan ide, a known blocker 
of the Na+/K+/Cl- co-transporter (NKCCI). Swelling was 

also decreased (27%) by 200 ).1M BaClz, (barium) which at 
thi s coneentration aets as bloeker of inwardly rectifyi ng K+ 

© 2009 Thc Authors 
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Fig. 1 Swelling 01 cortical aslrocytes exposed to isosmotic KlO and 

effects 01 Ihe NKCC colransporter blocker bumetanide and Ihe Kir 
channel blocker ba rium. (a) Representative traces 01 volume changes 
in cells exposed to KCI (100 mM), replacing equiosmolar NaCI, plus 
1 mM ouabain (KlO), and the ellect 01 bumelanide (10 ).1M) barium 
(200 11M) and both. Bumetanide (10 ~(M) was preincubated 30 min in 
control medium before Ireatmenl wilh KlO, and was present 
throughout the experimenl. Barium (200 ).1M) was added at the time 01 

exposure lO 1<10 medium. Resulls in bars (means ± SE 01 6--10 
experimenls) correspond lo maximal swelling expressed as percenl
age over volume under control conditions. (b) Astrocyte swelling and 
volume regulation in 30% hyposmotic medium (H·30%). 'Signilicantly 
different Irom control 1<10 p < 0.05. 

ehanncls. Treatment with the two bloekcrs simultaneously, 

abo lished astroeyte swelling (Fig. la). Astrocytes exposed to 
30% hyposmotie solution show immediate swell ing, with 
maximal peak of 22% over the basal va lue, attained almost 
immediately aftcr the stimulus. Thercafter, a progressivc 
reduction in cell volumc was observed (Fig. 1 b). This result, 
included in the present study with eomparati ve purposes, 

confinns other reports showing the typical regulatory volume 
deerease in cultured astroeytes (Pasantes-Morales el a/. 
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1994; Olson et al. 1995; Cardin et al. 1999). Thrombin 
added to the control medium elicited a marginal increase of 
2.1 ± 0.84% (n = 6) of astrocyte volume. 

Treatment with K/O increased o-aspartate via two 
different routes 
Astrocytes loaded witll 3H-D-aspartate and superfused with 
control medium, released labeled o-aspartate al arate of 
0.5% per mino Treatment with KlO increased o-aspartate 
release with a biphasic pattem. In the first phase, a fast and 
large increase in D-aspartate was observed, reaching a peak 
release of 1.7%, 3 min after the stimulus (Fig.2a). 
Then, effiux slowly decreased showing release fractions of 

(a) 
_ 2.5 

~ 
• 2.0 • • • 
~ 15 
~ • t: 1.0 • a. • 
~ 0.5 o 
:i: 1st phase 
~ 

0.0 

Thrombin and K+- evoked o- aspartate efflux 1401 

1.6-1.2% per min during about 8 min. Thereafter, a second 
phase of release was observed, in which o-aspartate effiux 
increased slowly and progressively, without showing any 
decline during the time ofthe experiment (40 min). (Fig. 2a). 
The amount of o-aspartate released during lhe first phase 
corresponds to 13.5% of loaded D-aspartate, and the amount 
rcleased in the second phase is 31 % rcsulting in a total 
release of 45% (Fig. 2a). 

The mechanism of o-aspartate effiux during the two 
identified phases \Vas investigated using Ihe Na + -dependent 
glutamate carrier blocker TBOA, and DCPIB, a specific and 
potent blocker of the vo lume-sensitive an ion channel. Cell s 
were incubated with the blockers during 20 min before 

-o- Cont rol 

2nd phase 

Fig. 2 o-Aspartate elllux lrom cortical as

trocytes evoked by 1</0 and ellect 01 

swelling and carrier blockers. Astrocytes 

preloaded with 3H-o-aspartate were super

fused (1 mUmin) wilh control medium dur

ing 4 min, and then (arrow) with the same 

conlrol medium (O) or the isosmolic K/O 

medium (100 mM KCI replacing the equiv

alen! NaCI) , and 1 mM ouabain (e ). Poinls 

represent the radioactivity released at eaeh 

Iraclion, expressed as percenlage 01 lolal 

radioaetivily aceumulated during loading. 

(a) The lime-course 01 3H-D-aspartale 

showing two phases, a lirsl phase (solid 

bollom line), aetivaled and inaetivated 

wilhin 10 min alter exposure lo 1</0, and a 

progressively inereasing second phase 01 

release (bottom dashed line) during the 
nexl 30 mino In bars is Ihe amounl 01 3H_D_ 

aspartate release al eaeh phase, expressed 

as percentage 01 lhe total label accumu

laled in loading. (b) 3H-D-aspartate release 

in 1</0 during lhe lirsl phase (10 min alter 

1</0, solid bollom line) and effeels 01 5 ).1M 

TBOA and 10 ).lM DCPIB and bolh. (e) EI

flux and effect 01 blockers TBOA, DCPIB 

during the second phase (min 15--40 afler 

1</0). (O) Control; (e ) 1</0; (V) K/O plus 

DCPIB; (O) 1</0 plus T80A. (d). Effect 01 

eell swelling blockers bumetanide (10 ).1M) 

and barium (200 ).1M) on D-aspartate 

release in 1</0 during the second phase 

(3()-40 min alter 1</0). 8ars represen! nel 

efflux, Le. release under the K/O condition 

minus release without 1</0, in the presenee 

01 Ihe blockers. Resulls are means ± SE 01 

6-8 experimenls. 'Signifieantly different 

Irom control K/O p < 0.05. 
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trcatment with K/O. Fig. 2b shows a marked inhibitol)' 

elTect ofTBOA on the first phase ofD-aspartate efflux, which 

is reduced up to 61 %. DCPIB showed also an inhibi

tOI)' effect, decreasing D-aspartate efflux by 21 %. 

S imultaneous treatment w ith the two blockers reduced the 
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Flg. 3 Effect 01 thrombin on KlO-induced elflux 01 D-aspartate from 
cultured cortical astrocytes (a) 3H-o-aspartate efflux during 10 min 
afler K/O exposure (Iirsl phase) and the potentiation by 5 U/mL 
thrombin, added at the arrow. (b) 3H-o-aspartate elflux during 30 min 
afler K/O and Ihe potenliation by Ihrombin added a! Ihe arrow. (e) K/O
evoked 3H-o-aspartate efflux during 40 min and the potentiation by 
Ihrombin added at Ihe arrow. Points represen! the radioactivily re
leased al each Iraelion , expressed as pereenlage 01 total aecumulaled 
under the lotlowing eonditions: (e ) K/O; ('f') K/O plus thrombin. 8ars in 
b and c show 3H-o-aspartale released in 10 Iraelions (bottom tine) in 
the presence or absence 01 thrombin and represent nel elllux (K/O 
minus conlrol release) under Ihe indieated eonditions, Poinls in the 
curves and resulls in bars, are means ± SE 01 six experimenls. 
'Significantly difieren! from con!rols in Ihe absenee of thrombin 
p < 0.05. 

© 2009 Thc Authors 

efflux up to 84% (Fig. 2b). An oppos ite inhibition pattem 

was found for the second reJease phase of D-aspartate, which 

was essentia lly insensitive lo TBOA but markedly reduced 

by DC PIB (Fig. 2c) . These results suggest thal swelling is 

the stimulus lO evoke the second phase of D-aspartate release. 

This was confinned by the marked reduction of D-aspartale 

effl ux when ce l1 swell ing was inhibited by bumelanide 

(59%), barium ( 19%) or bumetanide plus barium (8 1%) 

(Fig . 2d). Results on the lime-course and mechanisms of D

aspartale efflux confinn Ihose reported by Rut1 edge and 

Kimelberg (1996). 

O-Aspartate efflux evoked by K/O is potentiated by 
thrombin 

Thrombin added al the same time as KJO evoked a small bul 

significant enhancement of o-aspartate efflux (Fig. 3a), bul 

when added 15 min after exposure lo KJO, once the first 

release phase has almost inactivated, a large potentiation of 

D-aspartate effl ux was observed, increasing by 10 1 % Ihe K/ 

O-evoked efflux (F ig. 3b). An even higher potentiation of D

aspartate efflux of about 117% was observed when Ihrombin 

was applied when the second phase has progressed, 30 min 

after the stimulus (Fig. 3c). Thrombin evoked re1ease of D

aspartate was unalTected by TBOA and essentially aboli shed 

by OCPIB, NPPB or DIOS (Fig. 4a). These results suggest 
thal Ihe effect of thrombin occurs primarily on o-aspartale 

fluxes across the volume-activated anion channcl. In furthcr 

support lo this notion, the thrombin potentiated D-aspartate 

effi ux was essentia lly suppressed by preventing aSlrocyte 

swelling with bumelanide and barium (F ig. 4b). 

K/Q evoked taurine efflux is potentiated by thrombin 
Taurine efflux examined in the same conditions exhibi ted 

only a sma ll ¡n crease as result o f K/O exposure in the initia l 

minutes, correspond ing lo Ihe firs t pllase ofrelease (F ig. 5a). 

Thereafter, laurine efflux increased continuous ly during the 

next 30 min with no s ign of inactivation. Taurine re1eased 

was 8% and 35% in the first and second phase, respecti ve ly, 

resulting in a total re1ease of 43% (Fig. 5a). Taurine efflux 

evoked by KlO was abolished by DCPIB (Fig. 5a). Throm

bin increased laurine efflux, by a DCPIB-sensitive mecha

nism (Fig. 5b). 

The mechanisms of thrombin effect increasing taurine and 
o-aspartate efflux 
The mechanism medi ating thrombi n elTecls on K/O efflux of 
D-aspartate likely in vo lves its action as a protease on a PAR 

receptor. This is su pported by results in Fig. 6a, show ing 

how thrombin pretreatment with the protease inhibitor 

PPACK, prevented Ihe thrombin potentiation of K/O-evoked 

D-aspartate effl ux. The PAR-I iso fonn seems thal predom

inantly involved in thrombin effect, since the PA R-I agonists 

SFLLRN and TFLLR (5 flM), fully replicate the effect of 
thrombin on o-aspartatc efflux, while the scrambled peptide, 
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Fig. 4 Effecls 01 swelling-, carrier- and volume-sensitive palhway

blockers on KlO-evoked o-aspartate potentiated by Ihrombin. 

(a) Effects of TBOA, DCPIB, NPPB and DIOS on o-aspartate released 

during the lasll0 min 01 perfusion with 1</0 plus Ihrombin (bOllom tinelo 
lb) Effects 01 Ihe KlO induced swelling blockers bumetanide and bar

jum on ¡he o-aspartate release as in (a). Astrocytes were pre-incubated 

wilh the blockers, 5 ~IM TBOA, 10 ~IM DCPIB, 50 ~IM NPPB or DIDS, 

10).lM bumelanide, during 30 min, and Ihen Ihe experiment was car

ried out as in Fig. 2. Barium (200 ~IM) was added al Ihe time 01 KlO 

treatment. Bars represent net efflux (1<10 minus control release) under 

the indicated conditions. and are means :t SE 01 4-6 experiments. 

'Significantly different from 1<10 plus thrombin condition p <: 0.05. 

FSLLRN was without effec! (F ig. 6b). Tlle PARA agonist 
AYPGKF (50 11M) was essentially ineffective (Fig. 6b). 

Thrombin interaction with PAR receplors is known to 
elicit a marked increase in cytosoJ ic Ca2+ concentration 

© 2009 Thc Authors 
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([Ca2+];). This effect is consistently observed in a large 
variety of cells and was also found in the presen! study in 
corti cal cultured astrocy!es treated with KlO. The magnitude 
of thrombin effect increasing KlO-induced D-aspartate 
release was markedly different during the time of the 
experiment as aboye described. To exclude a variation in 
Ihe extcnt of thrombin-evoked [Ca2+J; rise during the 
experiment as the reason for thi s difference, the change in 
[Ca2+]¡ was examined when thrombin was applied 2 min 

(Fig.7a), 15 or 30 min afier KlO stimu1us (Fig. 7b and e). 
Figure 7b shows no difference in [Ca2+]; elevation al any of 
Ihe times examined. 

Discussion 

The present results showed swelling in cultured astrocytes 
under isosmot ic conditions, evoked by treatment with high 
extracellular K+ concentrations and ouabain (K/O). The 
swelling lime-course observed contrasts notably with thal 
induced by 30% reduction in osmolarity in the same 
preparati on (cultured astrocytes) (Pasantes-Morales el al. 
1994; Olson el al. 1995; Cardin el al. 2003 and presenl 
results). Whereas maximal volume under the hyposmotic 
condition was attained almost immedialely after Ihe stimulus, 
it required about 30 min to be reached in KlO-treated ceJl s. 
Another remarkable difference is that while hyposmotic 
swelling is followed by an active process of volume 
recovery, in Ihe KlO-treated cells Ihere is no evidence of 
volume regulation, though a plateau is reached al a certain 
time. 

Astrocyle sweJling elicited by KlO trealment is the 
consequence of K+ and CI- accumulation, followed by 
osmolically ob ligaled waler (Ransom el al. 1996; Walz 
2000). A small proportion may come also from intracellular 
Na+ raised by Na+/K+ ATPase blockade, which is though, 
counteracted by the suppressed K+ accumulation via lhe 
ATPase. Under this condition, net K+ uptake is accomplished 
primarily by activation of Ihe electroneutral co-transporter 
NKCC. NKCC l is Ihe isofonn expressed in cultured 
astrocytes and Ihere is evidence in support of Ihe substantial 
contribution of this transporter lo the uptake phase of K+ 
clearance by astrocytes (Walz 1987; Su el al. 2002a, b; 
Mongin 2007). The presenl results showing a marked 
reduction in KlO-indllced swelling when NKCC l is blocked 
by bumelanide are in line wilh these previous observations. 
The gUal inwardly rectifying K+ channels of the Kir family 
channels are proposed as an additional palhway for K+ 
accumulation and K+ buffering. The Kir4.1 isofonn is 
expressed in cllltured and in siltl astrocytes and constitule lhe 
major part of Ihe aSlrocytic Kir conductance (Olscn and 
Sontheimer 2008; Benesova el al. 2009). We found thal 
blockade of Kir channels wilh barium led to a mild decrease 
of astrocyte swelling, suggest ing a modest contribulion of 
Ihis mechanism lO K+ uplake in cultured cortical astrocytcs. 

Joumal Compilation © 2009 Intemational $OciCIY for Neurochemistry, J. Nelllvchem. (2009) 111 , 1398- 1408 



50 

 

 

 

140' I E. Vazquez-Juarez et al. 

(a) "" ~50 • 
~ 40 -O- 1505 

2.5 • '§ 30 -.- K/O 

~ 2.0 
~ Isos DCPIB 

" .. 
lO 1 .5 .! 1 si 

" ~ 
" 1.0 e .;: 
:> 
lO 0.5 -, :I: 

1 st phase M 2nd phase 
0.0 --------

O 5 10 15 20 25 30 35 
Time (min) 

(b) ~ * 
3.0 • 20 --o-- Control 

0 
~ -.-K/O 

~ • 15 • 2.5 ~ ~K/OT 

" • 10 -o-K/O T .. o 
'C 

lO 2.0 o 5 +DCPIB .! .!! 

" f. O ~ 

" 
1.5 K/O +T e .;: 
1.0 :> 

lO 
";' 
:I: 0.5 

M 

0.0 
O 5 10 15 20 25 30 35 

Time (min) 

The time-course of K/O-induced swell ing in cortical 
cu lturcd astrocytcs showed no cvidencc of an cffi cient 
volume regulation, which con trasts with the fas t volume 
recovery observed after hyposmotic swell ing. This is a 
predictable result since the typica l regulatory volume 

decrease observed under hyposmotic conditi ons is accotn· 
plished to a ¡arge ex tent, by K+ and CI- extrusion (Wchner 

1998; Stutzin and Hoffmann 2006) which cannot occur in 
high cxtraccllu lar K+ conccntrations. The pool of organic 
osmolytes, including glutamate, taurine and myo-inositol 

(Rulledge and Kimelberg 1996; Card in el al. 1999; Isaacks 
el al. 1999), is mobi lized, attenualing the magnitude of 
swelling, and is presumably respons ible for Ihe observed 
swelling plaleau, bUI appears insuffic icnt to accomplish ccll 
volume recovery when Ihe KJO condition persists. 

Tauone and D-aspartate effiux elicited by K/O was 

comparalively examined in the present study, and marked 
differences were found in the release pattem between the 
two amino ac ids. In contras! to the fast and large rclease of 
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Fig. 5 Ellect 01 KlO on 3H-taurine release, 

its potentiation by thrombin and the effect 01 

DCPIB. (a) Astrocytes were preloaded with 

3H·taurine and treated as in Fig. 2. (b) 

Time-course 01 KlO-evoked taurine efflux 

and the effect of thrombin (5 U/mL) added 

30 min after KlO exposure (bottom line) and 

the effect of DCPIB (10 ¡.tM) on !hrombin 

potentiation. DCPIB treatment as described 

in Fig. 2. Points represen! the radioactivity 

released al each fraclion, expressed as 

percentage 01 total 3H-taurine accumulated 

under the lollowing conditions: (O) Control; 

(e ) KlO; (V ) ) KlO plus OCPIB; (\7) KlO 

plus thrombin (. ) KlO plus thrombin plus 

DCPIB. Bars in (a) represent net efflux (KlO 

minus control release) in the two phases 01 

release. Bars in b show laurine released in 

10 Iractions (bollom line) in the presence or 

absence 01 thrombin. 'Signilicantly difieren! 

at p < 0.05. 

D-aspartale observed immediately after KJO exposure, on ly a 
marginal increase in taurine effiux was observed. Differenccs 
in lhe carrier properties may contobute to lhe difference 
observed, since while glutamate transporter is Na + and K+
dependent, laurine carrier is oll ly Na+-dependen t and conse
quelltly is less influenced by changes in external K+. Results 

showing thal prevention of laurine effiux by DCPIB, a 
specific blocker of Ihe vo lume-sensili ve anion channel 
(Decher et al. 200 1), points lo Ihis palhway as Ihe main 

route for lauri ne translocation. 
The release of D-aspartate fram astrocytes was also 

increased by KlO treatmelll, as prev iously reported (RuI
ledge and Kime lberg 1996). The effiux time-course shows 
two differenl phases: an initial phase, of fasl acti valion and 
inacti vation, and a second phase, of delayed and pragres
sive effiux, detectable as long as the KlO condition persists. 

The pharnlacological prafile of these t\Vo phases revealed 
two different mechanisms for release. The initial phase, 
markedly reduced (60%) by Ihe carrier blocker TBOA, is 
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posed lo 1</0 during 30 min as in Fig. 4c. 
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then likely oeeurring via the transpon reversa l, a condition 
favored by the diss ipation of ionic grad ients and depolar
ization. Interestingly, a fraetion of 21% of o-aspartate 
re lease in thi s first phase was reduced by DCPIB, the 
vo lume-sensitive pathway blocker, suggesting tha! even 
small changes in cel! volume as occurring in the first 
minutes after treatment with KlO, enhance glutamate efflux 
via this pathway. The simultaneous presence of TBOA and 
DCPIB reduced 95% the D-aspartate efflux from this first 
fraetion , exclllding meehanisms other than swelling and 
carrier-mediated efflux as contributors to o-aspartate rel ease. 
The second phase of D-aspanate efflux showed a markedly 
differen t time-course as compared with the initial phase, 
and a different pattem of sensitivity to TBOA and DCPIB. 
While the carrier blocker had no cffect, o-aspartate efflux 
was abolished by DCPIB, NPPB or DIDS, a resuIt that 
points to swelling as Ihe main stimulus for thi s release. The 
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Time (min) 

swelling-dependent phase of D-aspartate efflux is also 
ev ident by the eITec! preventing thi s efflux when cel! 
swelling is reduced by treatment with bumctanide and 
barium. A previous study has shown a slrong inhibitory 
eITeet of bumetanide on D-aspartate release elieited by high 
K+ concentrations (Su el al. 2002a, b), a result confirmed in 
the present results. AIl these observations clearIy establish 
that D-aspartate efflux is eli cited by both, depolarizationl 
di ssipalion of Ihe ionic gradients and cell swelling, and 
proceeds via two diITerent routes, as has bcen prcviollsly 
demonstrated by Rutledgc and Kimelberg (1996). The same 
eonclusion has been reaehed after substantial evidenee 
regard ing glutamate efflllx in a variety of experimental 
models of ischemia, in vilro and in vivo (Nelson el al. 
2003; Phillis and O'Rcgan 2003; Mongin and Kimelberg 
2004; Swanson el al. 2004; Kimelberg 2005). This simi
larity is expeeted since the experimental paradigm of the 
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Fig. 7 Changes in (Ca2 ,")¡ efieited by 

thrombin in astroeytes al dilferent times 01 

exposure lo 1<10: (a). Thrombin added 

2 min alter 1<10 exposure (b). 15 min alter 

K/O. (e) 30 min after K/O. Results are ex

pressed as ratio 01 Iluorescenee intensity 

(340/380 nm) (d). Quanlilieation 01 the peak 

01 (Ca2+1¡ response lor eaeh eondilion (bars 

were obtained from the peak value minus 

the basal K/O value). [Ca2"11 was measured 

with lura-2AM (2 ).1M) as detailed in Meth

ods. Means ± SE Irom 6 lo 10 experiments. 

present study replicates intracellular and extracellular ionic 
changes that occur during cerebra l ischemia, and has been 
oftcn considered as an ischemic-l ike model (Rutledge and 
Kime lberg 1996). In contrast to glutamate, laurine effiux, 
which is also reported to be released in ischemia mode ls 
(Phillis and O'Regan 2003; Mong in and Kimelberg 2004), 
seems lo respond largely to swelling. 

The main interest of the present study was to investigate 
whether thrombin potentiates glutamate effiux llnder ische
mic-like conditions, thus potentially aggravating the risk of 
excitotoxic ity. It ShOllld be noticed that in all experiments, D

aspartate was used as tracer for glulamate. Glulamale 
participates in multiple reactions related lo brain energetic 
demands, and excitabi lity (Dienel and Hertz 2005; Rossi 
el al. 2007) and in astrocytes particularly, glutamale is 
acti vely melabo lized via gllltamine synthetase (lsaacks el al. 
1999). Therefore, lhe amounl of glutamate released by KfO 
and K/O plus lhrombin may be lower lhan lhat ofD-aspartate. 
If this is too low to promote exc itotoxic ily remains to be 
demonstrated. 

We showed in a previous report a marked effect of 
thrombin increasing glutamate efftux from cuItured astro
cytes swollen by hyposmolarity (Ramos-Mandujano el ai. 

2007) and the present study demonstrates a similar effecl of 
thrombin in a mode l of isosmotic swelling, in lhis case 
elic ited by intraceHular K+, Na+ and CI- intracell ular 
accumulation. As aboye mentioned, in contrasl to the 
immediate and fast increase in cell volume after a hypos
motic slimulus, swell ing under the K/O condition has a 
temporal pattern all owing us lo dernonstrale lhal thrombin 
potentiation of glutamate efftux, D-aspartate in lhis case, 

© 2009 The Authors 

occurs with a magnitude proportional lo lhe degree of 
swelling. A small bul signifi cant effect of thrombin 
increasing D-aspartate release was observed within the first 
minutes after the stimulus, when only minute changes in ceH 
volume occur. Later, lhe potenlialion by 1hrombin is much 
higher, with a magnitude re lated to lhe extent of swelling. In 
fu ll accordance with th is conclusion, when swelling is 
prevented by bumetanide and barillrn, lhe thrombin-potenti
ated D-aspartate effiux was essent ially suppressed. 

The eITect of thrombin found in the present study, in 
agreemenl with that observed on hyposmotic glutamate 
effiux, involved a protease-activated receptor (PAR), mainly 
the PAR- I isofonn, which is present in astrocytes (Wang 
el al. 2002; Wang and Reiser 2003; Junge el a!' 2004). 
Thrombin activation of PAR receptors elicits a signaling 
pathway resulting in [Ca2+]¡ increase in astrocytes confinn
ing its eITect in numerous cell types. Thrombin increased 
[Ca2+]¡ in astrocyles from two main sources, extracellu lar 
Ca2+ and Ca2+ from the endoplasmic reticulum stores 
(Ramos-Mandujano el a!' 2007). As aboye mentioned, 
thrombin potentiation of D-aspartate and taurine effiux 
\Vas higher when thrombin was applied after longer times 
after the K/O treatment. This pauem is no1 due to any 
ditTerence in the extenl of thrombin-elicited [Ca2+]¡ eleva
tion, which was found to be the same all along lhe 
experiment. It seems, in contrast, re lated to the degree of 
ceH sweHing which is progressively increasing. Altogether, 
these resuIts show that glutamate (D-aspartate) effiux can be 
enhanced in s\Vollen ce lls under isosmotic conditions 
including those replicating ischemia, provided that a 
threshold swell ing is alla ined. 
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The thrombin-elicited increase in gl utamate efftux from 
astrocytes might contribute to ischemic-induced neuronal 
death by exc itotoxicity (Feustel el al. 2004; Mongin 2007) 
particularly since brain thrombin levels notably increase in 
ischemia. Other observations relate thrombin with excito
toxicity, such as the ischemia-induced up-regulation of PAR 
receptors (Xi el al. 2003) for which thrombin is the mai n 
substrate, or reported thrombin action increasing the effi
ciency of Ihe glutamate NM DA-type receptor, which may 
exacerbate glutamate potential damage (Gingrich el al. 2000; 
Lee el al. 2007; Sharp el al. 2008). Ahogelher, lhese 
observations poinl to a possible effecl of thrombin aggra
vating the excitotoxic damage known to occur in ischemia. In 
support to this possibility is the resistance to ischemic 
damage observed in transgenic mice defective in PAR-l , and 
the increased neuronal survival by treatment with PAR- l 
blockers argatroban and hirudin (Kawai el al. 1996; Strig
gow el al. 2000, 2001; Karabiyikoglu el al. 2004). 

The effecls of thrombin increasing D-aspartate effiux 

were found aholished by preventing swelling with bumeta
nide and barium. Also taurine and o-aspartate rcl ease 
were suppressed by DCPIB. Altogether, these results point 
to the swelling-activated penneability pathway as the site of 
thrombin influence. DCPIB is a spec ifi c and potent blocker 
of the volume-sensitive glutamate efflux from astrocytes as 
shown by previous results from us and others (Abdullaev 
et al. 2006; Ramos-Mandujano et al. 2007). DCPIB and 
other CJ- channel blockers al so inhibit the swelling- induced 
efflux of organic osmolytes (Abdul1aev el al. 2006; Shennan 
2008). There is still controversy on whether the swelling
sensitive Cl- channel itself is the penneability pathway for 
the organic osmolytes, inc\uding glutamate, a controversy 
raised by consistent observation of an inhibilory effect of 
essentially al! the volume-sensitive Cl- channel blockers on 
the volume-sensitive efflux of organic osmolytes. If this 
means that the same pathways carri es both C¡- and organic 
osmolytes or that they are so c\osely interconnected that 
blockade of one, blocks also the other one, is stil! uncertain. 
In any event, there is evidence of a strong etTect of DCPIB 
reducing swelling-induced glutamate efflux in astrocyles and 
more recentIy DCPIB was also shown to prevent glutamate 
efflux evoked by middle cerebral arte!)' occIusion-induced 
ischemia in adult rat. In support to the critical role played by 
cell swelling as a route for glutamate efflux lead ing to 
exc itotoxic damage in ischemia, DCPIB showed a significant 
reduction of the infarct vo lume in thi s in vivo ischemia model 
(Zhang el al. 2008). 
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5.4. CUARTA PARTE (RESULTADOS NO PUBLICADOS) 

 
En esta parte se presentan los resultados hallados respecto a algunos elementos de 

señalización que participan en la cascada activada por el corte proteolítico del receptor a 

trombina bajo condiciones de aumento en volumen isosmótico por una alteración en la 

homeostasis del potasio. 

 En la tabla 1 se resumen los fármacos utilizados y su correspondiente inhibición de 

la liberación evocada solamente por el estímulo de una alta concentración extracelular de 

potasio, así como sobre la potenciada por trombina. 

  

Blanco Fármaco 
% de inhibición bajo la condición de ↑[K

+
]e 

sin estímulo + trombina 

PLCβ U73122 2.5 µM 67%  31% 

Ca
2+

 intracelular BAPTA-AM 25 µM 27% 38% 

Vaciamiento poza de 

Ca
2+

 del R.E. 
Tapsigargina 0.5 µM 40% 36% 

Ca
2+

 extracelular BAPTA 0.1 mM 21% 14% 

PI3K Wortmannin 100 nM 79% 55% 

CaMKII KN-93 5 µM - 48% 

Ca
2+

i + PI3K BAPTA-AM + Wortmannin - 93% 

 

Tabla 1. Efecto de la inhibición de elementos de la vía de señalización que conduce a 

un aumento en Ca
2+

 intracelular así como de la actividad de PI3K sobre la liberación de 

glutamato bajo condiciones de alteración en la homeostasis de potasio en ausencia o 

presencia de trombina. Los fármacos (a excepción de la tapsigargina) fueron 

preincubados 15 minutos antes del tratamiento con una alta concentración de K
+
 

extracelular y estuvieron presentes durante todo el experimento. La tapsigarguina se 

agregó 10 minutos previos al tratamiento con una alta concentración de K
+
 extracelular 

durante 5 minutos y el experimento se realizó en medio libre de Ca
2+

 para evitar el 

relleno de la poza intracelular de Ca
2+

 ubicada en el R.E. Los datos se basan en el 

promedio los curso-temporales de las figuras 4 y 5. 

 
 
 
 

a. 



56 

 

Figura 4. Curso temporal y cuantificación de la liberación de 
3
H-D-aspartato bajo la 

condición de aumento en volumen por alteración de la homeostasis del potasio en 

presencia o ausencia de trombina y de diferentes inhibidores/quelantes: U73122 (a), 

sin calcio extracelular + BAPTA (b), BAPTA-AM (c) y pretratado con tapsigargina (d). 

En las gráficas de la izquierda se muestra la liberación basal  (4 min), a partir del 

minuto 5 y hasta el final del experimento, los astrocitos fueron sometidos a una 

solución isosmolar (300 mOsm) de [100 mM] de KCl. La trombina se agrega  patir del 

minuto 31. En barras, se muestra la cuantificación de la liberación acumulada entre el 

b. 

c. 

d. 

b. 
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minuto 31 y el 36. Los resultados se muestran como los promedios ± E.E. de 4 a 6 

experimentos. 

  

 
Figura 5. Curso temporal y cuantificación de la liberación de 

3
H-D-aspartato bajo la 

condición de aumento en volumen por alteración de la homeostasis del potasio en 

presencia de trombina y del inhibidor wortmanina, el quelante BAPTA-AM o ambos 

agregados conjuntamente. Los resultados se muestran como en la Fig. 4 y son los 

promedios ± E.E. de 4 a 6 experimentos. 
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6. DISCUSIÓN  

 

En este trabajo de tesis doctoral se abordó el estudio del efecto de la trombina sobre el 

decremento regulador de volumen en astrocitos, demostrando su participación como un 

agente potenciador de la salida de osmolitos en respuesta al edema celular de astrocitos. 

La potenciación por trombina de taurina y glutamato, bajo los modelos de hiponatremia y 

de perturbación en la homeostasis del K+, es orquestada por la activación del receptor 

perteneciente a la superfamilia de receptores acoplados a proteínas G PAR-1 

principalmente asociado a una señalización intracelular de calcio. Los resultados hallados 

respecto a la movilización del glutamato, junto a otras evidencias actuales, apoyan una 

conexión entre la presencia de altas concentraciones de trombina en el cerebro y la 

exacerbación del daño por excitotoxicidad bajo condiciones de edema cerebral. 

 

 A pesar de que estos resultados ya fueron discutidos en sus publicaciones 

correspondientes, en este apartado se rediscutirán ampliamente algunos de los aspectos 

más relevantes con el fin de integrar los resultados obtenidos y mostrar algunas 

propuestas para el avance de este campo de estudio. La página 70 contiene un modelo 

esquemático que engloba los resultados más significativos de esta tesis y al cual se hará 

referencia en varias secciones de la discusión. 

 

6.1. Edema hiposmótico en astrocitos y su modulación por trombina 

 

 Las alteraciones en el volumen celular que se presentan bajo diversas condiciones 

patológicas representan sin duda un desafío para cualquier tipo celular; sin embargo, en el 

cerebro el reto es aún mayor debido al estrecho margen que impone el cráneo a la 

expansión del tejido. El edema cerebral compromete severamente la sobrevivencia y 

función normal del tejido debido al aumento en la presión intracraneal que origina la 

compresión vascular y herniación hacia el tallo cerebral por ser la zona de menor 

resistencia. A nivel celular se ha identificado desde hace tiempo, que bajo condiciones de 

edema, los astrocitos son el tipo celular que exhibe hinchamiento; esta característica está 

relacionada en parte con su papel en el mantenimiento de la homeostasis iónica, ya que 

los eficientes mecanismos de remoción de solutos extracelulares y la alta expresión de 

acuaporinas los convierte fácilmente en el blanco de desbalances osmóticos (Simard y 

Nedergaard, 2004; Pasantes-Morales y Vazquez-Juarez, 2012). También se ha descrito 

que esté fenómeno puede ser el resultado de un mecanismo más eficiente de regulación 

de volumen presente en neuronas, ya que de acuerdo con observaciones bajo una 

condición hiposmótica in vivo en neuronas de Purkinje del cerebelo, estas células liberan 
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una gran cantidad de taurina que es capturada por los astrocitos adyacentes; este hecho 

mantiene a las neuronas exentas de alteraciones en su volumen mientras que los 

astrocitos presentan hinchamiento (Nagelhus et al., 1994). 

 

 La respuesta de los astrocitos ante el aumento el volumen y en particular la 

movilización de osmolitos orgánicos se ha estudiado desde hace varios años. (Pasantes-

Morales et al., 1994; Cardin et al., 1999). El interés que motivó la primera parte de esta 

investigación, enfocada al edema hiposmótico en astrocitos y su modulación por trombina, 

provino de nuestro estudio previo realizado en la línea celular de fibroblastos Swiss 3T3, el 

cual mostró por primera vez la capacidad modulatoria de la trombina sobre la movilización 

de osmolitos orgánicos inducida bajo una condición de hinchamiento por reducción en la 

osmolaridad externa (Vazquez-Juarez et al., 2008b). Este estudio reveló que la trombina es 

capaz de potenciar la salida de taurina, el aminoácido considerado como representante del 

grupo de osmolitos orgánicos. La característica más sobresaliente de la potenciación por 

trombina en los fibroblastos Swiss 3T3 fue la magnitud alcanzada en comparación con la 

que exhiben otros agonistas de receptores acoplados a proteínas G, entre los que 

destacan el ATP, la bradicinina, la vasopresina, la endotelina y el LPS (Falktoft y Lambert, 

2004; Franco et al., 2004b; Heacock et al., 2006; Vazquez-Juarez et al., 2008a). Con este 

antecedente y dado que los estudios en hiposmolaridad experimental han demostrado que 

los aminoácidos preferentemente empleados como osmolitos en el cerebro son la taurina y 

el glutamato (Pasantes-Morales et al., 1993; Massieu et al., 2004), la primera parte de este 

trabajo se enfocó en averiguar si la trombina era capaz de modular la movilización del 

glutamato en astrocitos debida a una condición de hiposmolaridad. 

 

 El interés de estudiar la movilización de glutamato en este trabajo proviene de la 

relevancia que adquiere este aminoácido, con múltiples funciones a nivel biológico, en el 

SNC; ya que en el tejido cerebral de los animales, además de estar involucrado en el 

metabolismo y la síntesis de proteínas, se desempeña como el neurotransmisor excitador 

más importante. Esta característica da por resultado que en el cerebro los niveles 

extracelulares de glutamato se encuentren estrechamente regulados y que su gradiente de 

concentración a través de la membrana alcance magnitudes del orden de 10-3 (Erecinska y 

Silver, 1990). Esta elevada concentración intracelular y su disponibilidad para movilizarse 

hacia afuera de la célula favorecen su participación como osmolito durante el proceso de 

regulación de volumen. La distribución fisiológica del glutamato es altamente dinámica ya 

que continuamente es liberado de las terminaciones nerviosas, pero al mismo tiempo, su 

señalización se mantiene altamente restringida gracias a su rápida recaptura 

principalmente por el funcionamiento de los trasportadores de glutamato en astrocitos el 
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GLT-1 y GLAST; esta recaptura previene que la concentración extracelular de glutamato 

alcance altos niveles que generen la sobreactivación de sus receptores ionotrópicos, una 

situación que induce muerte neuronal denominada excitotoxicidad (Kostandy, 2012; 

Marmiroli y Cavaletti, 2012). El estudio de la movilización exacerbada hacia el medio 

extracelular de glutamato provocada por la presencia de trombina en condiciones de 

aumento en volumen, fue uno de nuestros principales intereses debido a estas 

consecuencias lesivas que conlleva la elevada presencia extracelular de este 

neurotransmisor en el cerebro.  

 

 La hipótesis propuesta acerca del efecto de la trombina sobre la movilización de 

glutamato en astrocitos se comprobó en los estudios que conforman el primer artículo de la 

sección de resultados de esta tesis. Los resultados obtenidos rebasaron por mucho las 

expectativas, ya que aunque la trombina había mostrado en el estudio en Swiss 3T3 un 

efecto notable que amplificaba la salida de taurina debida a hiposmolaridad a más del 

doble, su capacidad de amplificar la movilización de 3H-glutamato en astrocitos alcanzó 

una magnitud de cinco veces la exhibida al aplicarse el estímulo hiposmótico aislado. Un 

segundo resultado obtenido al utilizar el análogo no metabolizable de glutamato 3H-D-

aspártato con la finalidad de evitar la subestimación de la magnitud de la movilización de 

glutamato, debido a una dilución de la marca radioactiva en vías metabólicas que podría 

ocurrir con el empleo de 3H-glutamato, arrojó una movilización de 6 veces la magnitud 

observada por el estímulo hiposmolaridad aislado (Ramos-Mandujano et al., 2007).  

 

La cantidad de trombina utilizada en el estudio para obtener tal potenciación 

corresponde a la magnitud que se presenta en el cerebro bajo condiciones patológicas en 

las que se ha demostrado que tiene un efecto tóxico (Xi et al., 2003). Como se mencionó 

en la introducción, en el cerebro la trombina y sus receptores PAR se encuentran 

presentes de manera fisiológica pero se encuentran estrechamente regulados a nivel de 

expresión y por la presencia de proteínas inhibitorias de la enzima. Al parecer, su función 

fisiológica está relacionada con procesos de crecimiento celular, de cambios en morfología 

y de liberación de mediadores inflamatorios; sin embargo, bajo condiciones patológicas en 

las que se presentan alteraciones en los componentes de la barrera hematoencefálica, se 

detectan altas concentraciones de trombina que han sido asociadas principalmente a la 

activación anormal de receptores PAR con manifestaciones lesivas (Rohatgi et al., 2004). 

 

 La trombina es una enzima con múltiples sitios de unión a proteínas desde donde 

puede ejercer una amplia variedad de efectos celulares (Di Cera, 2008); en nuestro estudio 

se demostró que su efecto ocurre a través de su actividad de proteasa ya que un 
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tratamiento previo con el compuesto sintético PPACK que se une covalentemente a este 

sitio inhibió completamente su efecto sobre la movilización del 3H-glutamato. Los astrocitos 

expresan los tres subtipos de receptores PAR activados por la actividad proteasa de la 

trombina PAR-1, -3 y -4 (Hollenberg, 2002; Junge et al., 2004). En nuestro trabajo en el 

modelo de liberación hiposmótica de osmolitos se encontró que el efecto sobre de la 

movilización de 3H-glutamato por trombina en astrocitos está mediado a través de la 

activación del receptor PAR-1, ya que la adición del péptido agonista específico del 

receptor logró mimetizar por completo el efecto de la trombina. 

 

 Cascada abajo del receptor PAR-1 se han descrito las vías canónicas que 

acompañan a la activación de las proteínas G heterotriméricas Gq, Gi, G12/13. En este 

estudio se caracterizó en primer lugar la participación de la vía que involucra la activación 

de Gq -PLC y que continúa hacia la salida de calcio de la poza intracelular ubicada en el 

retículo endoplásmico. La prioridad del estudio de esta vía está sustentada en el trabajo de 

Cardín y colaboradores de 2003 en el que se describe como el aumento en los niveles de 

calcio intracelular mediante el uso del ionóforo de Ca2+ ionomicina, de manera concurrente 

con el estímulo de hiposmolaridad, potencia la salida osmosensible de taurina. Para este 

propósito se inhibió el aumento en calcio intracelular mediante la utilización del quelante 

EGTA-AM, la reducción de poco más de la mitad del efecto de la trombina ante la 

presencia del agente quelante mostró ser además muy similar al efecto obtenido mediante 

el uso del inhibidor de PLC U73122; este hecho apoya fuertemente la hipótesis de que la 

vía intracelular iniciada por Gq hacia PLC y la movilización de Ca2+
 intracelular juega un 

papel importante en el fenómeno de la potenciación. Sin embargo, aún cuando la elevación 

del calcio intracelular parece estar detrás de una buena parte del efecto, deja en claro que 

existen más elementos de señalización involucrados, lo cual es de esperarse debido a que 

el efecto de la ionomicina en el estudio previo de Cardin, alcanza solo a duplicar la 

movilización debida a hiposmolaridad, mientras que el efecto de trombina como se 

mencionó anteriormente alcanza magnitudes de potenciación de 5 a 6 veces. Una 

aproximación farmacológica empleada para caracterizar más detalladamente la vía de 

calcio intracelular sugiere la participación de la Ca2+-calmodulina (CaM) y descarta la 

intervención de la proteína cinasa C (PKC) en la cascada de señalización generada por la 

activación del receptor PAR-1 (Ramos-Mandujano et al., 2007) Figura 6, c (pág. 70). 

 

 La vía de señalización independiente de Ca2+ que opera en el mecanismo de 

movilización de 3H-glutamato por trombina parece involucrar la participación de la cinasa 

de fosfoinosítidos PI3K como demuestra la inhibición aditiva que ejerce la presencia de 

wortmanina en la condición ausente de calcio intracelular (EGTA-AM). La activación de la 
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PI3K puede deberse a la activación del dímero βγ de las proteínas G o de la 

transactivación de un receptor de la familia de cinasas de tirosina, como fue mostrado 

anteriormente para el caso de la señalización bajo la potenciación por trombina en 

fibroblastos 3T3 (Stoyanov et al., 1995; Vazquez-Juarez et al., 2008b). Este aspecto se 

abordó directamente en el segundo artículo que se presenta en la sección de resultados y 

se discutirá más adelante.  

 

 Respecto a la vía a través de la cual se moviliza el glutamato en respuesta a la 

presencia de trombina la evidencia actual sostiene que los astrocitos pueden movilizar 

glutamato a través de por lo menos tres mecanismos diferentes: (1) la exocitosis 

dependiente de Ca2+, (2) la operación en reversa de los transportadores de glutamato 

dependientes de energía y (3) la salida activada por hinchamiento (Kimelberg et al., 1990; 

Junankar y Kirk, 2000; Rossi et al., 2000; Parpura et al., 2004). El primer acercamiento 

estuvo enfocado en determinar si el 3H-glutamato movilizado por trombina ocurría a través 

de la vía que se encontraba en funcionamiento debido al estímulo de hiposmolaridad: la vía 

de movilización de osmolitos orgánicos activada por volumen (VSOAC) que fue descrita en 

la introducción. Para este propósito se emplearon los inhibidores tamoxifen y NPPB, dos 

agentes inespecíficos empleados clásicamente para inhibir de manera exitosa la vía 

activada por volumen; así como el inhibidor específico de la vía, el DCPIB (Decher et al., 

2001; Abdullaev et al., 2006). Los tres fármacos previnieron la salida de glutamato 

estimulada por hiposmolaridad así como la observada tras la adición de trombina conjunta 

a la condición hiposmótica, indicando que el osmolito se mueve a través de la misma vía y 

que existe un fenómeno de amplificación por trombina de la salida de glutamato debida a 

hiposmolaridad. Esta amplificación corresponde a una potenciación ya que bajo 

condiciones isosmóticas la trombina no ejerce más que un incipiente efecto, lo que indica 

que no es un elemento capaz de activar como tal la vía regulada por volumen y requiere de 

la apertura previa, en este caso debida a la presencia del estímulo de hiposmolaridad, para 

que tener un  efecto sobre la movilización de osmolitos.  

 

 Como se mencionó anteriormente, en el segundo artículo se investigó la 

participación de una intercomunicación entre el receptor PAR-1 y el receptor con actividad 

cinasa de tirosina EGFR, ya que fue una vía novedosa descrita para el efecto mediado por 

trombina de la potenciación de taurina en fibroblastos Swiss 3T3 y con amplio sustento, ya 

que durante la década pasada se exploró y caracterizó ampliamente la activación y 

participación de receptores de la familia con actividad cinasa de tirosinas principalmente el 

EGFR durante la hiposmolaridad, así como de proteínas citosólicas con actividad cinasa de 

tirosinas como la cinasa src. Tanto los receptores como las proteínas citosólicas participan 
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como elementos de señalización en una gran variedad de respuestas adaptativas al 

cambio en volumen que incluyen procesos de adhesión, reorganización del citoesqueleto, 

mecanismos de estrés y la activación y operación de la salida de osmolitos, esta 

participación de proteínas con actividad de cinasa de tirosinas está ampliamente descrita 

por trabajos previos del grupo de la Dra. Pasantes y sustentada en varios tipos celulares 

(Tilly et al., 1993; Haussinger y Schliess, 1999; de La Paz et al., 2002; Franco et al., 2004a; 

Lezama et al., 2005; Pasantes-Morales et al., 2006). En la actualidad  existen varios 

trabajos que abordan la posibilidad de la activación de proteínas con actividad cinasa de 

tirosinas bajo la cascada de señalización activada por GPCRs como resultado de una 

intercomunicación entre receptores de la superfamilia de GPCRs con el EGFR (Gschwind 

et al., 2001; Little et al., 2011; Burch et al., 2012). Los principales intermediarios, 

propuestos para la intercomunicación desde el receptor PAR hacia EGFR, han sido la 

proteína cinasa citosólica src que puede fosforilar directamente al receptor EGFR y 

activarlo, y las metaloproteasas que al activarse liberan al ligando de EGFR que se 

encuentra de manera endógena en la membrana plasmática. Sin embargo, en este estudio 

se demostró que en astrocitos la participación de las cinasas de tirosina es muy baja y no 

contribuye más que en un escaso 10% a la señalización bajo el efecto de la trombina en la 

movilización de taurina y D-aspartato. Las razones de esta señalización diferencial entre lo 

encontrado en el estudio con fibroblastos Swiss 3T3 y los astrocitos, podría deberse a una 

expresión diferencial de proteínas entre cultivos primarios y líneas celulares (Cruz-Rangel 

et al., 2008). La baja participación del EGFR en la señalización por trombina hacia la 

potenciación de la liberación de glutamato, descarta la hipótesis de la participación de la 

cinasa de fosfoinosítidos PI3K como subsecuente a la activación de un receptor del tipo 

EGFR, por lo que es necesario ampliar el estudio experimental con otros enfoques para 

aclarar cuál es su posición cascada abajo de la activación del receptor PAR-1. 

 

6.2. Edema isosmótico en astrocitos y su modulación por trombina 
 

La segunda parte de la investigación se centró en estudiar los efectos de la trombina en un 

modelo de hinchamiento isosmótico. El abordaje experimental para alcanzar este objetivo 

consistió en el modelo de hinchamiento por perturbación de la homeostasis del potasio; 

este modelo, que se ha empleado anteriormente para investigar la biología de estas 

células del SNC bajo condiciones patológicas, reproduce una de las características 

presentes en isquemia o trauma craneano directamente involucrada en el hinchamiento de 

astrocitos: una elevada concentración de K+ extracelular (Walz, 1987; Olson et al., 1995; 

Rutledge y Kimelberg, 1996; Cardin et al., 1999).  
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 Los astrocitos se encargan de la remoción de los iones K+ que se liberan al espacio 

extracelular por la actividad normal de las neuronas y durante patologías como la isquemia, 

la falla energética que trae consigo el colapso de los gradientes transmembranales, induce 

la salida masiva de K+ al espacio extracelular alcanzando magnitudes que desafían la 

capacidad de los astrocitos para mantener la homeostasis (Pasantes-Morales y Vazquez-

Juarez, 2012). Algunas mediciones realizadas en estudios in vivo reportan concentraciones 

de K+ extracelular de hasta 80 mM; estos altos niveles se traducen en una acumulación 

neta de KCl en los astrocitos generando un gradiente osmótico para la entrada de agua y 

el consecuente aumento en volumen celular (Walz, 1987; Kimelberg, 2005; Rossi et al., 

2007). Nuestro estudio describe como una población de astrocitos in vitro sometida a la 

condición de una sustitución isosmótica del medio extracelular de 100 mM de NaCl por 

KCl, produce un patrón curso-temporal de aumento en el volumen lento y progresivo que 

alcanza un máximo a los 30 minutos y posteriormente se mantiene estacionario. Este 

patrón es notablemente distinto al hinchamiento súbito producido por la condición 

hiposmótica que se abordó en la primera parte del estudio. Otra diferencia muy importante 

entre los dos modelos estudiados fue la capacidad de los astrocitos para recuperar su 

volumen, ya que mientras bajo el estímulo hiposmótico la célula es capaz de alcanzar una 

pronta recuperación, en el estímulo con una elevada concentración de K+ extracelular no 

se observa un ajuste en el volumen. La falta de regulación activa del volumen celular en el 

modelo de hinchamiento por una elevada concentración de K+ extracelular se debe muy 

probablemente a que en esta condición son los iones K+ y Cl- los que originan la condición 

de hinchamiento y está ampliamente descrito que estos dos iones tienen una contribución 

muy importante al DRV (Hoffmann y Pedersen, 2011). La fase estacionaria que adquiere el 

cambio en volumen tras alcanzar el máximo, posiblemente corresponde a la contribución 

de la liberación de la poza de osmolitos orgánicos; pero resulta insuficiente para lograr un 

decremento significativo del cambio en volumen (Vazquez-Juarez et al., 2009). 

 

Existen diversos mecanismos involucrados en la acumulación de K+ en los 

astrocitos que conduce al aumento en volumen; sin embargo, el aporte más importante 

parece corresponder al cotransportador electroneutro Na+-K+-Cl- 1 (NKCC1) (Pasantes-

Morales y Vazquez-Juarez, 2012). La prueba más contundente de la participación de este 

cotransportador está plasmada en trabajos publicados por el grupo de Sun en 2002, que 

demuestran una notable disminución en el aumento en volumen inducido por una elevada 

concentración de K+ extracelular en ratones deficientes de NKCC1. Consistente con este y 

otros reportes previos (Su et al., 2002a; Su et al., 2002b), nuestros resultados postulan al 

NKCC1 como el mecanismo dominante de entrada de KCl dada la sensibilidad a 

bumetanida de un componente importante, más no de todo, el aumento en volumen por 
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una elevada concentración de K+ extracelular. Además de la substancial y bien estudiada 

participación del NKCC1 en la remoción del K+ durante condiciones de una elevada 

concentración de K+ extracelular, existe evidencia que describe a los canales Kir (canales 

de K+ de rectificación entrante), como uno de los mecanismos involucrados en la remoción 

fisiológica del K+ y que pudiera sobreactivarse bajo condiciones de perturbación en la 

homeostasis de K+. Los canales Kir, en especial la isoforma 4.1, son el tipo de canal de K+ 

más abundante de los astrocitos y a diferencia de los otros canales, permiten 

preferentemente el flujo de iones K+ en la dirección entrante (Kofuji y Newman, 2004). En 

nuestro modelo la disminución significativa del aumento en volumen en presencia de bario, 

un bloqueador  general de los canales de K+, pero que a bajas concentraciones (100 µM) 

se emplea como inhibidor selectivo de canales Kir, confirma la participación de estos 

canales en la remoción extracelular de K+. En sustento de los dos mecanismos aquí 

propuestos para el transporte de K+, la eliminación del aumento en volumen tras la adición 

conjunta de bario y bumetanida, postulan al NKCC1 y los canales Kir como los dos 

mecanismos que de manera independiente, inducen el aumento en volumen a través de la 

remoción del K+ extracelular y su acumulación intracelular (Vazquez-Juarez et al., 2009) 

Fig. 6, b (pág. 70). 

 

 La movilización de los osmolitos taurina y glutamato en respuesta al aumento en 

volumen por una elevada concentración de K+ extracelular, ha sido reportada previamente 

en otros estudios aunque no fue explorada con tanto detalle como en nuestro estudio 

(Rutledge y Kimelberg, 1996; Cardin et al., 1999). La salida de taurina fue explorada 

debido la estrecha relación que mantiene su movilización con el cambio en volumen, lo que 

aporta información muy significativa sobre el comportamiento de la poza de osmolitos 

orgánicos que se moviliza a través de la vía activada por volumen bajo el modelo de 

hinchamiento por una elevada concentración de K+ extracelular. El curso temporal de la 

liberación de taurina, como era de esperarse, exhibe un patrón muy similar al trazo que 

describe el aumento en volumen bajo este modelo, aunque no muestra una inactivación 

dentro del tiempo que abarca el experimento (40 minutos); estos resultados apoyan la 

hipótesis anteriormente propuesta de que movilización de osmolitos orgánicos es 

posiblemente la responsable de la fase estacionaria que exhibe el trazo de cambio en 

volumen bajo nuestro modelo. 

 

Por su parte, el curso temporal de la movilización de 3H-D-aspartato exhibe un trazo 

ligeramente distinto al descrito para la taurina, lo que sugiere la participación de  distintas 

vías de movilización involucradas. En nuestro estudio, la salida de 3H-D-aspartato sigue un 

patrón bifásico que consiste en una salida temprana transitoria y una segunda fase que 
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presenta un pequeño incremento de carácter sostenido. La primer fase es sensible en su 

mayoría al pretratamiento con el inhibidor TBOA lo cual apunta hacia la participación del 

trasportador de glutamato operando en reversa y tiene un pequeño componente sensible al 

inhibidor de la vía activada por volumen (Vazquez-Juarez et al., 2009). Estos resultados se 

corresponden parcialmente con un modelo similar explorado por Kimelberg y 

colaboradores en 1996, ya que la primera fase de liberación en este estudio es prevenida 

por el inhibidor del transportador TBHA pero no reportan la participación la vía activada por 

volumen; sin embargo, cabe destacar que el fármaco empleado para comprobar la 

participación de la vía activada por volumen en ese estudio fue el inhibidor de canales 

aniónicos L-644,711, el cual no es un inhibidor selectivo de esta vía a diferencia del DCPIB 

empleado en nuestro estudio (Olson et al., 1995; Rutledge y Kimelberg, 1996; Decher et 

al., 2001; Vazquez-Juarez et al., 2009).  

  

 La participación de la operación en reversa del transportador como mecanismo de 

liberación de glutamato al espacio extracelular durante periodos de isquemia o inhibición 

metabólica ha sido demostrada consistentemente (Zeevalk et al., 1998; Li et al., 1999; 

Longuemare et al., 1999; Seki et al., 1999; Rossi et al., 2000). Los trasportadores 

transmembranales acoplan el transporte de Na+ y K+ a favor de su gradiente de 

concentración para movilizar glutamato; en el ambiente fisiológico normal del cerebro los 

gradientes de concentración favorecen el transporte de glutamato hacia el interior de la 

célula; sin embargo, en situaciones patológicas como isquemia, las condiciones iónicas 

perturbadas pueden favorecer el funcionamiento en reversa. En nuestro estudio en el 

modelo de una elevada concentración de K+ extracelular, la operación del transporte en 

reversa durante la primera fase de la liberación de glutamato, comprobado mediante el 

empleo del inhibidor TBOA, fue el mecanismo que tuvo la mayor contribución (Vazquez-

Juarez et al., 2009) Fig. 6, d (pág. 70).  

 

La segunda fase de la movilización de glutamato en respuesta a la condición de 

una elevada concentración de K+ extracelular, de aumento lento y sostenido está mediada 

en su totalidad por el canal aniónico regulado por volumen (VSOAC) ya que fue prevenida 

en nuestro estudio mediante la utilización del DCPIB, el inhibidor específico de la vía 

(Decher et al., 2001; Abdullaev et al., 2006). Estos datos confirman el resultado del estudio 

de Kimelberg y colaboradores de 1996 en el que obtuvieron una disminución significativa 

de la segunda fase mediante el uso del inhibidor general de canales aniónicos L-644,711 

(Rutledge y Kimelberg, 1996) Fig. 6, e (pág. 70). 
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Tomando en cuenta el patrón curso temporal del aumento en volumen y la 

participación de las dos vías en la salida de glutamato en el modelo de perturbación de la 

homeostasis del K+ extracelular, se realizó la adición de trombina en distintos puntos de la 

curva de movilización de glutamato. Estos experimentos mostraron que el efecto máximo 

de potenciación se alcanza cuando la trombina se agrega en la fase del curso temporal en 

la que el aumento en volumen es mayor. En este sentido, los resultados en el modelo de 

altas concentraciones de K+ extracelular confirman los que obtuvimos en el modelo 

hiposmótico, en el que mostramos que la movilización potenciada por trombina es en su 

totalidad sensible a los inhibidores comunes de la vía de salida de osmolitos activada por 

trombina DIDS, NPPB y DCPIB, mientras que el inhibidor del transportador no mostró 

ningún efecto. Las investigaciones de esta tesis sustentan la hipótesis de que la trombina 

ejerce una potenciación sobre la liberación de glutamato sobre la vía sensible a volumen y 

no en aquella presentada por la operación reversa del transportador.  

 

 El modelo de perturbación en la homeostasis del K+ aporta información relevante 

sobre las características de la potenciación por trombina de la movilización de osmolitos 

debida a hinchamiento, algunas de las cuales se discuten a continuación: 

 

 Los estudios previos a este trabajo que demuestran algún tipo de modulación por 

agonistas de receptores acoplados a proteínas G del DRV, emplean modelos de 

hinchamiento por reducción en la osmolaridad extracelular (Vazquez-Juarez et al., 2008a), 

por lo que existían bases para plantear la posibilidad de que el factor involucrado en la 

potenciación fuera un elemento concurrente a la disminución de la osmolaridad extracelular 

(como la reducción de la fuerza iónica intracelular) y no el aumento en volumen per se. A 

partir de nuestros resultados, en los que la trombina es capaz de potenciar la movilización 

de osmolitos en dos modelos distintos de hinchamiento, es posible generalizar el efecto de 

la trombina como un agente modulador de la respuesta celular de movilización de 

osmolitos ante un aumento en volumen. 

 

 El patrón de aumento en volumen, notablemente distinto, aporta información sobre el 

trazo que describe la salida potenciada por trombina que bajo la condición de 

hiposmolaridad exhibe una cinética muy similar a la del curso temporal transitorio del 

aumento en volumen. En el modelo de una elevada concentración de K+ extracelular el 

patrón de potenciación es también transitorio lo que es indicativo de la presencia de un 

mecanismo de inactivación de la señalización iniciada por el receptores PAR-1, que 

detiene el efecto aún cuando la salida de osmolitos debida a aumento en volumen persiste 

(la vía activada por volumen permanece abierta). A este respecto, es necesario aclarar si 
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esta inactivación ocurre a nivel de internalización/inactivación del receptor o de 

mecanismos operando sobre la señalización de segundos mensajeros. 

 

 Desde hace algunos años se ha descrito en forma consistente que la movilización de 

los aminoácidos glutamato y taurina bajo condiciones de hinchamiento hiposmótico ocurre 

a través de la vía activada por volumen, el VSOAC, ya que es totalmente abatida por 

compuestos caracterizados como bloqueadores generales de canales de Cl-, usados 

comúnmente para inhibir la vía y más recientemente por DCPIB su inhibidor específico 

(Pasantes-Morales et al., 2006). Por su parte la movilización de glutamato bajo condiciones 

de hinchamiento por una elevada concentración de K+ extracelular ocurre a través de 

distintas vías y no solo a través de la vía activada por volumen (Rutledge y Kimelberg, 

1996; Vazquez-Juarez et al., 2009). Esta posibilidad de observar varias vías de 

movilización de aminoácidos activadas bajo un mismo modelo permitió responder la 

pregunta de sí la trombina ejercía su efecto únicamente sobre la vía de movilización de 

glutamato activada por volumen o podía inducir la salida a través de cualquier vía abierta.  

 

 Las características del aumento en volumen inducido por la condición de una elevada 

concentración de K+ extracelular, también nos permitieron demostrar claramente la relación 

de proporcionalidad directa entre la potenciación de la liberación de glutamato y el grado 

de aumento en volumen; ya que a medida que el volumen de los astrocitos aumenta y 

existe una mayor contribución de la vía activada por volumen en la liberación de glutamato 

es posible inducir una mayor potenciación con la adición de trombina. Esta relación es 

menos evidente bajo la condición hiposmótica debido a la cinética que describe la salida de 

osmolitos al aumentar la magnitud de la reducción de la osmolaridad; esta cinética es una 

curva sigmoide que muestra la saturación de la vía conforme es mayor la reducción en la 

osmolaridad, por esta razón aún cuando se pueden inducir cambios mayores en volumen, 

la potenciación nunca rebasa la asíntota de saturación que alcanza de manera aislada una 

condición de marcada hiposmolaridad. Otra observación que apoya la relación entre 

aumento volumen y potenciación y descarta el efecto de algún epifenómeno asociado al 

desbalance iónico en el modelo de una elevada concentración de K+ extracelular, es la 

inhibición de la potenciación de glutamato obtenida al bloquear el mecanismo que induce el 

aumento en volumen (transportador NKCC1 y en menor grado canales Kir) mediante la 

aplicación bario-bumetanida; de esta manera, aún cuando la condición de una elevada 

concentración de K+ extracelular se encuentra presente se demuestra que si no existen los 

mecanismos que generan el aumento en volumen, la presencia de trombina permanece sin 

efecto. 
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 Debido a que la movilización de calcio intracelular parece jugar un papel importante en 

el fenómeno de potenciación por trombina de la movilización de osmolitos por aumento en 

volumen celular, se exploró la posibilidad de que fuera este el elemento relacionado con la 

magnitud de la potenciación por trombina y no el componente de aumento en volumen. 

Durante el estímulo hiposmótico está ampliamente descrito que existe un aumento en los 

niveles intracelulares de calcio y tras la adición del ionóforo ionomicina o la trombina estos 

niveles se ven ampliamente rebasados y coinciden con la presencia del efecto potenciador 

siempre y cuando exista la apertura previa de la vía como se ha mencionado en esta 

discusión. Durante los experimentos en el modelo de perturbación de la homeostasis del 

K+, se realizaron mediciones de los pulsos intracelulares de calcio generados tras la 

adición de trombina a diferentes tiempos del curso temporal de aumento en volumen y no 

se encontraron diferencias significativas entre el pico de calcio generado por trombina a los 

diferentes tiempos en que fue agregada. Este resultado apoya nuevamente la 

caracterización como potenciación del efecto por trombina sobre la salida de osmolitos y su 

dependencia del aumento en volumen y la apertura de la vía para llevar a cabo su efecto.  

 

 En nuestras investigaciones, se identificaron algunos de los elementos dentro de la 

cascada de señalización que se desencadena después de la activación del PAR-1. Sin 

embargo, aún hay varios aspectos del mecanismo de potenciación por trombina que 

permanecen sin respuesta; entre ellos figura el elemento clave entre volumen y receptor a 

trombina responsable de la potenciación. Así como la etapa del proceso de DRV con el 

que interactúa la trombina para ejercer su efecto sobre la movilización a través de la vía 

activada por volumen. A este respecto, es poco probable que la trombina participe a nivel 

del sensor de volumen ya que por si sola no es capaz de inducir una liberación significativa 

de osmolitos orgánicos, también quedó descartada la posibilidad de que la trombina 

propiciara un incremento en volumen per se que amplificara la respuesta celular ante el 

hinchamiento. Las opciones más viables sugieren que algunos elementos de la cascada de 

señalización desencadenada por la trombina pueden estar sobreactivando directamente 

elementos de la cascada de osmotransducción o que exista una cooperación de elementos 

activados por trombina y los inducidos solamente por hiposmolaridad sobre la vía abierta 

de translocación de osmolitos orgánicos. La principal limitante que existe para probar 

alguna hipótesis que ayude a esclarecer a estas incógnitas es el desconocimiento de la 

identidad molecular de la vía de movilización de osmolitos orgánicos activada por cambios 

en volumen. 
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Figura 6. Modelo representativo de la modulación por trombina sobre la salida de 

osmolitos inducida por el aumento en volumen de astrocitos bajo los modelos 

experimentales de hiposmolaridad y alteración de los niveles extracelulares de 

potasio. La alteración de la homeostasis bajo una condición de reducción en la 

osmolaridad extracelular origina el aumento en volumen de carácter hiposmótico por 

entrada de agua osmóticamente obligada (a), mientras que bajo condiciones 

isosmóticas, una redistribución iónica producto de la alteración en la homeostasis 

del potasio, origina la sobreactivación de los mecanismos de remoción del potasio: 

el cotransportador NKCC y el canal KIR, que conduce a la acumulación intracelular 
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de potasio y agua (b). Bajo estas condiciones de hinchamiento se activan los 

mecanismos del DRV que llevan a la salida de los osmolitos orgánicos, glutamato y 

taurina, a través de la vía activada por volumen el VSOAC; la adición de trombina 

en esta fase de hinchamiento induce la potenciación de esta liberación de glutamato 

y taurina, mediante la activación del receptor PAR-1 y la participación independiente 

de la PI3K y la vía que involucra el aumento en calcio intracelular mediado por PLC 

(c y e). La liberación de glutamato bajo el modelo de alteración en la homeostasis 

del potasio presenta dos fases (d y e), la primera transcurre durante los primeros 10 

minutos de tratamiento experimental bajo los que se presenta un incipiente aumento 

en volumen y la liberación de glutamato ocurre a través de la operación reversa del 

transportador; durante esta fase la trombina no tiene efecto sobre la salida de 

glutamato, aún cuando se activa la señalización cascada abajo del receptor, 

registrada mediante la respuesta de liberación intracelular de calcio (d). Durante la 

segunda fase, el aumento en volumen ya significativo, genera la apertura de la vía 

sensible a volumen VSOAC y la adición de trombina ejerce entonces un efecto 

potenciador (e). 

 

6.3. La potenciación de la movilización de glutamato por trombina y su asociación a 

situaciones de muerte neuronal en el cerebro (Perspectivas) 

 

 Los resultados obtenidos en el presente estudio proveen elementos suficientes para 

considerar un vínculo potencial entre el efecto tóxico que se ha descrito debido a la 

presencia de altas concentraciones de trombina en el cerebro y el daño excitotóxico. La 

excitotoxicidad, un factor de daño característico subsecuente a episodios de isquemia y 

otras patologías, se genera por la sobreactivación de receptores ionotrópicos en las 

neuronas (Wang y Qin, 2010; Kostandy, 2012). Bajo condiciones patológicas existen 

diversos mecanismos a través de los cuales puede movilizarse glutamato hacia el medio 

extracelular, entre ellas la despolarización excesiva, la operación en reversa de los 

transportadores de glutamato y la salida a través de la vía activada por aumento en 

volumen. Nuestros resultados indican que la presencia de trombina es capaz de aumentar 

en una magnitud por demás significativa la salida de glutamato debida a hinchamiento, la 

cual puede ser considerada como un factor importante de contribución a la muerte por 

excitotoxicidad. Esta contribución es mucho más tangible bajo el modelo de hinchamiento 

por una elevada concentración de K+ ya que los gradientes alterados impiden a los 

astrocitos recapturar eficientemente el glutamato extracelular y, como se comprobó en 

nuestras investigaciones, este mecanismo no solo está interrumpido sino que funciona en 

sentido inverso convirtiéndose en otra vía de liberación de glutamato hacia el medio 

extracelular. Es bajo esta condición que una potenciación como la exhibida por trombina 

puede tener severas consecuencias sobre la función neuronal. 
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 En apoyo a esta hipótesis, existe una amplia evidencia que demuestra la relación 

entre la presencia de una elevada concentración de trombina en modelos in vivo de 

isquemia global e isquemia focal y la magnitud del daño encontrado en el tejido (Striggow 

et al., 2000; Ohyama et al., 2001; Hua et al., 2003; Cuomo et al., 2007). En estos estudios 

se observa directamente que la administración de inhibidores de trombina como el 

argatroban, la hirudina, la PN-1 y la antitrombina muestran efectos protectores, que 

desaparecen al agregar una cantidad equimolar de trombina; así como, que la 

administración exógena de la proteasa genera la exacerbación del daño. Los receptores 

PAR activados por trombina, especialmente el receptor PAR-1 también se encuentran 

relacionados a estos episodios de daño (Junge et al., 2003; Xi et al., 2003), este vínculo se 

demuestra por la disminución en el daño por isquemia que presenta el ratón mutante 

carente del receptor PAR-1 en comparación al ratón silvestre (Striggow et al., 2001; Wang 

et al., 2012). 

 Existen otras evidencias que apoyan nuestro planteamiento sobre el posible daño 

de la trombina mediado por glutamato, en patologías que conllevan edema celular cerebral. 

Por ejemplo, se ha demostrado un incremento en la actividad del receptor NMDA y la 

excitabilidad neuronal observada en la región CA1 de las células piramidales del 

hipocampo tras la activación del receptor PAR-1 (Gingrich et al., 2000; Han et al., 2011). Y 

en esta misma línea, en un estudio in vivo de isquemia por oclusión de la arteria cerebral 

media, la administración de DCPIB el inhibidor específico de la vía de movilización de 

glutamato activada por volumen, reduce en 75% el volumen de tejido dañado y los niveles 

de glutamato cuantificados en el fluido extracelular (Zhang et al., 2008). 

 Los mecanismos a través de los cuales la trombina ejerce sus efectos lesivos aún 

no se conocen con detalle; a este respecto nuestros resultados exponen un mecanismo 

viable que permite explicar la muerte asociada a la presencia de trombina bajo patologías 

asociadas a edema cerebral como la isquemia. Bajo este supuesto sería importante 

someter a experimentación esta hipótesis y de ser confirmada considerar diferentes 

elementos dentro del proceso de movilización de osmolitos orgánicos, como un posible 

blanco terapéutico para contener el daño generado en patologías en las que coexista la 

presencia de edema cerebral y una alta concentración de trombina. 
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7. CONCLUSIONES 
 

Los hallazgos más notables de este trabajo de investigación fueron: 

 

1. La trombina genera la potenciación de la salida de taurina y glutamato, inducida por 

un aumento en volumen ya sea de carácter hiposmótico o isosmótico, a través de la 

activación del receptor PAR-1. 

2. La vía de señalización desencadenada por el PAR-1, requiere de la elevación del 

calcio intracelular y la activación de PI3K para ejercer su efecto potenciador. 

3. La trombina potencia únicamente la salida de glutamato y taurina que ocurre a 

través de la vía de movilización de osmolitos orgánicos activada por volumen 

sensible a DCPIB. 

4. La trombina ejerce su efecto potenciador siempre que la vía de movilización de 

osmolitos se encuentre activada debido a cambios significativos en el volumen 

celular, sin importar la naturaleza isosmótica o hiposmótica de este. 
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9. ANEXOS (ARTÍCULOS DE REVISIÓN PUBLICADOS DURANTE EL DOCTORADO) 
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Abstraet 
Cell volume is determined genetically lor each cell 
lineage , but it is not a static feature of the cell. 
Intracellular volume is continuously challenged by 
metabolic reactions, uptake of nutrients, intracellular 
displacement of molecules and organelles and 
generation of ¡anie gradients. Moreover, recent 
evidence raises the intriguing possibility that ehanges 
in cell volume act as signals for basic cell functions 
su eh as proliferation , migration, secretion and 
apoptosis . Cells adapt to volume increase by a 
complex , dynamic process resulting Irom the 
concerted action ofvolume sensing mechanisms and 
intricate signaling chains , directed to initiate the 
multiple adaptations demanded by a change in cell 
volume, among others adhesion reactions, membrane 
and cytoskeleton remodeling . and activa tia n 01 the 
osmolyte pathways leading to restab lish the water 
balance between extracellu lar/intracellu lar or 
intracell ular/intracellu lar compartments. In multi
cellular organisms, a continuaus interaction with the 

KARGEI\. 
Fax +4161 3061234 
E·Mail karger@karger.ch 
www.karger.com 

o 2008 S, Karger AG. Basel 
1015-8987/08/0213-0001 $24.50/0 

Aecessiblc online at: 
www.kargcr.oom/cpb 

external milieu is lundamental lor the dynamics 01 the 
cell. It is in this sense that the recent surge 01 interest 
about the inlluence on cell volume control by the most 
extended family of signaling elements, the G proteins, 
acquires particular importance. As here reviewed , a 
large variety 01 G-protein coupled receptors (GPCRs) 
are involved in this interplay with cell volume 
regulatory mechanisms , which amplilies and 
diversifies the volume-elicited signaling chains , 
providing a variety of routes towards the multiple 
eflectors related to cell volume changes. 

Copyright Q 2008 S. Ka rger AG. Basel 

Introduetion 

The abi lity to regu late volume is an ancient trait 
conserved throughout evolution in an imal ce lls from 
essentia ll y a ll species. This reflects the importance for 
cell homeostas is ofmaintaining a strict volume control, 
including that of intracellular compartments, to preserve 
the cytoarchitecture requ ired for the correct assembly of 
signaling complexes. Although system ic osmolarity in 
physiological conditions is highly controlled, intracellular 
osmolarity is continuously compromised by the generation 
oflocal and transient osmotic microgradients derived from 
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uptake of nutrients, secretion, synthesis and degradation 
ofmacromolecules, remodeling ofthe cytoskeleton and 
extracellular matrix and transynaptic ionic gradients [1, 
2]. Cell vo lume disturbances, particularly ce ll volume 
increase, occur in numerous pathologies. Hyponatremia 
associated with a large number ofpathological situations 
characteri stically results in cell swelling. Cell volume ga in 
al so occurs without a change in external osmolarity, as 
con sequen ce of ion redistribution or increased cellular 
content of molecules acting as organic osmolytes. This 
isosmotic swelling, also known as cytotoxic swelling, 
occurs in hypoxia, ischemia, epilepsies, cranial trauma or 
hepatic encephalopathy. Cell volume changes have been 
considered for long time as a challenge for animal cells, 
compromis ing thei r homeostasis. Recent evidence, 
however, points to the intriguing concept of cel l volume 
as a signaling element for basic ce ll functions such as 
migration, proliferation or apoptotic death. 

Regulatory volume decrease 

The high penneability to water characteristic of most 
animal cell s requires the presence ofmechanisms al lowing 
the cell to face contingencies derived from water entry. 
Uncontrolled changes in cel l water, by disturbing the 
intracel lular concentration ofsignal molecules being at a 
certain point free in intracellular compartments, may send 
equivocal signals, disturbing the cell function and the 
intercellular communicat ion. When water enters the cel l 
as resu lt of an external osmolarity reduction, a complex 
mechanism for volume recovery is activated. This basic 
mechanism has been preserved in essentia lly a1l species 
throughout evolution. This adaptive mechanism tenned 
regulatory volume decrease (RVD) is accompl ished by 
the extrusion of intracellular osmotically active solutes 
up to reach the water balance imposed by the new 
conditions. The osmo lytes involved are the main 
intracellular ions Kl- and CI-and a number ofsmall organic 
molecules, including am ino ac ids, polylcohols, and amines 
[2,3]. RVD initiates by sensing the ee ll volume ehange, 
followed by activation of transduction signaling chains 
allowing the cell to organ ize the mult iple and concerted 
responses necessary to face the vo lume gain challenge 
(Fig. 1). The mechanism(s) or molecules acting as volume 
sensors are not fu lly identified. Integrins, growth factor 
receptors, changes in macromolecular crowding, ionic 
strength or [Ca2l-l; and phospholipases activity, are all 
considered as related to volume sensing mechanisms [4]. 
Detection ofthe cell volume change is fo llowed by the 

2 Cell Physio l Biochem 2008;21 :01 -14 

activation ofsignaling networks, in which [Ca2+J; ri se and 
phosphorylation of protein tyrosine kinases and their 
targets, have a prominent role (Fig. 1). Several ofthese 
kinases activate by the vo lume increase but the specific 
role for each ofthem has yet to be ascribed to the variety 
of adaptive cell responses to swelling first, and to vo lume 
correction latero These incl ude among others, construction 
and deconstruction of ce ll adhesions, reorganization of 
the cytoskeleton, temporal deformation and remodeling 
ofthe membrane. AIso, swelling is detected by the cell 
as a stress fui situation, and consequentl y ale rt s lhe 
mechanisms for surviva l. Part ofthe volume transduction 
cha ins are d irected to act ivate the osmo lyte eftlux 
pathways ultimately leading to cell recovery (F ig. 1). The 
hierarchy, in terplay and connection of the s ignaling 
molecules activated by ce ll volume changes are not yet 
fu llyestab lished. 

RVD activated by hyposmotic swelling has been 
extensively investigated but less is known about cel l volume 
control in cytotoxic swelling. The extent of volume 
recove ry may vary, depending primarily on the 
mechan isms responsible for swelling. When swelling is 
driven by redistribution ofions, the main mechanisms for 
vo lume recovery involving ion extrusion are not working. 
Organ ic osmolyte efflux pathways still operate but the ir 
contribution may not be sufficient lO accompl ish an 
efficient volume regulation. 

Modulation by GPCRs of the regulatory 
volume decrease 

Activat ion ofGPCRs initiates a broad spectrum of 
intracellular signaling chains influencing a diversity of 
cellularresponses. Elicited signals are detennined by the 
receptor interaction with the various famili es ofG proteins, 
which in turn, transduce signals th rough both a and ~y 
subunits. Prote ins from the G

q 
family mediate PLC

dependent generation of IP3 and DAG, mobilization of 
Ca2+ from intracellular stores and PKC activation. G

12f13 

family provide a pathway to Rho-ROK and the G¡ proteins 
control the cyclic AMP pathway by inhibition of the 
adeny lyl eye lase. The effeets of GPC R agoni sts 
increasi ng osmolyte tluxes and RVD here d iscussed, 
suggest a prorninent role ofthe G

q 
family, since in most 

cases are mediated by increases in [Ca2+l;, wh ich add to 
that e1icited by swell ing. This [Ca2+J; increase is one of 
the most consistentce ll responses to hyposmotic swelling, 
although osmolyte fl uxes and RVD are Ca2+-independent 
in a number of ce ll s [5]. An intríguing observatíon from 
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Fig . 1. Schematic model of Ihe molecular mcchani sms ¡nvolved in Ihe thrcc main stcps neccssary for ¡he cell volume recove!)' 
after hyposmotic swe ll ing: l. vo lume sensing, 2. osmotransduct ion and 3. osmolyte emux pathway activation. The scheme 
illustrates Ihe c lements ¡nvo lved in each one of Ihe sleps requ ired for ceH volumc adjustment and thcir suggested ¡ntcrplay. In 
addi tion to Ihe reactions lead ing to Ihe corrective osmo lytc f1uxes, othcr signalin g chai ns are evoked related lO adaptive 
responses of the ceH lO the volume changes occurring during sweHing first and during RVD. These inc1 ude adhesion processes, 
cytoskeleton remodeling, stress-sensing mechanisms and ccll survival and protecting signals. EGFR: Epidermal growth factor 
receptor; GPCR: G protein coupled receplOrs; TRP: Transient receptor potential channel; P13K: phosphoi nositide-3 kinase; src: 
src for sarcoma oncogene; PLC: phospholipase C; PKC: protein kinase C; Ras, Rho: mcmbcrs of the Ras family ofsmall GTPases; 
FAK: focal adhesion kinase; ERK 112 : extracellular signa l-regulated kinases 1 and 2; CaM: calmodu lin; CaM K 11 : calciuml 
calmodulin-dcpendcnt protein kinase 11 ; TRK: tyrosine kinase receptor. 

our laboratory was lhat even in these ce ll s, [Ca2+J; rise 
over leve ls induced by hyposmotic swelling as that 
gene rated by ionomyc in, re sult s in a dramatic 
enhancement of taurine effiux and a fas ter and more 
efficicnt RVD [6]. Interestingly, the ionomycin-induccd 
increase in taurine cffiux was only cvidcnl in swollcn cells 
and nol in those with unchanged vol ume, in spite ofthe 
large increases in [Ca2+]. elic ited by the ionophore in the 
t\Vo conditions. In lhis s~nse , what [Ca2+J rise propitiates 
is a potentiation of the taurine effi ux and not only the 
linear increase ofa Ca2+-dependent mechanism. Resu\ts 
on the effect ofthe ionophores on taurine fluxes and RVD 
raised lhe question of whether increasing [Ca2+l by 
physiological mechan isms such as the act ival ion of 
GPCRs, is able 10 evoke the same response, i .e. 
increasing osmolyte fluxcs and RVD ratc. This review 

GPCRsand Volumc Rcgulation 

documents the early studies on the topic and lhe surge of 
recent reports supporting a modulatory role of GPCRs 
on cell volume regulation. 

GPCRs and organic osmolyte efflux 

Organic osmolytes invo lved in RVD are a group of 
small organ ic molecules with heterogeneous molecular 
structure: amino acids (taurine, g lu tamate , g lyc ine, 
GABA), po lyalcohols (sorbitol , myo- inositol), amines 
(c reatine , phosphoe tha nolamin e, glyce ro
phosphorylchol ine) and N-acetyl-aspartate. Despite their 
difference in structure it has been suggested thal they 
permeate through the same pathway. Taurine is onen 
considcred as rcpresentati ve of organic osmolytes and 
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Receptor Agoni st Transduction mech~misms Ccll Typc Rcf. 

TAURINE 

Purincrgic P2Y ATP PLC-Ca' +- CaM, CaMK 11, TK Swiss 3T3 fibrobla sts 19 

H I histaminc 
PAR- I 

ATP 
ATP 
ATP 
ATP 
Histamine 
Thrombin 
Thrombin 
Thrombin 

Ca2+ 

NI 
Ca2+ 

Ca2
+, CaM, nPKC 

Ca'+, CaM, nPKC 
NI 
Ca2

+¡, PKC 
NI 

Human breast cancer cells 10 
NIH3T3 fibrobl aslS 7 
Human tracheal ceJlline 9, 13 
HeLa eclls 14 
HeLa eells 14 
Myoblastic cell lines 16 
Astrocytoma ce ll line 17, 18 
HeLa cells 14 

Thrombin PLC-Ca'+, srelEGFR Swiss 3T3 fibrobla sts 19 
Bradykinin Bradykinin CaH

, CaM, nPKC He La cclls 14 
M3 muscarinic 
Lysophospholipid 
Prostanoid 
J3 -adrenergic 

Oxo-M Ca2
\ Ca2

\, PLC, PKC SH -SY5Y ncuroblastoma 20,2 1 
LPA, SP I Ca2

\ PKC SH-SY5Y ncuroblastoma 21 
PGEI eAMP, PKA L-murme fibroblasts 27 
NE eAMP Flounder erythrocytes 26 

GLUTAMATE 
Purinergic P2Y 
PAR- I 

ATP Ca2
+¡, Ca M, CaMKlI , PKC Cul tured astroc)1eS 22,23 

M3 muscarinic 

MYO-INOSITOL 
M3 muscarinic 

Thrombin 
Oxo-M 

Oxo-M 

Ca2
+¡, PLC Cul turcd astrocytes 24 

TK SH -SY5Y ncuroblasloma 20 

Ca' +, PKC SH-SY5Y neuroblastoma 25 

Table 1 . Potentiation by G PCR agonists of swell ing-induced organic osmolyte fl uxcs. PLC: phospholipase C; CaM: ca lmodulin ; 
CaMK 11 : calcium/cal modulin-dependent protei n kinase 11 ; TK: tyros ine kinase; NI: nOI ident ified; nPKC: novel protein ki nase C; 
Ca2+,: int racellular ca lcium; EGF R: epiderm al growt h facto r; Oxo-M: oxotremorin c-M; Ca2+ : cxtraec llu lar ca lcium ; LI)A: 
Iysophosphatidic acid; SP 1: sph ingosine l-phosphate; PGE 1: proslagland in El ; PKA: prolein ktnase A. 

has particular features which are very convenient to trace 
its ro le as an osmo lyte. Taurine is present in high 
concentrations in most animal ce lls, largely free in the 
cytosol. It is nol a protein constituent and is essentially 
inert in tenns ofmetabolism. Taurine is the most sensitive 
among organic molecules, to volume perturbal ions, with 
the lowest re lease th reshold and the largest amount 
released [7, 8]. Swelling-induced taurine effl ux occurs 
through a leak pathway, presumably an anion channel
like pore. This pathway is known as volume-sensitive 
organie anion ehannel (VSOAC). 

Swelling-evoked taurine release is partly Ca2+ 
dependent in sorne cell types but in many ofthem is largely 
Ca2+-independent. In all cases, however, increasing 
[Ca2+]. over levels raised by hyposmolarity by treatment 
with Ca2+ ionophores, markedly potentiates the swelling
induced taurine effi ux. Interestingly, there is recent 
evidence showing a similar potentialion when [Ca2+]¡ is 
raised by agonists of GPCRs in a variety of ce ll types. 
As shown in Table 1, the volume-sensitive taurine effiux 

4 Cell Physiol Biochem 2008;2 1 :01 -14 

is increased by metabotropic purinergic receptors, likely 
oflhe P2Y2 or P2Y4 subtype, in ai rway epithelial eells 
[9], human breast eaneer eells [1 0] 3T3 fibroblasts [11 ], 
hepatoma HTC eells [12], traeheal cells [13], HeLa cells 
[14] and hippocampal neurons [1 5]. Taurine effiux is also 
increased by PAR-I activation in myoblasts [16], HeLa 
eells [14], astroeytoma [17], and neuroblastoma SH-SY5Y 
eell s [ 18] and in 3T3 fib rob lasts [19], and by M3 
muscarinic, H I histam ine and Iysophosphol ipid receptors 
[14, 20,2 1]. Glulamale (D-aspartate) emux is potenliated 
by agonists ofpurinergic and PAR-I receptors in cultured 
astrocytes [22-24] and by the muscarinic cholinergic 
receptor agonist Oxo-M in SH-SY5Y eells [20]. This 
condition also increases the sweIl ing sensitive efflux of 
myo-inosilol from SH-SY5Y eells [25]. 

These effects ofGPCR agonists increasing organic 
osmolyte fl uxes appear to be essentially mediated by the 
PLC-Ca2+ pathway, being aIl of them Ca2+ -dependent lo 
some extent. The degree of dependence, though, varies 
according lo the agonists examined, lhe osmolyle traced 
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Receptor Agonist Cell Type Method Transdllction mechan isll1s Ref. 

Purincrgic 
PAR-I 

ATP Cullured astrocytes PC-WC NI 74 
111rombin CPAE eell s PC-WC Ca2+ -indcpcndcnt 34 
Thrombin Intestine 407 ceIl s 125) ernllx Nl 33 
111rombin SH-SY5Yeells 1251 cffiux Ca2+ -PKC indepcndcnt 18 
111rombin Ehrlich-LcltTc ceI ls PC-WC Nl 35 

Swiss3T3 ccIls PC-WC PLC_Ca2+, srclEGFR 19 
Endothelin ET I, En Atrial ceIl s PC-WC MEK-dependent 36 

Intcstinc 407 celIs 1251 effiux NI 33 
Bradykinin Intestine 407 cell s 1251 emux Ca2+ -dependent , TK 33 
M3 muscarinic Oxo-M SH-SY5Yeells 125, effiux Ci+¡-PKC 18 

Table 2. Potentiation by GPCR agon ists of lCl·,"~1r PC-WC: patch-clamp, whole cell; NI: nOI ident ified; PAR-l: 
protease-activated receptor l; MEK: MAPK/ERK-kinase; PLC: phospho lipase C; PKC: protein kinase C; EGF R: 
ep idermal growth factor receptor; ET: endothelin; M3: muscarinic cholinerg ic; TK: tyros ine kinase; Oxo-M: 
oxotremorine M. 

and the magnitude of osmolarity reduction. In 20-30% 
hyposmot ic solut ions, the effect of purinergic or M3 
muscarinic receptor activation increasing and g lutamate 
efflux is large ly Ca2+ -dependent (86-90%), regardless of 
the eell type [20, 23]. A PLC-dependent, thapsigargin
sensiti ve in crease in [Ca2+l;, accounts fo r most of the 
ATP effects increasing taurine efflux. CaM and CaM KII 
are also part ofthis signaling cascade [11]. The increased 
efllux oftaurine by thrombin-induced PAR-l activation 
is 50% Cah -dependent in 3T3 fibroblasts [19] and more 
dependent (80%) in astroeytes (unpublished). A role for 
PKC on the stimulatory effect of GPCR activation on 
taurine and glutamate efflux is suggested by its attenuation 
by PKC blockers or down-regu lation ofthe enzyme. This 
is observed for the thrombin, LPA and Oxo-M-stimulated 
taurine efflux in astrocytoma and neuroblastoma cel ls [17, 
20, 21 ] and for the ATP increased D-aspartate efflux in 
eultured astroeytes [23]. The faet that PKC and [Ca" 1; 
depletion are additive in so rne systems suggests the 
operat ion oftwo different pathways and the partic ipation 
ofCa2+-independent PKC isoforms [23]. Taurine efflux 
increased by SP 1 or LPA is less dependent on the Ca2+ 
pathway, being only 34-38% reduced when [Ca2+J; 
elevation is prevented by trealment with BAPTA-AM or 
thapsigargin [2 1]. This feature may refleet the unique 
ab ility ofthese agonists to concurrently stimulate G¡, G

q 
and G

12
/
13 

proteins. A more complex signaling mechanism 
for the PAR-l potentiation oftaurine efflux is found in 
3T3 fibroblasts. An EGFR/src signaling pathway accounts 
for about 50% ofthe taurine effiux evoked by thrombin 
[19J. The two signaling chains, Le. the Ca2+-dependent 
and the EGFRl s rc-med iated pathways operate 
independently. This is not observed in astrocytes in which 
si milar to that found for the P2Y potentiation depends 
primarily on Ca2+-mediated pathways. 

GPCRs and Volumc Regulation 

The modulatory influence of GPCRs on organ ic 
osmolyte efflux may not be restricted to the Ca2+-signaling 
mediated recep tors. In tlounder e rythrocytes, 
norepinephrine markedly increases the swelling-activated 
taurine emux via a eAMP-mediated pathway [26]. A 
recent sludy in murine fibroblasts shows that receptors 
acting via the G¡ fami ly, activating cyc1ic AMP-dependent 
mechanisms al so potentiate the volume-sensitive tauri ne 
efflux, with a magnitude similar to that ofthe PLC-Caz+
signaling pathway [27] (Table 1). 

It is important to remark that the increase in organic 
osmo lyte effl ux elic ited by GPCR agon ists occurs 
essentially through the YSOAC, being abolished by 
blockers ofthis pathway. It is al so worthy to mention that 
a1l studies here reviewed have been perfonned in cells 
swollen by hyposmolarity. It is still unknown whether the 
effects ofGPCR act ivation are reproduced in condi tions 
ofisosmotic swelling. 

GPCRs and Cl',_II 

The swell ing-activated CI' channels (C¡'swell) are 
present in a large variety of cell s and in most of them 
exhibit similarproperties. Thc ICI'swd' current is outwardly 
rectitying, ofintennediate conductance, with inactivalion 
kinetics and a rcquirem ent for activation of free 
intracellu lar ATP. CI-

SWtll 
have a broad penneability 10 

an ions, inc1uding large anions as benzoate or gl utamate, 
and are sensitive to general CI ' channe l blockers [28J. 

The effect of intracel lu lar perfusion of GTPy 
activat ing a Cl ' current with the features of ICI'swd, first 
suggested a role for G proteins on the vol ume-sensitive 
Ci" emux pathway [29-32]. This was supported by a study 
in Intestine 407 cell s showing that a variety of GPCR 
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Fig. 2. Thrombin increases the am plitude and reduces the tim e for activation of the hyposmolarity-induced e l- curren! in Swiss 
3T3 fibrob lasts. A. Current density vs. voltage curves from cel ls in isosmotic medium ( O), isosmotic medium + thrombin ( . ), 30% 
hypostnOlic medium (H30) (O ) and 30% hyposmotic + thrombin (HT) (e ). B. Time course of lel",,,c" activation by hyposmolarity 
or by hyposmolarily + thrombi n. Traces show Ihe current density al 100 mV in Ihe indicated experimental conditions. C. Time to 
halfactivat ion in 30 % hyposmotic rn ediulll (clear bar) and 30 % hyposmotic mediunl + thrombin (dark bar). Results are means ± 
SE of 6-8 experiments. Experimental procedure detai ls in [17]. 

agonists, ATP, th rombin, bradykinin and endothel in , all 
increase the swelling-induced eftl ux of 1251 [33]. It was 
later shown that thrombin increases the hyposmotic 1251 
effi ux from neuroblastoma ce ll s [18] and that thrombin 
and endothelin increase ICI"sWCll amplitude in pulmonary 
artery endothelial, Ehrl ich-Lettre asc ites and atrial cells 
[34-36]. Noradrenaline exhibit a complex effect on 
ICI "swell in portal vein myocytes, inducing an increase in 
ICI"sWdl amplitude by acting on a -I adrenoceptors and a 
decrease by stimulating ~-adrenoceptors [37] (Table 2)_ 

A detailed description of the effect of thrombin in 
ICI·sWdl in 3T3 fibroblasts is shown in Fig. 2. This Cl"current 
exhibits the features characteristic of ICI"swCll" It is an 
outwardly recti fyi ng current, with inactivation kinetics at 
large positive vo ltages and a reversal potential of -4 m V, 
c10se to the predicted e l" equi librium potential in the 
condition ofthe experiment. Thrombin influenced ICI"sWdl 

6 Cell Physiol Biochem 2008;2 1 :01 - 14 

in fibroblasts by marked ly enhancing the current density, 
and decreas ing the time to half activation. Thrombin efTect 
is exerted apparent ly on the same level of current dens ity, 
as would be expected ifit is not afTecting the number of 
channels in the membrane. As shown in Fig. 2, thrombin 
alone did not induce by itsel f large currents, as it has 
been previously reported in endothelial cells [34]. 

In contrast to the primarily Ca2+-dependent effect 
ofGPCR activation on the organic osmolyte fluxes, the 
effect 011 e l- efflux pathways is described as Ca2+_ 
dependent or Ca2+-independent. The hyposmotic 125 1 
potentiation by bradykinin in Intestine 407 ce ll s depends 
complete ly on [Ca" l; ri se and i5 PKC independent [33]_ 
In contrast, 1251 emux increased by thrombin from SH
SY5Y neuroblastoma cell s is basically independent of 
Ca" and PKC [18]- In pulmonary artery endothelial cell s 
the thrombin-induced increase of ICI"swcll is unaffected 

V ázq uez-J uárezJRamos-M and u j ano/H ernández· Ben í tez/Pasantes
Morales 



91 

 

 

 

 

 

 

 

 

when the thrombin- induced [Ca2+J; rise is prevented and 
eells maintain a basa l [Ca2.J; of 50-1 00 nM [34] but in 
3T3 fibroblasts, the effects of thrombin are reduced in 
essent ia lly Ca2+- free conditions [ 19]. The effect of 
endothel in in alria l cells is insensitive to PKC down
regulation [36]. These di fferences in the mechanism of 
the modulatory effeet of GPCR agonists mi ght be 
attri buted either to the cell type, lO differences in the cell 
swell ing degree, or to the magnitude of Ca2+buffering. 

A common feature ofthe GPCR agonists potentiation 
of ICl-

sWCII 
is that no effeet is observed in isomotic 

condi tions. It is only when swelling has activated the 
efflux pa th way that the modul atory e ffect can be 
observed. However, in cultured corneal keratocytes, a 
chloride current identified as ICl-

sWCII 
is activated by LPA 

and SP 1 in isosmolic conditions [38]. Since as previously 
mentioned, these agonists may interact with other G
protein famil ies and their effects on RVD-related events 
have to be exam ined in more detail. 

GPCRs and volume-activated K· channels 

Understanding the influence ofG PCRs on volume 
corrective K+ fl uxes is complicated by the fact that events 
concurrent with ce ll swell ing, such as membrane 
depolarizat ion, [Ca2+]¡ ri se or membrane stretching, 
activate a vari ety of K+ channels which are potenl ial 
contributors to K+ effl ux from swollen cells. It is actually 
documented that vohage-dependent, stretch-activated, 
Ca2+-activated K+ channels of small, intermediate or large 
conductance and 2P-4TM channels, contribute to lhe K+ 
em ux elieited by swelling in different ee ll types [39,40]. 
Particularl y the Ca2+-act ivated K+ channels of large 
conductance (BK) are primari ly involved in the swell ing
evoked K· em ux and RVD [39, 40]. Most of these 
ehan ne ls are modulated by GPCR li gands, but the 
consequence of this effect on the volume-sensitive K+ 
effl ux and cell volume regulation has been examined in 
only few cases. BK channels are stimulated by endothelin, 
bradykinin, histamine, and isoproterenol in a variety of 
cell s, but this effect is analyzed regarding main ly their 
action on vasoconstrict ion, or on other cell responses and 
not in connection with RVD. In any event, it is expected 
that when BK channels are responsible for the vol ume
sensitive K+ effl ux, GPCR activation in swollen ce ll s wi ll 
certainly influence volume regu lation. Thrombin and 
ionomycin stimulate K" channels in human platelets, but 
sim ilarl y, no conneetion is established with volume 
regulation [41]. 

GPCRs and Volumc Regulation 

Studies directly related to GPCR agonist effects on 
K+ channels activated by volume changes are so far 
limited. In cultured astrocytes, the volume-sensitive 86Rb 
efflux is Ca2+-independent, but is markedly potentiated 
by the ionomycin- induced [Ca2+J; increase [42]. A K+ 
channel directly aetivated by swelling has been described 
in Ehrlich ascites cell s, which is insensiti ve to the c1assical 
K· ehannel blockers but is inhibited by elofilium [43].lt is 
proposed that this channel is tonica lly inhibited by a 
pertussis-sensitive G protein [43]. Activalion of purinergic 
P2Y receptors potentiates BK ehannels or 86 Rb efflux in 
a kidney ce ll line (Vero ee lls), in Ehrlich aseites [44, 45], 
and Intestine 407 cells (33] and in cultured human cancer 
cells [46]. Bradykin in, thrombin or histamine activate a 
charybdotoxin-sensitive lI6Rb efflux in Ehrlich ascites cel ls 
[45, 47]. These results altogether, show that, in contrast 
to the universal ity ofthe volume-sensitive CI- and organic 
osmolyte effl ux pathways, the variety of K+ channel types 
involved in volume regulation difficu lts lhe analys is ofthe 
potential effect of GPCR activation. An additional factor 
further complicating the interpretation of lhe effect of 
GPCR agonists is that, in contrast to that found for organic 
osmolytes or CI·,wclI' the GPC R ligands act ivate K+ 
channels in non swollen cells. 

GPCRs and RVD 

An earl y study by Bender and coworkers in cul tured 
astrocytes [48] demonstrated, lO our knowledge for lhe 
fi rst time, the involvement ofGPCRs in RVD. This study 
showed that endothelin, lhrombin, bradykin in, ATP and 
carbaehol, all acce lerate RVD via a PLC-dependent 
mechanism. Further support to a G-protein role in RVD 
came from a study in in cervical cancer ce lls showing 
fae il itation of RVD by GTPyS [49]. Subsequent studies 
showed thalATP fac il itates RVD in ai rway epi thelial and 
in Intestine 407 ce lls (50, 5 1]. Thrombin has this same 
effeet aecelerating RVD in 3T3 fibroblasts [19]. RVD 
fac il itation is al so promoted by the (Ca2+]¡ rise elicited by 
ionomyein or A23 187 [6], suggesting that Cah -dependent 
events mediate the effect of GPCR agonists. This is 
confi rmed by the effect reducing RVD of inhibi tors of 
the PLC-Ca' · signaling pathway [1 9], an expected result 
in view of the key role of [Ca2+J; rise on the effect of 
GPCR activation increas ing osmolyte fluxes, as aboye 
discussed. A more complex signaling mediates the effect 
ofthrombin accelerating RVD in 3T3 fi broblasts, which 
besides the PLC-Ca2+- CaM-CaM KII pathway, involves 
sre and EGFR as a parall el signaling route [1 9]. 
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This wi l! be further discussed below. 

The monomeric G-proteins of the Rho family 

The low-molecu lar weight G-proteins of lhe Rho 
subfamily control multiple cellular processes, many of 
lhem related to their action as regulators of the actin 
cytoskeleton organization. Changes in ce l! volume during 
swelli ng and the subsequent RVD, involve dramatic 
changes in the cytoskeleton, which are necessary for the 
cell to adapt successfull y to the dynamics ofthese events 
[52]. Rho (isoform s A,B,C) and their targets, as we ll as 
isoforms from the edc42 and Rac subfamilies participate 
in this process, interacting in a complex dynamic balance 
[53-55]. Either through this effect or independently of 
cytoskeleton changes, Rho-signal ing participates on Cl' 
swcll activation in various cell types, as shown by the effects 
ofbacterial toxins which specifically block Rho GTPases, 
or by the influence of a consti tutively active Rho mutant 
express ion [54-56]. Evidence at present suggests lhe 
requirement of a func tional Rho pathway fo r CI-

swell 

operation but not for its activation , postulating a permissive 
role for this pathway. On this respect, an active Rho 
pathway may facilitate Cl-sWCII operation by promoting the 
formation of an ac tin-based platform for the proper 
assembly ofelements involved in CI-

swell 
trigger. 

The involvement ofRho GTPases in K4- and taurine 
efflux pathways is supponed by a study in NIH3T3 cells 
expressing consti tuti vely active Rho. A marked increase 
in the hyposmolarity-evoked taurine and 86Rb efflux is 
observed in these cells [56]. Not only the effl ux rate 
constant was enhanced but the osmolarity th reshold was 
reduced as wel!. Osmolyte fluxes in isosmotic conditions 
are comparable in the wild type and the Rho activated 
cell s, being in this respect, similar to the effect ofreceptors 
linked to heterotrimeric G-proteins. In congruence with 
the effect of active Rho increasing two important osmolyte 
efflux pathways, volume regulat ion after swelling was 
markedly increased in cells express ing the active Rho 
pathway [56]. Consistent with the notion ofa permiss ive 
role for the Rho signaling pathway, the hyposmotic 
stimulus does not directly activate the Rho pathway [54] 
but a number of 1110lecules responding to swell ing are 
known to activate them including integrins, growth factor 
receptors and guanine nucleotide exchange fac tors. In 
contrast to the heterometric G-proteins, monomeric G
prote ins ofthe Rho subfami ly are not directly activated 
through ligand binding, though a subset of GPCRs 
including those activated by Iysophosphatidic acid and 

8 Cell Physiol Biochem 2008;21 :01 -1 4 

thrombin participate in cytoskeleton rel110deling and other 
ce ll responses associated with vo lume changes, via Rho
dependent pathways. 

Is the permissive pathway mediated by 
tyrosine kinases? 

A remarkable and consistent feature of the effect 
of GPCR agonists on organic osmolyte fluxes and le l
swcll is that it is exerted only when the effiux pathway is 
already in operation. The precise nature ofthis permissive 
pathway is not yet full y established, but there is evidence 
of a prominent role for tyros ine kinases (TK)_ The 
involvement ofTK in volume regulation activated after 
hyposmotic swelling has been recognized since lhe earl y 
repon by Tilly el al. [57] showing inh ibition by general 
TK blockers ofthe osmosensitive fluxes ofK+ and CI- in 
an epithelial cell li ne. Subsequent studies confi rmed these 
results for specific TK and for organ ic osmolytes in a 
variety ofcell types [58]. TK such as FAK, and members 
of the Src family, activate in response to hyposmotic 
swelling [58-6 1]. Another important family ofsignaling 
molecu les, the growth factor receptors, whi ch are 
transmem brane molecules with intrinsic TK activity, are 
also responsive 10 th is stimulus. EGFR phosphorylation is 
increased by hyposmotic ce ll swelling in fibroblasts and 
keratinocytes [61 , 62] and phosphorylation of ErbB4 
increases by swelling in cerebellar granule neurons [63]. 
Th e phosphorylat ion state of these TK modulates 
osmolyte efllux pathways and RVD, which are inhibi ted 
by TK blockers, and correspondingly potentiated by 
blockade oftyrosine phosphatases [58]. The TK signa li ng 
chain can be linked to volume sensing molecules, such as 
integrins or the growth factor receplors themselves. A 
sequence ofintegrin - FAK - src aClivation by swelling is 
well establ ished [59, 60]. A src-EGFR connection as 
swelling signal is al so documented [19]. The extensive 
signaling network formed by these kinases may be part 
ofthe permissive palhway on which GPeR agonists exert 
their influence. 

Tyrosine kinases and GPCR cross-talk 

The involvement of tyros ine kinases in oSl11olyle 
effiux pathways and volume regulation is relevant to the 
top ic ofthis review considering the evidence now avai lable 
about a cross talk between GPCRs and TK, a mechanism 
known as transactivation. EGFR and members of the Src 
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Fig. 3. Hyposmotic swe lling evokes ATP re[ease by exocytosis, or a conductive, anían channel- l ike pathway rnodulated poss ibly 
by CFTR or ATP-binding cassette members. Re leased ATP attains [evels sufficient lo activate purinergic receptors of Ihe P2Y 
subfami ly. The signa ling chain evoked by these receptors has an influence on Ihe hyposmolic [Ca2+J; ri se, 011 osmolyle fl uxes and 
RVD. There is stil1 controversy of whether Ihe sole activation of ¡hese receplors by externa! AT P is ab!e lo el icil [ C I-sw~1I or organi c 
osmolyte fl uxes in non swollen cells. 

family are the molecules more directly involved in this 
interp lay [64-67] . G PC R/tyrosine kinase erosstalk is only 
sta rt ing to be examined in reference lo ce ll vol ume 
regulation. A recent study ITom our group in 3T3 fibroblasts 
[ 19] shows that aet ivation of PAR-I by th rombin 
potentiates lhe hyposmot ic phosphorylation ofEGFR and 
src. The contribution ofthis transactivation pathway to 
volume regu lat ion is evaluated by lhe effect attenuating 
thrombin effects on laurine efllux, ICI'

swcl' 
and RVD by 

the bloekers AG 1478 (E GFR) or PP2 (s re). Thi s 
transactivation pathway may be linked lo thrombin 
acti vated PLC-Ca2+-mediatcd signaling chain , or may 
independentl y ¡nfluence the volu m e regu latory 
mechanisms. In the study in fibroblasts, the two pathways 
operate separate ly but thi s may not be the case for other 
cell types. The proposed GPCR/tyrosine kinase interaction 
is an avenue for di versifying the signa ling cascades 
activated by cell volume changes. This diversification may 
be most conven ient considering that cell vo lume is now 
known lO be invo lved in ce ll func tions as diverse as 

GPCRs and Vo!ume Regu!ation 

proliferation, migration and apoptosis, which may require 
difIerent signaling routes. 

GPCR modulation 01 RVD in physiology and 
pathology 

Autocrine epCR agonists 
The stimulatory effect of GPCR agonists on 

osmolyte fluxes and RVD is at present finnly estab li shed. 
A question is then rai sed as whether these receptors are 
part of the vo lume recovery signaling cha in or act 
essentially as modulators, adding new signals to the chai n 
activated after swelling . Purinerg ic and leukotri ene 
receptors have been proposed to operate as receptors 
for autocr ine factors released by swell ing. Derived from 
eicosanoids, the cysteinilleukotri enes in particular LTD4, 
are released to the extracellular space, bind to a leukotriene 
receptor and via trimeric G proteins initiate a signaling 
pathway resulting in modulation ofthe taurine effiux or 
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Cell lype ATP , ATP scavengcr, receptor blockers* Ref 

lCr swcll 

HTC ral hcpatoma Inhibition 38 
Tracheal epithelial cells Kinetics modulation 13 
Biliary epilhelial eells Inhibition 77 
Intestinc 407 ccll s Potcntiation Inhibition 79 
Human hepatocytes Prevent activation 71 
Cultured astrocytes Activation Inhibition 74 
Hippocampal ncumns Activation lnhibition 15 
Taurine and glutamatc cfflux 
Glulamate 
Cultured astrocytcs Potentiation No eITect 22 
Taurine 
Swiss 3T3 fibroblasts Potentiation lnhibition 11 
Traeheal epithelial eells Potentiation 9 
Tracheal epithelial cells Potentiation lnhibition 13 
Hippocampal ncurons Potentiation Inhibition 15 
Human breast ce ll linc Potentiation Inhibition 10 
RVD 
HTC ral hepatoma lnhibition 38 
Biliary epithelial eells lnhibition 77 
Intestine 407 cells Facilitation lnhibition 51 
Human hepatocytes Inhibition 71 
T urbot hepatocytes Inhibition 76 
Airway epithelial cells Facil.itation lnhibition 50 

Table 3. Influence of ATP and P2Y receptors on volume regulation events "'Apyrase, suramine, reac-
tive Blue and pyridoxal phosphate. 

activation of a K+ current. This proposed signaling cascade 
is supported by lhe efTecl reducing taurine emux and 
RVD of lipoxygenase blockers or by inhibition of the 
synthesis of arachidonic acid and leukotrienes [7, 36,68]. 

An autocrine/paracrine role for ATP on volume 
regu lation is proposed based on the numerous reports on 
a s\Velling-induced emux of ATP [50, 69-74] (Fig. 3). 
Sinee the early study by Wang el al. [69] the s\Velling
induced ATP release has been consistently observed in 
various celllypes including carcinoma and hepatoma cells, 
airway epithelial cells and cuItured astrocytes [69-74]. 
Quantification ofthe amount of ATP released has shown 
that the levels attained in the immediate vicinity ofthe 
cell surface are sufftcient to activate P2Y purinergic 
receptors [50, 74]. The vo lume-sens itiveATP re lease may 
occur via exocytosis or more commonly through a 
conductive, anion channel-like pathway, possibly regulated 
by CFTR or ATP-binding cassette proteins [69, 70, 73] 
(Fig. 3). Whi le there is general agreement about the effect 
of swelling inducing ATP release, the key question of 
whether P2Y receptor act ivation is a trigger or a 
modulator of osmo lyte fluxe s and RVD is st ill 

10 Cell Physiol Biochem 2008 ;2 1 :01-14 

controversia\. In favor to the autocrine role is the effect 
reducing osmolyte fluxes and volume recovery of agents 
or conditions impairin g the purinerg ic-rnediated 
transmission shown in a variely of cell types [50, 69-76] 
(Table 3). Against this notion is the fact that external ATP 
in sorne cases [22, 23, 77, 78] bUI nol al\Vays [74], is per 
se unable to raise osrnolyte fluxes in non swollen ce ll s. In 
this respect, however, the consideration raised about other 
GPCR agonists on the requirernent of a prior activatíon 
ofthe pennissive pathway are valid for ATP. Furthennore, 
in support to the autocrine role for ATP is the fact that, in 
contrast to other GPCR agonists, swelling is lhe lrigger 
for its release. The volurne-sensitive ATP release is of 
particular interesl in brain due lo the critical role played 
by ATP in astrocyte signaling and in the astrocyte-neuron 
interaction. ATP part icipates irnportantly in glia-glia 
cornrnunication via Ca2+-wave propagation, which is 
rnediated by ATP release in various preparations [79]. 
Widespread propagation of Ca 2+ waves through 
astrocytes is important in pathological sta tes such as 
seizure and brain trauma, two conditions associated with 
cell s\Velling. 
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Potentially harmful effects of GPCR agonists 
The GPCR interaction with s ignaling molecules 

activated during RVD diversifies and amplifies its signaling 
network and makes the process faste r and more effici ent. 
In certain situations, however, the potentiation of osmolyte 
fl uxes induced by GPCR agonists represents a risk for 
potential harm. The marked potentiation by thrombin of 
glutamate efllux from astrocytes is an example of such 
si tuation [24]. Besides acting as an osmolyte, g lutamate 
is a major excitatory neurotransmitter, and ifreleased in 
excess to the extracellular space induces overfunction of 
excitatory neurona l receptors resulting in cell death. In 
pathological situations such as head trauma, hemorrhagic 
episodes and ischemia, there is a marked increase ofbrain 
thrombin levels, which together with the astrocyte swelling 
characteristic of these condit ions, precipitates lhe 
excess ive g lutamate efflu x and exc itotoxicity. 
Hyperexcitability may al so occur by a thrombin-induced 
enhancement of glutamate release from swollen nerve 
endings. In addition, the widespread propagation ofCa2+ 

waves through astrocytes evoked by ATP and possibly 
by other GPCR agonists as well, increases in palhological 
sta tes such as seizure and brain tra um a [79], two 
condi tions concurrent with cell swelling. 

Volume-related cell functions potentially 
modulated by GPCRs 

Synaptic transmission 
Swelling and GPCR activat ion may importantly 

modulate the synaptic function. In isolated nerve endings, 
hyposmotic swell ing increases the efllux ofamino acids 
such as GABA and glutamate, which serve the double 
role of osmolytes and neurotransmitters [80]. Moreover, 
swelling evokes a series ofevents such as depolarization 
and Ca2

-1- rise, via exocytosis, which al so increase the 
synaptic efllux ofmolecules like norepinephrine which 
are essent ially neurotransmitters and do not participate 
in volume regulation [8 1]. Among the GPCR ligands 
known lo increase osmolyte efnux are those which 
activate neurotransmitter metabotropic receptors, such 
as chol inergic and noradrenergic receptors. Th us, 
swe lling-induced neurot ransmitter re lease and its 
potentiation by metabotropic receptors may llave a potent 
modul atory role of synapt ic transmission, in both 
physiological and pathological conditions. 

GPCRs and Yolume Regulation 

Cell proliferation, migration and apoptosis 
Cell migration involves numerous reactions c10sely 

interconnected with changes in cell volume. Extensive 
remodeling of th e cytoskeleton, construction and 
deconstruction of cell adhesions are indispensable for a 
coordinated cell migrati on. Furthermore, changes 
associated to cell migration generate intracellular local 
osmotic gradients creat ing vo lume changes in the 
microenvironmenl, w hi ch demand an immediate 
adjustment to guarantee the polarity and direction for the 
proper displacement oflhe migraling cell [82,83]. 

Volume control has been related to ce ll proliferation. 
Cell vo lume is detennined genetically and is an attribute 
for each cell type. Before dividing, cell s must attain the 
character istic vo lum e of th e pare nt cells. A 
phenomenological corre lation between cell volume and 
proli fe ration is suggested by results showing that swelling 
elicited by either hyposmolarity or blockade ofvolume
sensitive K+ channels decrease proliferation [84]. Diverse 
types of K-I- channels, inc1uding a swelli ng-activated 
channel, have been implicated in tumource ll proliferation 
[85] and CI"swd! channels have been al so considered lo 
partic ipate in the cell cycle progression based on evidence 
showing that C1"swell are activated during cell proli feration, 
and conversely, C1·s\\'clI blockers interfere with proliferation 
[86-89]. Therefore, GPCR ligands known to participale 
in cell proliferation in a variety of cell types, such as 
thrombin, angiotensin, bradykinin , Iysophosphatidic acid 
and sphingosine 1 phosphate may interact with volume
sensitive pathways. Another site of GPCR influence is 
the stimulation of growth factor receptors, a reaction 
known as transactivation. Hyposmotic swell ing in sorne 
cells activate EGFR and lhis effecl is polentiated by GPCR 
agon ists [ 11 , 19]. This concerted act ion may result in a 
more effect ive activation of the var ious EGFR 
downstream signaling pathways eventually influencing cel l 
survival and proli feration. The interplay between GPCRs 
and volume-acti va ted mechani sms, so far largely 
unexplored, warrants future investigation. 

Cell vo lume decrease has been always recognized 
as a hallmark ofapoptosis, but it is only recently that lhis 
vo lume reduction, termed apoptotic vol ume decrease, is 
considered as part of the apoptotic signaling. Apototic 
vo lume decrease is an early event in the program, 
occurring before other characteristic traits such as 
caspase 3 cleavage, cytoc hrome e release and 
tran s locatio n, en donucl ease activat ion a nd DNA 

Cell Physiol Biochem 2008;21:01-14 JI 



96 

 

 

 

 

 

 

 

fragmentation [90], Apoptotic vol ume decrease relies on 
the same mechanisms ofRVD, i.e. the active translocation 
of intracellular osmolytes, K\ n and taurine [90-95], 
which noteworthy, activate in non swollen or even shrunk 
cells. Modulation by GPCRs on these mechanisms has 
nol been examined in detail, but represent a most intriguing 
venue for future research. 

volume control by the most important and extended fami ly 
of signaling elements, the G prote ins, opens a plethora of 
possibilities for diversifying the signaling routes for the 
variety of ce ll functions invol ving volume changes. 
Synaptic transm iss ion, in tercellula r com munication, 
proli feration, migration, secretion and apoptosis, all may 
be infl uenced by th is d iverse and intricate in te rplay 
between GPCRs and the mechanisms for cell volume 
control. This is an intriguing avenue for future research_ Conc/usion and perspeclives 

Cell volume is detennined genetically for each cell 
lineage, but it not a sta tic feature ofthe cell. It is of extreme 
importance that volume is kept unchanged to maintain 
cell homeostasis, but when changes occur, they affect 
basic aspects ofthe biology ofthe cell and may represent 
a ri sk forthe whole organismo The recent surge ofinterest 
about a modulation of the basic mechanisms for cell 
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Abstract Brain edema is asevere c1inical complication in 
a number of pathologies and is a major cause of increased 
morbidity and death. The swelling of astrocytes caused by a 
di sruption of water and ion homeostasis, is the primary event 
contribuling lo lhe cytoloxic form ofbrain edema. Astrocyle 
cyloloxic swell ing uhimately leads to transcapillary fluxes 
of ion s and waler inlo the brain parenchyma. This review 
focuses on lhe implicalion of transporters and channels in 
cylotoxic astrocyle swelling in hyponatremia, ischemia, 
trauma and hepatic encephalopalhy. Emphasis is put on 
some salienl features ofthe aSlrocyte physiology, all re lated 
10 cell swe lling, i.c. prcdominance of aquaporins, control of 
K+ homcostas is and ammonia accumulation during the 
brain ammonia-detoxifying process. 

Keywords Brain ischemia . Aquaporins . Brain edema· 
NKCC I . NCCa.ATP channel 

Introduction 

Brain edema and the resulting increase in inlracranial pres
sure is asevere complicalion of numerous pathologies and is 
often a major cause of dealh. Astrocyles are the cell s pri
maril y contributing to brain edema. This is firsl, because 
astrocytes are more abundanl Ihan any other brain cell lype, 
and second, because of the highl y se lective set of channels 
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and transporters al Ihe astrocyte plasma membrane impli
cated in ion and water fluxes. As components of the brain
blood barrier, astrocytes are involved in the fluid dynamics 
between blood and interstitial and intrace ll ular brain com
partments. Astrocyte swelling known also as cytotoxic 
swelling, occurs as resull of changes in extracellular osmo
larity or in isotonic conditions by ion redistribution belween 
the intrace ll ular and ex tracellular brain compartments. 
Disruption of ion homeoslasis at these cornpartments acti
vates transcapill ary ion and waler flu xes, leading to ionic 
brain edema. This may occur without physical or func tional 
di sruption ofthe ti ght junctions at the blood- brain barrier. If 
thi s barrier is affected, fluid leakage and proteins and cell s 
intrude the brain parenchyma and establi sh the vasogenic 
edema. This type of edema appears in late slages of head 
trauma and ischemia, in brain tumors, muhiple sc lerosis, 
vascular or metabolic diseases or infections such as men
ingitis or septic encephaliti s. Cytotoxic swelling occurs in 
hyponatremia , ischemia, brain trauma and hepatic enceph
alopathy. Astrocyte cytoloxic swelling in these patho logies 
is the subject of thi s review. Emphasis is put on sorne 
attributes of the astrocyte physiology, al! re lated to cell 
swelling, i.e. predominance of AQPs, K+ uptake during the 
spatial buffering, and arnmonia accurnulation during the 
brain ammonia-detoxifying process. 

Transporters and Channels in Ischemia 
and Trauma 

NKCC Cotransporter 

Astrocyte cytotoxic swclling is an carly cvenl in brain 
ischemia. Hypoxic or ischemic episodes interrupt ATP 
synthesis affect ing the operation of the Na+/ K+ ATPase. 
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The reduced activity of the pump, by failing to perform the 
adequate transmembrane Na+/K+ exchanges, initiates the 
ion gradient di ssipation, increasing intrace llular Na+ 
[Na+]¡ and extracellular K+ [K+]o' This is the first step in a 
chain of membrane permeability changes resulting in large 
increases in [Na+]¡ and high [K]o' Pass ive Cl - and water 
fluxes foll ow the ion redistribut ian, and astrocytes swell. 
To reduce the excess of [K+]o, aSlrocytes set in molion 
mechan isms as the spatial buffering, furthermore contrib
uting to cytotoxic swelling [1- 3]. 

K+ is critica l for brain excitability as the ion primaril y 
responsible for selling the resting membrane pOlential 
values of astrocytes and neurons, as well as in repolari za
lion after the nerve impulse transmiss ion. [K+]o in brain 
are tightl y regulat ed Ihrough a dynamic equilibrium in 
which astrocyles playa key role. Excess of [K+]o is c\eared 
by Ihe spatial K+ buffering, a process consisling in Ihe 
effic ienl acc umulation of K+ at reg ions of high extracel
lular leve ls, and its subsequenl spreading Ihrough Ihe 
astrocyte syncyt ium, 10 be then released al remOle localions 
with normal [K+Jo [3]. Mild increases in [K+Jo are c\eared 
by K+ entry, in part via the inward ly rectifying K+ chan
neis, particul arl y Ihe Kir 4. 1 [3]. The Iwo-pore domain K+ 
channels may also contribule to Ihe K+ uplake in some 
types of glial cell s [4]. Large increases in [K+]o as occur in 
ischemia or trauma acti vale anolher mechanism for K+ 
c\earance: Ihe cOlransporter NKCC. 

NKCC is part of Ihe SLC 12 gene famil y of eleclroneulral 
cotransporters, energelically sustai ned by Ihe transmem
brane ion gradi ents. Two isoforms of NKCC have been 
identified: NKCC I which is broadly di stribuled in an imal 
lissues and cell s, including astrocytes, neurons and oligo
dendrocytes, and NKCC2, present on ly in kidney [5]. The 
transporter operates with a stoichiometry of INa+ l K+ 
2CI - . NKCCI is activated by high [K+ lo a sali en t feature of 
ischemia [rey in 61. It is blocked by bumetanide and furo
semide, and is regulated by Ihe phosphorylalion status of Ihe 
molecul e, establi shed by Ihe concerted actions of kinases 
and phosphatases. NKCCl phosphorylation via Ihe signal 
ling chain fo rmed by SPAK, OSR l and WNKs l and 4 has 
been demonstrated in some ce ll types [S I, but thi s has nol yet 
been explored in astrocytes. Olher kinase palhways pro
posed 10 participate in NKCCI act ivation in ischemia and 
trauma are the MAP kinases ERKI/2, cJun and p38, Ca++
mediated signal transduct ion path ways, ox idali ve/nitrosa
live slress and inftammatory cytokines [6--8). 

K+ contributes to cytotox ic aSlrocyle swelling in 
ischemia by a sequence of reacti ons initiated by [K+]o, 
activati an of NKCC I and increased K+ uplake by astro
cytes . This chain of events certainly contributes to correc! 
[K+]o levels, but with the consequence of increasing 
astrocyte ion content and dri ving osmotically directed 
water influx, a ll thi s resu lting in ce ll swelling. This 
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sequence of evenls and Iheir inlerplay have been demon
strated either in cultured aSlrocytes or in vivo in ischemia 
experimental models. Ischemia acti vates NKCCI in brain 
by increasing both lhe transporter prolein expression and 
its funct ional activ ily [6]. The causa l link of these evenl s 
wilh brain edema is proved by the effecI of Ihe transporter 
blocker bumelan ide reducing edema [9]. Genelic ablation 
of NKCCl gives similar resu lts, as ischemic brain edema is 
considerably less in NKCC 1 knockout mice Ihan in the 
wild type animals [10]. In cultured aSlrocyles Ihe swelling 
induced by conditions simulat ing ischemia, such as 
hypoxia/hypoglycemia, or high [K+)o is reduced by 
bumetanide [11 , 12] and in Ihe same line, swelling is 
notably lower in aSlrocytes from a NKCCI null -mice [13]. 
The ion grad ienl collapse and Ihe ce ll volume increase 
characteri sli c of ischemia ha ve anot her delrimental con
sequence: Ihe rise in extracellular glutamate leve ls. Bes ides 
its effect as neurotox in , gl utamate further contri bu les 10 

astrocyte swelling by increas ing Ihe NKCCl activ ily, 
among other rnechanisms 1141. The link between NKCC l 
and glutamale is suggested by Ihe effecl of bumelanide or 
the genetic deletion of NKCC 1 decreasing the ischemia
induced excitotox icily [6J. 

Cerebral edema is a main complication of head Irauma 
and il is of decisive importance in Ihe evolulion of Ihe 
palhology. Brain edema relaled 10 head trauma has been 
thoughl for long lime to be vasoge nic in ori gi n, bul there is 
now ev idence in support of the cytotoxic astrocyle swell ing 
as lhe earl y and most prominenl component of Ihe edem
alOus condition [1 5 1. Direcll y related 10 swelling is Ihe 
post-traumatic widespread depolarizalion, which increases 
INa+Ji and lCl - li, elevates lK+ lo and dri ves cell water 
influx. Transient sheer forces derived from Irauma, 
mechan icall y deform membranes and alter ion permeabil 
ity also lead ing 10 intracellular water increase. If hemor
rhagic episodes concur with trauma, as is often the case, the 
cascade of react ions characterislic of brain ischemia is also 
triggered. An add ilional indirect mechani sm of swell ing 
after brain trauma is the hyponalremia evolvi ng as conse
quence of a di sturbed sec retion ofthe ant idiu ret ic hormone. 

NKCCI also contributes to astrocyte swelling in brain 
and spinal cord trauma. NKCC 1 acti vates in experimental 
in vivo models of head trauma and its functional inhibition 
or genetic blockade reduce astrocyte swelling and brain 
edema r 151. These results reproduce in cultured astrocytes 
exposed to experimental mode ls of trauma [8, 161. 

A note of caut ion on the role of NKCC in cell swelling 
comes from a study in Xenopus oocytes showi ng that 
bumetanide has a direct effect reducing water fluxes 
lhrough AQP I and AQP4. Synlhetic bumelanide deriva
lives showed that this occurs direcll y by occ\ usion of lhe 
water pore of AQPs al lhe cytoplasmic sile [17]. If these 
resu lts are confirmed by further evidence, lhe involvement 
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of NKCC I on cytotoxic swelling evaluated by the effect of 
bumetanide should be reappraised. 

The two-pore K+ channels may also participate in the 
integral brain response to ischemia. The TWIK-l channel 
appears to contribute to K+ influx during oxygen-glucose 
deprivation , particularl y at a specific subpopulation of mice 
cortical astrocytes, more susceptible to swell ing in the 
ischemic condition [18]. 

The SUR IINCca_ATP Channel 

Since NKCC activity depends on the energy provided by 
transmembrane ion gradients, its role in astrocyte swelling 
is relevant at the penumbra, area in which ion grad ients are 
sustained by partial oxidative synthesis of ATP, or/and by 
the activated astrocyte glycolytic anaerobic pathway. 
Astrocyte swelling in thi s area may be transien t or pro
longed, according to the magnitude of [K+]o elevation, the 
efficiency of lhe spatial buffering and the remnant funClion 
ofthe Na+/K+ ATPase. Once the ATP synthesis machinery 
is definilely arrested, passive mechanisms of ion fluxes 
acti vate, aggravating cytotoxic astrocyte swelling, and 
ult imate ly leading to ionic edema, which if concurrenl with 
disruption of the tight junctions results in vasoge nic edema. 
The non-selective cat ion Ca-ATP channel (NCCa_ATP) 
seems to be a key pI ayer in thi s process (Fig. 1). The NCca_ 
ATP chan nel was first characterized in reactive , freshl y 
obtained reactive astrocytes exposed to low oxygen and 
ATP depletion [19]. The chan nel permeates monova lent 
cations, with similar permeabi li ty for Na+ or K+, is 

ATP-dependent stage 

impermeant to anions and divalent cat ions, requires nano
molar concentrations of Ca ++ and is act ivated by intra
cellular ATP depletion L20j. The NCCa_ATP channcl is 
regulated by the sulfonylurea receptor I (SUR 1) poss ibly 
associated with a TRPM4-like channel. This channel is not 
constituti ve ly expressed in brain but is transcriptionally 
upregulated by hypox ic conditions and opened by deple
tion of inlracellular ATP, i.e. the sali en l features of 
ischemia [2 1]. The NCCa_ATP channel is expressed in 
neurons and capillary endothelial eells at the ischemie eore 
and in astrocytes as well al the peri -infarct zone [2 1]. 

The NCCa_ATP ehannel eontributes eritically to generate 
ionie brain edema, defined as the transeapi ll ary ion and 
water flu xes into the brain parenehyma. The ionic shifts in 
glial cytotoxic swelling cause a decrease of Na+ and water 
concentration at the extracell ul ar space, generating new 
gradients between the intravascu lar space and the brain 
extracellu lar space, through capillary endothelial ce ll s. 
This creales the driving force for passive transcapillary 
movement of ions and water. The NCCa_ATP channel is 
proposed as Ihe palhway for these transendothelial passive 
Huxes [7, 2 1] (Fig. 1). 

The contribut ion of the NCCa_ATP channel to ischemic 
brain edema is supported by the effect of glibenclamide, a 
highly selective SUR 1 blocker, reduc ing the increase in 
water conten t in the ischemic area, particularly at the peri
infarct region r221. Further studies have shown a benefic ial 
effect of glibenclamide in three ischemia models, reducing 
cell mortali ty, li nked to its effect preventing brain edema 
[2 1, 22]. A role for lhe NCCa_ATP channel in the generation 

ATP-independent stages 

.J.ATP 
i 

NKCC1 upregulation Cytotoxie swelling ianie edema 

Fig. 1 The NKCCI/NCca_ATP -mediated chain of evenls leading 10 
cytoloxic astrocyle swelling and ionic edema in ischemia. During 
early phases of ischemi a when ion gradienls are no! totally collapsed. 
aSlrocyte swelling is driven by the elevated of IKJ" extracell ular 
potassium upregu lating NKCC l. In laler slages of ischemia, ATP 
depletion triggers the opening of the (SU RI )-regu lated NCca-ATP 

channeL increasing intracellular Na+ and osmotic Cl + and water 
flu xes. lon ic edema occurs when the reduclion in [Na+lo and water 
levels, creates new ionic and osmolic gradients belween plasma and 
interstitial fluid. driving transcapi llary fluxes of Na+ and osmotically 
obligated water. From resulls reviewed in 16, 7. 21. 24J 
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of edema has been also proposed for brain and spinal cord 
trauma, based on the beneficial effect of gli benclamide 
reducing the funct ional injury caused by trauma or hem
orrhage [23, 24J. 

Transporters and Channels in Hepatic Encephalopathy 

Hepalic encephalopathy is a complex neurological syn
drome deri ved from acute li ver fa ilure. Brain edema is a 
most delrimenlal consequence and Ihe frequenl cause of 
dealh in Ihis palhology. The blood- brain barrier appears 
inlacl and Ihe edema resuhs primarily from aSlrocyle 
cylolox ic swelling, which may be followed by Iransendo
Ihelial ion and waler fluxes [25, 26]. Studies on Ihe 
mechanisms of aSlrocyle swelling during hepalic enceph
alopalhy underline Ihe imporlance of ammoniurn as a 
trigger faclor of Ihe aSlrocyte volume increase. The li ver 
fa ilure leads 10 a dramalic rise in plasma ammonia leve ls, 
and enhances markedl y Ihe ammonia bloodlbrain ralio 125, 
26]. Ammonia is accumulaled by astrocyles as parl of Iheir 
specifi c fu nclion in brain ammonia deloxification, via Ihe 
synlhesis of glulamine. The abnormally high ammonia 
levels in astrocyles initiale a chain of delelerious reacl ions, 
which end up in oxidative/nilrosalive Slress, induclion of 
Ihe milochondrial Iransi lion pore, ion overload and waler 
accumulalion. A synergistic act ion of ammoni a and pro
inflammalory cylokines in Ihe palhogenia of aSlrocyle 
swel1ing and brain edema has been recenlly suggested 127 1. 

Dne of the first consequences of ammonia accumulati on 
in astrocytes is the increase of intrace ll ular Na+ up to 
20-30 mM. This effect is reduced by bumetanide, a result 
which point to the involvement of the cotransporler NKCC I 
in the INa+ l¡ increase. A link between ammonia and NKCC I 
is suggested by the fo llowing evidence: ( 1) acti vation of 
NKCC I by ammonia in cultured astTocytes and in astrocytes 
from hippocampal si ices 128.1 , (2) reduct ion by bumetanide 
of the ammonia-induced astrocyte swelling [281. (3) 
increased NKCC I activat ion and tOlal protein upregulation 
in a madel of acute li ver fai lure (thioacetamjde) in vivo, and 
iv) decrease by bumetanide of brain edema in thioaceta
mide-treated rals [SI. The mechanisms of the ammonia
induced NKCC I activation are not fully clarified. A chain of 
reacti ons is proposed including glutamine cataboli sm in the 
mitochondria by the phosphate-activated glutaminase, 
increase of mi tochond rial ammonia and oxidative stress 
generati on, uhimately leading to activation of MAP kinases 
and NKCC I phosphory lation. Furthermore, the MAP 
ki nase-dependent acti vation of the transcription fac tor NF
kB, ¡nc reases NKCC I protein expression [28, 29] (Fig. 2). 

The role of the Ki r4.1 channel on brain edema in hepatic 
encephalopathy has been examined. A significant down
regul ation of the astrocytic Ki,.4.1 gen has been reporled in 
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Fig. 2 Proposed cascade of events leading to NKCC I aClivation and 
astrocyle swelling during hepalic encephalopathy. Hyperammonemia 
induced by acute liver failure increases lhe aSlrocyle armnonia level s. 
which conjugales wilh glulamale 10 fonn glutamine via lhe glulamine 
synthelase. Gl utamine enters lhe mitochondria and generales ammo
nia by lhe phosphale-aclivated glulaminase. Mitoc hondrial ammonia 
induces milochondrial permeabili ty transilion and ROS generation. 
The oxidali ve stress act ivates NKCCI phosphorylalion and NFh"B
medialed expression via lhe aClivity of MAPKs. AH lhis resu lts in a 
marked increase of Na+, K+ and CI - influx, along with osmotically 
obligaled water. Activated MA PKs are presumable also involved in 
regulalion ofthe astrocyte water channel AQP4. GLU glulamate, GLN 
glulamine, NHt ammonia, ROS reaclive oxygen species, MPT 
membrane perrneabili ty transi tion. From results in L8, 28, 29, 60J 

the hyperammonemic OTCwf mice [30], and a possible link 
belween this effect and aSlrocyte swelling and brain edema 
in hepatic encephalopathy has been proposed [3D). Hypo
nalremia is a common compli cation of hepali c failure and 
may additionally conlribute to astrocyte swelling and brain 
edema in hepatic encephalopathy. The inwardl y rectifying 
K+ channel Kir4 .1 may contribute to relieve the hypon
alremic astrocytic swelling. Glutamine, at levels present in 
hepatic encephalopathy, induces downregulation of Kir4. 1, 
and then impairs the ability of astrocyte for volume 
recovery, fUrlher contri buling to brain edema in the path
ologica l condition [3 1]. Consistent with Ihese result s, 
overexpression the Kir4. 1 channel in HEK ce ll s inftuence 
K+ ftuxes in a directi on which attenuates astrocytic 
swelling in ammonia/hiponatremia conditions [32]. 

There is no informat ion so fa r about a role for the 
NCCa_ATP channel in astrocyte swelling and brai n edema in 
hepat ic encephalopathy. Si nce there are no episodes of 
anoxia in thi s pathology, the conditions for acti vation of 
these channels may not be present. Though, there is evi
dence of ionic edema, as indicated by swelling of capillary 
endotheli al cell s, but thi s may involve other mechanisms 
related with generation of ox idat ive/nitrosative stress. The 
high ci rcul ati ng levels of ammonia, as well as infl amma
tory factors such as interl eukins and the tumor necrosis-a: 
factor, may generate nitrossative stress in the endotheliaJ 
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cell s, di sruption of ion homeostasis and cell swelling. This 
proposed mechanism is supported by the positi ve correla
tion found between ci rculating levels of TNFa and the 
development of intracranial pressure during hepati c 
encephalopathy [331. The intercellular tight junctions do 
not appear severely affected in hepatic encephalopathy and 
the blood brain barri er looks we ll preserved. Although 
sorne sublle changes in permeabilil y Ihrough the junclions 
may have been induced by circulating ammonia [34] no 
predominant contribution of vasogenic edema to hepatic 
encephalopathy has been established. 

Chloride Channels 

Passive CJ- ftu xes are key elements in astrocyte swelling as 
well as in the transcapillary ion fluxes producing ionic brain 
edema. Though, there is no much information about the 
molecular entity in charge of CJ- permeation. When edema 
is due lo the increased function of electroneutral carriers, 
Cl- and calions are cotransported wilh a stoichiometry 
preserving neutrality, bUI when swelling occurs by a chan
nel-mediated accumulation of cations, a parallel CJ- inftux 
is required to preserve e lectri cal and osmotic equilibrium. 
The route for these passive Cl - ftu xcs has not been explored 
in dctail. The volume-sensitive Cl - channcl [351 is a natural 
candidate for thi s role, but its partic ipation in brain edema 
has not been conclusively establi shed. A recent study reports 
decreased sweUing upon blockade of the volume-sensitive 
Cl- channel on a subclass of corti cal astrocytes more sen
sitive to ischemic swelling [18]. The maxi-anion channel is 
anolher likely candidate lo permeale Cl - ftuxes during 
swelling induced by hypoxia or ischemia. This is a volume
sensiti ve channel, functiona ll y expressed in a large variety 
of ce ll s, including astrocytes [36, 37]. The maxi-anion 
channel has a large unitary conductance (approximately 
400 pS) and inacti vation kinetics at potentials more positive 
than + 20 mV or more negati ve than -20 mV. 1t has a wide 
pore allowing passage of large organic anions as glutamate 
and ATP [36, 37]. Of ¡nterest for Ihe ischemia-induced brain 
edema, ATP depletion during chemical ischemia acti vates 
lhe max i-anion channel in astrocyles. This particular feature 
makes il a candidate pathway lo equilibrate the calion fluxes 
Ihrough the NCca.ATP channel and other K+ or Na + channels 
involved in cytotoxic astrocyle swelling. 

The Water Channels 

There is substantial evidence on the role of the water 
channels aquaporins in the water homeostatic balance 
between blood and cerebrospinal fluid , and the brain inler
sütial and intrace llular comparlments. Aquaporins are al so 

prominently involved in the pathogenes is of brain edema. 
Water fluxes across the cell s occur either by directl y cross
ing the membrane lipid bilayer orby via aquaporins, through 
which water permeates following its concentralÍon gradient . 
The aquaporin family consists of thirteen members, with 
three of them AQP4, AQPl and AQP9 prese nt in brain. 
AQP4 is the predominant isofonn in brain [38]. It is 
expressed in astrocylic processes surrounding neurons but 
more robuslly at Ihe endfee t of aSlrocytes forming the glia 
limilans of the blood/brain barri er and at Ihe interface 
belween the brain parenchyma and Ihe cerebrospinal fluid. 
The spatial di striblltion of AQP4 support the key role played 
by thi s channel on the water exchange between the brain and 
spinal parenchyma and the major fluid compartments, blood 
and cerebrospinal fluid. AQP4 is expressed in two spliced 
isofonns, MI and M23. The M23 isoform is predominant in 
brain [39]. The role of AQP4 in the development and reso
lution of brain edema in various pathologies is now well 
recognized. As below di scussed, AQP4 is implicated in 
brain edema during acute hyponatre mia, ischemia, trauma 
and hepati c encephalopalhy. 

Hyponatremia 

Hyponatremia is often the consequence of clinical condi 
tions such as congesti ve heart failure, chronic li ver or renal 
failure, trauma, the syndrome of inappropriate antidiureti c 
hormone secretion, adrenal insuffic iency and hypothy
roid ism, or occurs primarily by excessive water intake as in 
psycholic polydipsia or strenuous exercise. Acute and 
severe hyponatremia leads lo neuro logical symplOms and 
frequent morbidity and mortality, moslly re lated to brain 
edema. Astrocytes are the cell s which predominanlly swell 
in acute hyponatremia, while neurons appear less affected. 
This may be due to diffe rences in water penneability orl 

and to osmolyte redistribution as part of a protecti ve action 
of astrocytes sparing neurons from swelling r40]. When 
hyponatremia develops chronicall y, as during pregnancy or 
elderly it is well tolerated due to efficient mechanisms of 
astrocyte volume regulation. Evidence on the involvement 
of AQP4 in hyponatremic brain edema inc ludes (1) 
increase of AQP4 immunoreacti vity in brain of mice dur
ing syslemic hyponatremia [4 1], (2) decreased hyponatre
mic brain edema in AQP4-nullmice, as compared to wild
type animals [42], (3) res istance to neurological injury and 
less mortality in animal s with decreased AQP4 functional 
acti vity fac ing water intoxication [42], and (4) a delay in 
the onset of brain edema and reduced mortality in acute 
hyponatremia when AQP4 is mi slocali zed in dystrophin- or 
cx:-syntrophin-null mice [4 1, 43J. Consistent with these 
results, overexpression of AQP4 enhances brain swelling, 
intracranial pressure and mortalil y. AQP4 is functionally 
expressed in astrocyles in cultu re, although it is found 
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lhroughoul lhe aSlrocyle cell membrane, wilhoUl lhe 
polarizalion observed in vivo [44]. Hypolonic exposure of 
AQP4-defeclive cu ltured aSlrocyles derived from AQP-I

-

mice or by siRNA decreased AQP4 expression, show a 
remarkable decrease in waler permeability and less swell 
ing as compared to AQP4-expressing ce ll s [45]. 

Ischemia 

The rol e of AQP, parti cularl y AQP4 in ischcmic brain 
edema is well documented. Early evenls of ischemia in 
mice, rats and human brain enhancc AQP4 expression in 
astrocytes endfeel [46] Conversely, less brain edema, 
infarcl size and reduced lesion volu me is observed by 
AQP4 suppression as in AQP-null mice as compared lo Ihe 
wi ld-type mice. Less morlality and betler neurological 
performance is also observed in Ihese AQP4- 1

- mice [42]. 
Prevention or reduction of these deleterious consequences 
of brain ischemia are observed in mice with misloca li zed 
AQP4 by suppress ion of o:-syntrophin or dystrophin ]47J. 
In cultured astrocytes, AQP4 exposed lo conditions si mu
lating ischemia, AQP4 expression increases al Ihe plasma 
membrane. This increase occurs without changes in mRNA 
suggesting a redislribut ion or Iranslational modificalions as 
the mechanisms of AQP overexpression [48]. Laclacidosis, 
as occurs at Ihe penumbra when Ihe anaerobic glycolilic 
pathway is Ihe main source of ATP, generates cytoloxic 
astrocyte swelling. In cultured aSlrocytes exposed 10 high 
levels of lactic ac id there is a significanl increase in AQ P4 
mRNA express ion that may contribule to cytotoxic swell 
ing [48J. Besides AQP4, AQP-3-5 and -8 are found 
expressed in ral brain during permanenl focal ischemia, and 
may also participate in Ihe generation of edema [49]. In 
contrast 10 the beneficial role of reducing water perme
abilily through the AQP4 in cytotoxic swelling, AQP4 
suppression aggravales vasogenic edema as found in brain 
lumours or infecl ious di seases [38 ]. 

Trauma 

Experimental models of brain and spinal cord injury are 
largely heterogeneous, but despite Iheir differences, a con
sistent resuIt is the increase in AQP4 expression in response 
to traumatic injury. Most studies showing AQP4 upregula
ti on are in rodent brain [501 in which AQP increased 
expression correlates wilh the magn itude of Ihe edema. The 
same increased AQP4 expression is observed in samples of 
ischemic tissue obtained from human brain [51 ]. Agents 
reducing AQP4 acti vilY or expression such as acetazola
mide, phorbol dibutyrate, Mg++ or the Vla receptor 
antagonist [52, 53], all decrease brain water conten t; in the 
same line, AQP4 de leti on or silencing by AQP4 siRNA 
decrease brain water mobility [53]. Trauma-induced AQP4 
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upregulalion is also observed in cultured astrocytes. Fluid 
percussion injury generates aSlrocyte swelling and increased 
AQP4 expression at Ihe plasma membrane. These Iwo fac ls 
appear causall y correlated since si lenci ng Ihe AQP4 gene by 
siRNA reduces astrocyte swelling [54]. These results, alto
gelher, point to AQP4 as a causal factor of brain edema in 
lrauma. The mechanisms and regulation of Ihe AQP4 
increased expression by brain lraumatic injury are not well 
known. In contrast lo results in cultured astrocytes exposed 
lO ischemic condilions, AQP4 upregulalion in a model of 
trauma in cultured aSlrocytes seems to come from the novo 
synthcsis of Ihe molecu le [54]. 

AQP4 seems also involved in waler movements in 
spinal cord injury. Spinal trauma evokes ac ute and chronic 
changes in the channel expression [55]. Consistent with 
Ihis suggested role for AQP4, AQP-null mice exposed lo 
spinal cord compression show reduced swelling and pres
sure, less neuronal dealh and better neurological oulcome 
Ihan Ihe corresponding wi ld animals [56]. These resu lts 
suggest AQP4 as the molec ul e propitialing water influx and 
astrocyte swelling. Besides AQP4, AQP I may be involved 
in the brain response to Irauma. 

Hepali c Encephalopalhy 

Early ev idence re1 ating AQP4 to brain edema in hepatic 
encephalopathy was Ihe channel upregul alion found in 
brain of rats in experimental models of acute ¡iver failure 
[57 ]. More detailed studies in experimenlal mode1s of acute 
li ver failure, conc lusive1y demonslraled an increase of 
AQP4 levels in the membrane enriched cortical brain tissue 
plasma membrane fraction , a change occurring wilhoul an 
increase in Aqp4 mRNA [58, 591. In cuItured astrocytes, 
the early study by Rama Rao el al. [60J showed AQP4 
upregulalion in ammonia-treated astrocytes. A recenl study 
iden tifi ed a synergisli c effect of ammonia and proinflam
malory factors, as inductors of astrocyle swelli ng in 
experi mental models of hepatic encephalopathy, via oxi
dalive-stress exacerbat ion [61 ]. 

AQP4 Regul ation 

AII these observations underline Ihe prominenl role of 
AQP4 in astrocyte swelling and brain edema, and makes 
the channel a potentia l target for Ihe control of brain 
edema. Consequenlly, knowledge about AQP4 regulation 
is of particular interest. A recent review on thi s topic offers 
a comprehensive overview of the short term and long term 
regulation of AQP4 inc1uding that expressed in aSlrocytes 
[62]. Only a summary of this information is exposed here, 
and readers are referred 10 the cited review for detail s. 
AQP4 can be regulated by reversible phosphorylation. The 
molecu le has several potential phosphorylation sites, and a 
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variety of Ser and Thr kinases may act as regu latory 
moleeules. Scr III and Ser 180 have bccn identificd as 
phosphorylation sites important for AQP4 function in the 
kidney, linked to the NO- NOS-PKG signaling chai n, but 
thi s has not been so far established in astrocytes. 

AQP4 regulation may also occur vía íts interactions with 
other molecules. AQP4 in the braín is found assocíated by a 
chemical cross- linking interaction wilh dyslrophin, synlro
phin and {J-dystroglycan. This dystrophin-glycoprole in 
complex has a prominent role in AQP4 loca li zation and 
distribution, as we ll as in it s interaction with the ex tracellular 
matrix. As mentioned before, in acule hyponatremia, ische
mia and epi lepsy, di sruption ofthi s complex by dystrophin or 
syntrophin deletion leads to AQP4 mislocali zation, in turn 
affccting brain cdema and its neurological consequences. 
The dystrophyn/glycoprotein complex also connects AQP4 
wi th the K+ channel Kir4.1. Though, no functional li nk has 
been found between the two channels in astrocytes. A recent 
report provídes evidence on the effect of endoteli n decreas
ing the expressíon of AQP4 and AQPI and water perme
ab ility in cultured astrocytes, via an interacüon wi th the 
endothelin B receptor [63]. An interesting interact ion has 
been found in cerebellum between AQP4 and the metabo
tropie glutamate reeeptors. Activat ion of GluR I increases 
AQP4 water permeability via CaMKJI , NOS and PKG [64]. 
This association suggests an influence of glutamate on AQP4 
regulat ion, increasing water permeability. Thi s functional 
link may provide a mechani sm for the exit of water accu
mulated during astrocyte gl utamate clearance. Vasopressín 
is known to exacerbate brain edema after focal ischemia or 
trauma, while a decrease is induced by vasopressin defi
ciency or antagon ists of the vasopressin receptor. The cor
re lat ion of these effects with AQP4 in brain ischemia has not 
been conclusively establi shed, and results suggest a possible 
bimodal effect of the hormone with different actions at earl y 
and late times after the ischemic episode [rev. in 62]. Many 
other agents and conditions have been proposed as regulators 
of AQP4 expression, whose effects are revised in detail in 
Zelenina [62]. Thi s wide range of possibilities offer an 
interesting, though complex panoramaoftherapeutíc optíons 
to control brain edema havi ng AQP4 as targe!. 

Concluding Remarks 

Cytotoxic astrocyte swelling is a causal effect common to 
the pathogenes is of brain edema in acute hyponatremia, 
isehemia, trauma and hepatic enccphalopathy. Astroeyte 
swell ing is a physiopathological response to a plethora of 
factors originated by these c1in ical conditions, sorne of 
them result ing from the astrocyte function regulating 
homeostasis of ions and water between Ihe inlracellular and 
extracellu lar comparlments in brain and Ihe vascu lar and 

cerebrospinal fluid compartments. Prevention of astrocyte 
swelling is a complex situation, which has to consider 
prescrving the protecti ve role of astrocytes on neuron 
cytoarchitecture and excí tability, vía the precise balance of 
ion di stribution and direclÍon of water flu xes. Better 
understanding of the various mechanisms implicated in 
astrocyte swelling, the dynamics of their regulation and the 
inlerplay among Ihem is necessary for an effec li ve and safe 
trealmenl of brain edema. 

Acknowlcdgmcnts This work was supported by the Dirección 
General de Asuntos del Personal Académico (DGAPA), Universidad 
Nac ional Autónoma de Méx ico (UNAM) [grant numbcr IN2034 10J, 
and Consejo Nacional de Ciencia y Tecnología (CONACyT) Lgrant 
number 989521. 

References 

l. Walz W (2000) Role of astrocytes in the c1earance of excess 
extra-cellular potassium. Neurochem 1m 36:291 - 300 

2. Leis JA, Bebr LK, Walz W (2005) Potassium homeostasis in the 
ischem ic brai n. Glia 50:407-4 16 

3. Kofuji P, Newman EA (2004) Potassium buffering in the central 
nervous system. Neuroscience 129: 1045- 1056 

4. Pasler D, Gabriel S, Heinemann U (2007) Two-pore-domain 
potassium channels contribute to neuronal potassium release and 
glial potassium buffering in the rat hippocampus. Brain Res 
11 73:14-26 

5. Ga mba G (2005) Molecular physiology and pathophysiology of 
electroneutral cation-chloride cotransporters. Physiol Rev 85(2): 
423-493 

6. Sun D, Kintner O, Pond BB (2009) The role of cation-chloride 
cotransporters in brain ischemia. In: Alvarez-Leefmans FJ, Dc1-
pire E (eds) Physiology and pathology of ch loride transporters 
and channels in the nervolls system, 1st edn. EIsevier, San Diego, 
CA, pp 50 1- 517 

7. Kahle KT, Si lllard JM, Staley KJ , Nahed BV, Jones PS, Sun D 
(2009) Molecular Illechanisms of ischemic cerebral edema: role of 
electroneutral ion transport. Physiology (Bethesda) 24:257- 265 

8. Jayakumar AR, Norenberg MD (2010) The Na- K-CJ Co-trans
porter in astrocyte swelli ng. Metab Brain Dis 25:3 1- 38 

9. Yan Y, Dempsey RJ , Flemmer A, Forbush B, Sun D (2003) Inhi
bition of Na + -K+ -CI- cotransporter during focal cerebral ischemia 
decreases edema and neuronal damage. Brain Res 96 1 :22- 31 

10. Chen H. Luo J, Kintner DB, Shul1 GE, Su n D (2005) Na+
dependent chloride trallsporter (NKCC I)-n ull mice exhibit less 
gray and white matter damage after foca l cerebral ischem ia. 
J Cercb Blood Flow Metab 25:54--66 

11 . Su G, Ki ntner DB, Sun D (2002) Contribution of Na+ -K+ -CI 
cotransporter to high-l K+](o)-induced swe lling and EAA release 
in astrocytes. Am J Physiol Cell Physiol 282:CI 136--C I 146 

12. Vázquez-Juárez E, Hernández- Benítez R, López-Domínguez A, 
Pasantes-Morales H (2009) Throlllbi n pote ntiates D-aspartate 
efflux from cultured astrocytes under conditions of K+ homeo
stasis disruption. J Neurochem 111 :1398-1 408 

13. Su G, Ki ntner DB. Flagella M, Shull GE, Su n D (2002) Astro
cytes from Na(+)- K(+)-CIC) cotransporter-null mice exhibit 
absence of swell ing and decrease in EAA release. Am J Physiol 
Cell Physiol 282:C l 1 47- C 1 160 

14. Koyarna Y, Ishibashi T, Okamoto T, Matsuda T, Hashirnoto H, 
Baba A (2000) Transient treatments with L-glutalllate and 

~ Springer 



106 

 

 

 

 

 

 

threo-beta-hydroxyaspartate induce swelling of rat cultured 
aslrocyles. Neurochem Inl 36: 167-173 

15. Marmarou A (2003) Palhophysiology of traumatic brai n edema: 
current concepts. ACla Neurochir Suppl 86:7- 10 

16. Jayakumar AR, Rao KV, Panickar KS, Moriyama M, Reddy PV. 
Norenberg MO (2008) Trauma-induced cell swelli ng in cultured 
aSlrocytes. J Neuropathol Exp Neurol 67:417-427 

17. Migliati E. Meurice N. OuBois P. Fang JS. Somasekharan S. 
Beckell E, Rynn G. Yool AJ (2009) Inhibilion of aquaporin-l 
and aquaporin-4 water permeabilily by a derivalive of Ihe loop 
diuretic bumelanide aCling al an intemal pore-occ1uding binding 
site. Mol Pharmacol 76:105-1 12 

18. Benesova 1, Rusnakova V. Honsa P, Pivonkova H, Ozamba O, 
Kubisla M, Anderova M (2012) Oislincl expressionlfunclion of 
polassiu m and chloride channcls conlribules 10 Ihe diverse vol
ume regulation in cortical aslrocyles of GFAPlEGFP mice. PLoS 
ONE 7:e29725 

19. Chen M, Simard JM (200 1) Ce1l swe1l ing and a nonselective 
cation channel regulated by internal Ca2+ and ATP in native 
reactive astrocytes from adult rat brain. J Neurosci 2 1 :65 12-6521 

20. Simard JM, Kahle KT, Gerzanich V (2010) Molecular mecha
nisms of microvascular failure in central nervous syslem injury
synergistic roles of NKCC I and SU R IffRPM4. J Neurosurg 113: 
622--629 

21. Simard JM. Chen M. Tarasov KV, Bhalla S. Ivanova S, Mel
nilchenko L. Tsymbalyuk N, Wesl GA. Gerlanich V (2006) 
Newly expressed SUR I-regulaled NC(Ca-ATP) channel mediates 
cerebral edema after ischemic stroke. Nal Med 12:433--440 

22. Simard 1M. Yurovsky V. Tsymbalyuk N, Melnichenko L. Iva
nova S. Gerzanich V (2009) Protective effecl of delayed Ireal
ment with low-dose glibenc1amide in Ihree models of ischemic 
stroke. Stroke 40:604-609 

23. Simard 1M, Kilbourne M, Tsymbalyuk O. Tosun C, Caridi J. 
Ivanova S, Keledjiall K, Boch icchio G, Gerzan ich V (2009) Key 
role of sul fonylurea receplor I in progressive secondary hemor
rhage afte r brain contusiono 1 Neurotrauma 26:2257-2267 

24. Simard 1M, Woo SK, Bhalta S, Gerzanich V (2008) Drugs acting 
on SUR I to treat CNS ischemia alld trauma. Curr Opin Phar
macol 8:42-49 

25. Norellberg MO, Jayakumar AR, Rama Rao KV, Panickar KS 
(2007) New cOllcepls in Ihe mechanism of ammonia-induced 
aSlrocyle swel1ing. Melab Brai n Ois 22:219- 234 

26. Vaquero J, Butterworth RF (2007) Mechanisms of brain edema in 
acute liver fai lure and impact of novel Iherapeulic interventions. 
Neurol Res 29:683--690 

27. Chaslre A, Jiang W, Desjardins P, Butterworth RF (2010) 
Ammonia and proinflammatory cylOkines modify expression of 
genes coding for aSlrocytic proteins implicated in brain edema in 
acute liver fa ilure. Melab Bmin Dis 25: l 7-2 1 

28. Jayakumar AR. Liu M, Moriyama M, Ramakrishllan R. Forbush 
B 111 , Reddy PV. Norenberg MO (2008) Na- K-Cl Cotransporter-I 
in Ihe mechanism of am monia-i nduced astrocyte swe1l ing. J Biol 
Chem 283:33874-33882 

29. Sinke AP, Jayakumar AR, Panickar KS, Moriyama M, Reddy PV. 
Norenberg MO (2008) NFkappaB in lhe mechanism of anunonia
induced aSlrocyte swelli ng in culture. J Neurochem 106:2302- 2311 

30. Lichter- Konecki U, Mangin 1M, Gordish-Oressman H, Hoffman 
EP, Gallo V (2008) Gene expression profiling of astrocytes from 
hyperammonemic mice reveals allered pathways for water and 
potassium homeoslasis in vivo. Glia 56:365- 377 

31. Obara-Michlewska M. Pannicke T. Karl A. Bringman n A. Rei
chenbach A, Szeliga M. Hilgier W, WrlOsek A, Szewczyk A, 
Albrechl 1 (2011) Oown-regulation of Kir4.1 in Ihe cerebral 
cortex of rals with liver fai lure and in cul tured aSlrocyles treated 
with glulami ne: Implicalions for astrocytic dysfunction in hepalic 
encephalopathy. 1 Neurosci Res 89:2018- 2027 

~ Springer 

Neurochem Res 

32. Obara-Michlewska M, Jiang H, Aschner M. Albrecht J (20 10) 
Gai n of funclion of Kir4.1 channel increases ce1l resistance to 
changes of potassiu m fluxes and cel1 volume evoked by ammonia 
and hypoosmolic stress. Pharrnacol Rep 62: 1237- 1242 

33. Jalan R, Olde Oamink SW, Hayes re, Deulz NE, Lee A (2004) 
Pal hogenesis of intracranial hypertension in acute liver failure: 
inflammation. ammonia and cerebral blood flow. J Hepalol 
41 :613--620 

34. Skowronska M. Albrecht J (201 2) Alteralions of blood brain 
barrier fu nction in hyperammonemia: an overview. Neurotox Res 
21:236-244 

35. Okada Y. Sato K, Toychiev AH. Suzuki M. Duna AK. Inoue H, 
Sabirov RZ (2009) The puzzJcs of volume-aclivaled anion 
channels. In: Alvarez-Leefmans Fl, Delpire E (eds) Physiology 
and palhology of chloride lransporters and channels in the ner
vous system, J st edn. Elsevier, San Diego. CA, pp 283- 306 

36. Jalonen T ( 1993) Single-channel characleristics of the large
conduclance anion channel in rat cortical astrocytes in primary 
cultu re. Glía 9:227- 237 

37. Liu HT, Toychiev AH, Takahashi N, Sabirov RZ, Okada Y 
(2008) Maxi-anion chan nel as a candidate pathway for osmo
sensilive ATP release from mouse aSlrocytes in primary cult ure. 
Cell Res 18:558- 565 

38. Tail MJ. Saadoun S. Bell BA. Papadopoulos MC (2008) Waler 
movements in Ihe brain: role of aquaporins. Trends Neurosci 
31:37-43 

39. Neely 10 . Chrislensen BM, Nielsen S. Agre P (1999) Helero
lelrameric composition of aquaporin-4 water channels. Bio
chemislry 38:9 11 156--91 1 163 

40. Nagelhlls EA. Lehmann A, Onersen OP (1 993) Nellronal-glial 
exchange of taurine duri ng hypo-osmolic slress: a combined 
immunocylochemical and biochemical analysis in rat cercbellar 
cortex. Neuroscience 54:6 15--631 

41. Vajda Z, Promeneur O, o óczi T, Sulyok E, FrJ3k iaer J, Ottersen 
OP, Nielsen S (2000) Increased aquaporin-4 immunoreactivity in 
ral brain in response to syslemic hypollatremia. Biochem Biophys 
Res Com mun 270:495- 503 

42. Manley GT, Fuji mura M, Ma T, Noshila N, Filiz F, Bollen AW, 
Chan P, Verkman AS (2000) Aquaporin-4 deletion in mice 
reduces brain edema after acute water intoxication and ischemic 
slroke. Nat Med 6:159- 163 

43. Amiry-Moghaddam M. Xue R, Haug FM. Neely JO. Bhardwaj A, 
Agre P. Adams ME, Froehner Se. Mori S. Ottersen OP (2004) 
Alphasyntrophi n delelion removes Ihe peri vascular bul nOl 
endolhelial pool of aquaporin-4 at Ihe blood-brain barrier and 
delays Ihe development of brain edema in an experimenlal model 
of acute hyponatremia. FASEB 1 18:542-544 

44. Nicchia GP, Frigeri A, Liuzzi GM, Sanlacroce MP, Nico B, 
Proci no G, Quondamaneo F. Herken R, Roncali L, Svelto M 
(2000) Aquaporill-4-contai ning aslrocyles sustain a temperature
and mercury-insensitive swell ing in vi tro. Glia 3 1 :29- 38 

45. Solenov E, Walanabe H, Mallley GT. Verkman AS (2004) Sev
enfoldreduced osmotic water permeabi lity in pri mary astrocyte 
cultures from AQP-4-deficient mice. measured by a fluorescence 
quenching melhod. Am J Physiol Cell Physiol 286:C426-C432 

46. Taniguchi M, Yamashita T, Kumura E, Tamalani M, Kobayashi 
A, Yokawa T, Maruno M, KalO A, Ohnishi T, Kohmura E, To
hyama M. Yosh imine T (2000) Induction of aquaporin-4 waler 
channel mRNA after focal cerebral ischemia in ral. Brain Res 
Mol Brain Res 78:13 1- 137 

47. Amiry-Moghaddam M. Otsuka T. Hum PO, Trayslman RJ . Haug 
FM. Froehner SC, Adams ME. Neely JO. Agre P. Onersen OP, 
Bhardwaj A (2003) An alpha-synlrophin-dependent pool of 
AQP4 in astroglial end-feet confers bidircclional water flow 
bctween blood and brain . Proc Natl Acad Sci USA 100: 
2106--21 l 1 



107 

 

 

 

 

 

Neurochem Res 

48 . Morishi ma T, Aoyama M, Iida Y. Yamamoto N, Hirate H, Arima 
H, Fuj ita Y, Sasano H, Tsuda T. Katsuya H. Asai K, Sobue K 
(2008) Lactic acid increases aquapori n 4 expression on fhe cel! 
membrane of cultured ral aSlrocyles. Neurosci Res 61:18- 26 

49. Yang M, Gao F, Liu H, Yu WH, Sun SQ (2009) Temporal 
changes in expression of aquaporin-3, .4, -5 and -8 in rat brains 
after permanent focal cerebral ischemia. Srain Res 1290: 121- 132 

50. Neal CJ, Lee EY, Gyorgy A, Ecklu nd 1M, Agoston OV, Ling GS 
(2007) Effect of penetrafi ng brai n injury on aquaporin·4 
expression using a ral mode1. J Neurotrauma 24: 1609- 16 17 

5 1. Hu H, Yao HT, Zhang WP, Zhang L, Oing W, Zhang SH, Chen 
Z, Wei EQ (2005) Increased ex pression of aquaporin-4 in human 
traumatic brai n injury and brain tumors. J Zhejiang Un iv Sci S 
6,33-37 

52. Taya K, GuIsen S, Okuno K, Prieto R, Marmarou CR, Mannarou 
A (2008) Mod ul ation of AQP4 expression by the selective Vla 
receptor anfagonisl, SR49059, decreases trauma·i nduced brain 
edema. Acfa Neurochir Suppl 102:425-429 

53. Sadaut J, Ashwal S, Adami A, Tone S, Recker R, Spagnol i D, 
Ternon B, Obenaus A (20 11) Srai n water mobility decreases after 
astrocytic aquaporin-4 inhibition using RNA interference. 
J Ccrcb S lood Flow Mctab 31:819-831 

54. Rao KV, Reddy PV, Curtis KM , Norenberg MO (201 1) Aqu· 
aporin-4 expression in cultured aslrocytes after fluid percussion 
inj ury. J Neurotrauma 28:37 1- 381 

55. Nesic 0, Lee J, Ye Z, Unabia GC, Rafati D, Hulsebosch CE, 
Perez-Polo 1R (2006) Acufe and chronic changes in aquaporin 4 
expression after spinal cord injury. Neuroscience 143:779- 792 

56. Saadoun S, Sell SA, Verkman AS, Papadopoulos MC (2008) 
Greatly improved neurological outcome after spinal cord com
pression injury in AQP4-deficient mice. Brain 131:1087- 1098 

57. Margulies l E, Thomson RC, Oemetriou AA (1999) Aquaporin-4-
waler channel is upregu lated in the brain in ful minant hepalic 
failure. Hepatology 30:395a (Abstract) 

58. Rama Rao KV, Jayaku mar AR, Tong X, Curtis KM, Norenberg 
MO (20 10) 8 rain aquaporin-4 in experimental acute li ver failure. 
J Neuropathol Exp Neurol 69:869-879 

59. Eefsen M, Jelnes P, Schmidt LE, Vai ner S , Sisgaard HC, Larsen 
FS (20 10) Srai n expression of the water channels aquaporin-I 
and -4 in mice with acute liver injury, hyperammonemia and 
brai n edema. Melab Brain Dis 25:3 15- 323 

60. Rama Rao KV, Chen M, Simard JM, Norenberg MD (2003) 
Increased aquapori n-4 expression in ammon ia-treated cultured 
astrocytes. NeuroReport 14:2379- 2382 

61. Chastre A, Jiang W. Desjardins P, 8utterwort h RF (2010) 
Ammonia and proinft am matory cylOkines modify expression of 
genes coding for astrocYlic proteins implicated in brain edema in 
acute liver failure. Metab Srain Oís 25: 17- 21 

62. Zelen ina M (20 10) Regulation of brain aquapori ns. Neurochem 
Int 57:468-488 

63. Tanaka K, Koyama Y (2011) Endotheli ns decrease the expression 
of aquaporins and plasma membrane water permeabilily in cu l
tured ral astrocyles. J Neurosci Res 89:320-328 

64. Gunnarson E, Zelenina M, Axehull G, Song Y, Sondar A, 
Krieger P, Srismar H, Zelenin S, Aperia A (2008) Identification 
of a mol ecular larget for glutamate regulation of aslrocyle water 
penneabi lily. Glia 56:587- 596 

~ Springer 


	Portada
	Índice
	Abreviaturas
	Resumen
	1. Introducción
	2. Planteamiento del Problema
	3. Hipótesis   4. Objetivo General
	5. Resultados
	6. Discusión
	7. Conclusiones
	8. Referencias
	9. Anexos

