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1. 

INTRODUCCION 

Los individuos pertenecientes a un gran número de especies tanto 

vegetales como animales, son capaces de vivir en aguas con una 

concentración variable de sales. Los salmones son tal vez uno de 

los casos mas conocidos, pero todas las especies de vertebrados e 

invertebrados que viven en lagunas salobres son otros tantos 

ejemplos de este interesante fenómeno biológico. Los componentes 

celulares de los líquidos circulatorios de estos animales (sangre, 

linfa, hemolinfa) ajustan su volumen a los cambios en salinidad de 

estos líquidos y en algunas especies también las células que forman 

los tejidos tienen esta capacidad de adaptación. Durante mucho 

tiempo se pensó que la propiedad de regulación del volumen estaba 

restringida a las especies que efectivamente requerían de este 

control para su supervivencia. Sin embargo, recientemente se ha 

demostrado que un gran número de células de animales terrestres, 

como linfocitos humanos (Gristein et al., 1984) y astrocitos de 

cerebelo de rata en cultivo (Pasantes-Morales y Schousboe, 1988) 

que están siempre expuestas a fluidos de osmolaridad muy 

controlada, poseen también esta capacidad. La regulación de la 

osmolaridad de los líquidos corporales en estos animales se lleva 

a cabo a través de los distintos tipos de órganos renales, los 

cuales se encargan de manejar los flujos de agua y solutos en la 

dirección necesaria para mantener las condiciones isosmóticas en 

estos líquidos. El número de observaciones que sugieren que los 

mecanismos de regulación de volumen pueden activarse aún en 
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condiciones de osmolaridad controlada y de que participan de manera 

paralela en funciones celulares básicas se incrementa rápidamente 

(Macknight, 1988). Entre las funciones en las cuales se observa, 

concomitantemente, una regulación de volumen, se encuentran los 

procesos de transporte de sustancias nutritivas como azúcares y 

aminoácidos, las funciones de secreción, los movimientos de 

organelos intracelulares, de manera particular el citoesqueleto y 

por supuesto durante las fases de crecimiento y división celular. 

En todas estas situaciones se crean gradientes osmóticos 

microscópicos que dan lugar a cambios locales y transitorios en el 

volumen celular. Es posiblemente por esta razón que los procesos de 

regulación del volumen se encuentran presentes en prácticamente 

todos los tipos celulares, independientemente de las 

características del medio externo en el que se desenvuelve el 

animal del que forman parte. 

PROCESOS DE REGULACION DEL VOLUMEN CELULAR 

La membrana plasmática de las células tanto de origen animal 

como vegetal es muy permeable al agua, por lo que siempre que 

exista una diferencia en la concentración de los componentes 

celulares con el exterior, es decir, un gradiente osmótico entre el 

exterior y el interior de la célula, se observarán movimientos 

netos de agua. En presencia de un gradiente de presión osmótica el 

agua se moviliza del compartimento de menor al de mayor presión 
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osmótica, y como consecuencia, el volumen celular aumenta en 

soluciones hiposmóticas y disminuye en soluciones hiperosmóticas. 

Sin embargo, la mayoría de las células animales se comportan en 

esta forma, es decir, como osmómetros perfectos, únicamente al 

inicio de la exposición a soluciones anisosmóticas, ya que 

posteriormente se activan una serie de procesos que permiten la 

recuperación del volumen inicial a pesar de que persistan dichas 

condiciones. La regulación de volumen celular que ocurre tanto en 

condiciones hiposmóticas como hiperosmóticas tiene lugar debido a 

un cambio, ya sea una disminución o aumento según se requiera, en 

el contenido de solutos intracelulares osmóticamente activos, de 

tal manera que la presión osmótica interna tiende a alcanzar el 

mismo valor que la externa, disminuyendo así el gradiente osmótico. 

Cuando las células animales se exponen a un medio hiposmótico 

inicialmente se observa un aumento rápido en el volumen celular 

debido a la entrada de agua, seguido de una fase de recuperación 

más lenta, durante la cual alcanzan un valor muy cercano al 

volumen original. Este proceso se encuentra mediado por la 

expulsión de solutos intracelulares osmóticamente activos, con lo 

cual se reduce la presión osmótica intracelular y por lo tanto el 

contenido de agua en las células. Entre los solutos importantes en 

este proceso se encuentran iones inorgánicos, principalmente el 

cloruro y el potasio (Grinstein et al., 1982; Roy y Sauvé, 1987) y 

solutos orgánicos como polialcoholes (Wirthensohn et al., 1989), 

aminoácidos (Smith y Pierce, 1987), metilaminas (Nakanishi et al., 
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1988), urea (Dépéche y Schoffeniels, 1975) y azúcares (Bagnasco et 

al., 1986; Balaban y Burg, 1987). 

Igualmente, cuando las células se tratan con soluciones 

hiperosmóticas se observa una disminución en el volumen, debido a 

la salida de agua producida en respuesta al gradiente osmótico 

impuesto. En algunos tipos celulares esta disminución inicial del 

volumen es seguida de una fase de recuperación en la cual 

incrementan su contenido de agua como consecuencia de la 

acumulación de solutos osmóticamente activos. Los solutos 

implicados en este proceso son los iones potasio, sodio y cloro 

(Kregenow, 1971; Grinstein et al., 1983) así como compuestos 

orgánicos como los aminoácidos (Fugelli y Zachariassen, 1976; 

Fyhn, 1976), sorbitol, mio-inositol, betaína y glicerofosforil 

colina (Nakanishi et al., 1988). 

La regulación del volumen celular es un proceso complejo que 

implica varios eventos básicos. Primero la célula debe ser capaz 

de detectar cambios en el volumen. Los sensores del volumen 

celular no se han identificado pero podrían ser los canales 

jónicos (generalmente para cationes) activados por el estiramiento 

de la membrana plasmática (Christensen, 1987; Ubl et al., 1988; 

Morris y Sigurdson, 1989; Sackin, 1989; Taniguchi y Guggino, 1989) 

o canales jónicos (selectivos para cationes) inactivados por el 

estiramiento (Ubi et al., 1988). También se ha sugerido que el 

volumen celular podría ser detectado indirectamente debido a los 
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cambios en la concentración de algún componente intracelular, como 

el calcio (Wong y Chase, 1986) o el pH interno (Lauf, 1985). En 

segundo lugar la célula debe iniciar un proceso regulador que 

modifique el contenido intracelular de solutos. Finalmente, debe 

"recordar" su volumen inicial e inactivar los procesos que se 

activaron durante el proceso regulador. 

REGULACION DE VOLUMEN EN CONDICIONES HIPOSMOTICAS 

La recuperación del volumen inicial después de una fase de 

incremento de volumen producido por soluciones hiposmóticas se ha 

descrito en una gran variedad de células animales, incluyendo 

células epiteliales (Beck et al., 1988), eritrocitos (Kregenow, 

1981; Cala, 1983), células asciticas de Ehrlich (Hoffmann et al., 

1978), astrocitos en cultivo (Olson y Holtzman, 1982; Kimelberg, 

1985), linfocitos humanos (Grinstein et al., 1982) y células MDCK 

(Roy y Sauvé, 1987). Aunque estos procesos de regulación de 

volumen se encuentran presentes en la mayoría de las células 

animales, no son universales ya que ciertos tipos celulares como 

las células de túbulo renal distal de Amphiuma son incapaces de 

recuperar su volumen original una vez que éste se ha incrementado 

con soluciones hiposmóticas (Guggino et al., 1985). Asimismo 

únicamente una fracción muy pequeña de eritrocitos humanos poseen 

los mecanismos que permiten una regulación eficaz del volumen 

(O'Neill, 1989). 
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Como se mencionó anteriormente esta disminución de volumen 

celular posterior a un incremento debido a la exposición a un 

ambiente hiposmótico es posible debido a la expulsión de solutos 

intracelulares. De manera análoga a la regulación de volumen en 

condiciones de hiperosmolaridad estos solutos son de dos tipos: 

iones inorgánicos y compuestos orgánicos, principalmente 

aminoácidos y polialcoholes. En células de animales terrestres los 

solutos de mayor importancia son los iones cloruro y potasio, que 

se expulsan de las células permitiendo la salida de agua (Spring y 

Ericson, 1982; Grinstein et al., 1982; Eveloff y Warnock, 1987). 

En células de animales marinos y en las de aquellos con capacidad 

de vivir en aguas de salinidad variable, los aminoácidos libres y 

en particular la taurina son los solutos que permiten esta función 

(Pierce y Greenberg, 1972; Fugelli y Thoroed, 1986; 	Fincham et 

al., 1987). 

MECANISMOS DE LA SALIDA DE POTASIO Y CLORO ESTIMULADA POR UN 

INCREMENTO EN EL VOLUMEN CELULAR. 

La disminución en el contenido de potasio y cloro intracelular 

observada en las células en condiciones hiposmóticas implica que 

estos iones son expulsados del interior celular. El mecanismo de 

salida del K1  y el Cl" depende del tipo celular de que se trate. Un 

sistema de cotransporte K+/Cl" activado por un incremento de volumen 

participa en expulsión de estos iones en eritrocitos de distintas 
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especies, incluyendo el pato (McManus y Schmidt, 1978; Kregenow, 

1981; Mayer 1985), al borrego (Dunham y Ellory, 1981; Ellory et 

al., 1985; Lauf, 1985) y algunos peces (Lauf, 1982; Bourne y 

Cossins, 1984; Borgese et al., 1987). La activación acoplada de 

los intercambiadores le/H+  y C1"/HCO3" parece mediar la salida de 

cloro y potasio en eritrocitos de Amphiuma (Kregenow, 1981; 

Siebens, 1985; Cala, 1980, 1985a, 1985b). En túbulos proximales de 

riñón de ratón y de conejo la salida de potasio durante la 

regulación de volumen se encuentra asociada con la salida de HCO3  

y no de Cl-  (Volkl y Lang, 1988). 

A pesar de la existencia de sistemas de cotransporte 

electroneutros para la salida de cloro y potasio, el mecanismo más 

generalizado para expulsar estos iones es la activación de vías 

electrogénicas constituidas por canales jónicos presentes en la 

membrana celular. En las células de Ehrlich se ha demostrado que un 

aumento en el volumen celular produce un incremento en la 

permeabilidad de la membrana al cloro y al potasio, mientras que 

se observa una disminución en la permeabilidad para el sodio 

(Hendil y Hoffmann, 1974; Hoffmann, 1978). Este aumento en la 

permeabilidad da como resultado la salida de estos iones, 

disminuyendo el potasio de 580 jnnolas/g peso húmedo en condiciones 

isosmóticas a 450 4molasig peso húmedo en condiciones hiposmóticas, 

y el cloro de un valor de 210 a 140 ilmolasig peso húmedo (Hoffmann 

et al., 1984), en condiciones isosmóticas e hiposmóticas, 

respectivamente. Igualmente se ha demostrado que un medio 

hiposmótico produce la activación de canales jónicos selectivos 
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para cloro y para potasio en linfocitos humanos (Grinstein et al., 

1984), y en la vejiga urinaria de Necturus (Larson y Spring, 1984). 

El mecanismo utilizado para disminuir los niveles intracelulares 

de cloro y potasio determina el curso temporal de la recuperación 

del volumen. Cuando se encuentra involucrado el 	sistema de 

cotransporte le/C1", el proceso es muy lento y tarda alrededor de 

1 h; si se activan los sistemas de intercambio C1' /HCO3  y le/H.+  

tarda cerca de 10 min y si se activan los canales de potasio y 

cloro, el volumen se recupera en un tiempo menor a los 10 min 

(Lauf, 1985). 

Hipotéticamente, la salida de cloro y potasio podría ocurrir a 

través de un mismo canal iónico o por canales separados pero 

interdependientes. En las células de Ehrlich la evidencia 

experimental en apoyo a esta última alternativa es la siguiente: 

1) al inhibirse la salida de potasio con quinidina se inhibe la 

recuperación del volumen, sin embargo si se provee una via alterna 

para la salida de potasio con valinomicina (Hoffmann et al., 1984) 

o con gramicidina en un medio sin sodio (Hoffmann et al., 1986) el 

volumen disminuye normalmente, indicando que el canal de cloro se 

encuentra activo; 2) el curso temporal de la inactivación del canal 

de cloro es diferente al del canal de potasio: el primero se 

activa abruptamente con el aumento de volumen y se inactiva en 

aproximadamente 10 min, mientras que el canal de potasio permanece 

activado por más tiempo [la permeabilidad al potasio se encontró 

duplicada en células con 50 min en un medio hiposmótico (Hendil y 

Hoffmann, 1974; Sarkadi et al., 1984)1; 3) la permeabilidad al 
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cloro se incrementa más que al potasio, de tal manera que la salida 

de potasio es el paso limitante en la recuperación del volumen 

puesto que este proceso se incrementa en presencia de valinomicina 

(Hoffman et al., 1984) o gramicidina (Hoffman et al., 1986); 4) la 

despolarización (de aproximadamente 10 mV) observada durante la 

fase reguladora de volumen es consistente con un mayor aumento en 

la permeabilidad de la membrana para el cloro que para el potasio. 

Esta despolarización aumenta la fuerza electromotriz para la salida 

de potasio y puede explicar al menos parte de esta salida (Lang et 

al., 1987). 

COMPUESTOS ORGANICOS EN LA REGULACION DE VOLUMEN EN CONDICIONES DE 

HIPOSMOLARIDAD. 

En animales que se encuentran expuestos en forma natural a 

variaciones amplias en la osmolaridad del medio externo, como los 

animales marinos y estuarinos, los elementos que funcionan como 

osmoefectores determinantes son los compuestos orgánicos. Entre 

estas moléculas se encuentran la urea, los aminoácidos, compuestos 

cuaternarios de amonio (Fugelli y Thoroed, 1986), polialcoholes 

como el sorbitol (Siebens y Spring, 1989) y el mio-inositol 

(Nakanishi et al., 1988), y metilaminas como la 

glicerofosforilcolina y la betaina (Nakanishi et al., 1988). 

Entre los aminoácidos libres la taurina es el más importante 
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para una función osmorreguladora debido a que se encuentra presente 

en concentraciones muy elevadas en la mayoría de las células 

animales (Jacobsen y Smith, 1968), constituyendo hasta el 70% de la 

poza total de aminoácidos libres (Pasantes-Morales et al., 1991). 

La taurina presenta características que la señalan como un osmolito 

ideal: se encuentra en concentraciones lo suficientemente elevadas 

(hasta 80 mM en retina, 28 mM en linfocitos, 60 mM en músculo 

esquelético y cardiaco) como para contribuir de manera importante 

a la presión osmótica total y es inerte desde un punto de vista 

fisiológico, ya que no participa en la estructura primaria de 

proteínas ni en ninguna reacción del metabolismo primario de la 

célula (Jacobsen y Smith, 1968). Esto permite que los niveles 

celulares del aminoácido se puedan modificar con el fin de ajustar 

la presión osmótica interna sin que las variaciones en la 

concentración intra o extracelular alteren otras funciones 

celulares. En el cangrejo azul Callinectes sapidus los aminoácidos 

libres contribuyen con el 70% de la osmolaridad interna; la 

disminución interna de estos aminoácidos es responsable de un 30% 

de la reducción intracelular total cuando se exponen a medios 

hiposmóticos (Gerard, 1975). En eritrocitos y corazón del lenguado 

Platichthys flesus, los aminoácidos contribuyen con el 55% de la 

disminución en la osmolaridad intracelular al exponerse a una 

solución hiposmótica (Fugelli y Zachariassen, 1976). En estas 

células también se observa el componente iónico, esto es la salida 

de los iones potasio y cloruro del interior celular, que 

complementa el proceso de regulación del volumen. 
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La participación de los iones potasio y cloruro y de compuestos 

orgánicos se ha demostrado en eritrocitos del poliqueto Glycera  

(Costa y Pierce, 1983) y del molusco Noetia (Smith y Pierce, 1987) 

y en músculo de Cancer (Moran y Pierce, 1984). La importancia 

relativa del componente jónico y orgánico se observa en eritrocitos 

de Noetia. En estas células la recuperación del volumen en medio 

hiposmótico se inhibe en un medio sin calcio. La salida de potasio 

y de cloro sensible a volumen es independiente de calcio (Smith y 

Pierce, 1987) pero la salida de aminoácidos se reduce drasticamente 

(Amende y Pierce, 1980; Smith y Pierce, 1987), lo cual sugiere una 

mayor participación del componente orgánico en la recuperación del 

volumen. En las células de estos animales marinos el curso temporal 

de la salida de cloro y potasio es muy distinto al de la salida de 

los aminoácidos. Los iones salen de la célula inmediatamente 

después del aumento de volumen, mientras que los aminoácidos 

muestran un retardo en su liberación (Warren y Pierce, 1982; Moran 

y Pierce, 1984; Smith y Pierce, 1987). 

En las células de animales terrestres el componente jónico se 

complementa con un componente de osmolitos orgánicos. La presencia 

del componente orgánico se ha demostrado en células asciticas de 

Ehrlich (Hoffmann y Lambert, 1983), en fibras musculares cardíacas 

(Thurston et al., 1981), cerebro (Thurston et al., 1980) y células 

de la médula de riñón de mamíferos (Bagnasco et al., 1988; Gullans 

et al., 1988; Yancey, 1988) así como en células MDCK (Roy y Sauvé, 

1987). 

Y 
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SEÑALES QUE ACTIVAN FLUJOS CORRECTORES DE OSMOLITOS 

La salida de solutos intracelulares observada en condiciones 

hiposmóticas puede ser el resultado de una activación directa de la 

distensión membranal sobre los sistemas de transporte de estos 

solutos o alternativamente, estos sistemas pueden ser activados por 

alguna señal intracelular producida como consecuencia de un aumento 

en el volumen celular. En este sentido, la señal o señales que 

activan los flujos osmorreguleuores podrían ser los propios 

sensores del cambio o el volumen celular, aunque es posible también 

que exista una señal adicional que conecte el sensor del volumen y 

los mecanismos que estimulan la movilización transmembranal de los 

osmolitos. 

Hasta el momento no es muy claro si la salida de solutos en 

condiciones de hiposmolaridad se encuentra directa o indirectamente 

asociada con la distensión de la membrana plasmática producida por 

el aumento de volumen. Se ha demostrado en túbulos renales que si 

la reducción en la osmolaridad se efectúa de una manera lenta y 

gradual, el volumen permanece constante aún en condiciones de 

hiposmolaridad (Lohr y Grantham, 1986). Si el volumen no aumenta 

entonces no existe una distensión membranal, sin embargo si ocurre 

una pérdida de solutos internos puesto que al exponer la 

preparación a una solución isosmótica se observa una reducción en 

el volumen celular. En esta investigación no se determinó la 

naturaleza de los solutos involucrados ni la posible señal 

mediadora de la disminución intracelular de estos solutos. 
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Uno de los fenómenos primarios asociados con el incremento en el 

volumen producido por soluciones hiposmóticas es un aumento en los 

niveles intracelulares de calcio (Cala et al., 1986; Pierce et al., 

1988; Suzuki et al., 1990; Rothstein y Mack, 1990). El aumento en 

la concentración intracelular de calcio se produce como 

consecuencia de un aumento en la entrada del catión a la célula. 

Esta entrada de calcio puede ocurrir a través de canales de calcio 

activados por la distensión de la membrana producida por el medio 

hiposmótico (Christensen, 1987) o bien por canales de calcio 

activados por metabolitos del lípido membranal fosfatidilinositol 

11 3-bis fosfato a través de un mecanismo que involucra una proteína 

G sensible a la toxina pertusis (Suzuki et al., 1990). En algunas 

preparaciones la regulación de volumen se inhibe en un medio libre 

de calcio (Amende y Pierce, 1980; Suzuki et al., 1990), lo que 

sugiere que la salida de solutos observada en soluciones 

hiposmóticas se encuentra vinculada con el aumento en la 

concentración interna de calcio. El sitio de acción del calcio 

puede ser directamente sobre los canales de potasio activados por 

calcio (Hazama y Okada, 1988), o bien mediante el sistema calcio- 

calmodulina (Pierce et al., 1989). 

La participación de los sistemas de segundos mensajeros en la 

regulación del volumen celular también tiene un cierto sustento 

experimental. La exposición a soluciones hiposmóticas induce un 

aumento en los niveles intracelulares de AMP cíclico a través de 

una activación directa de la enzima responsable de su síntesis, la 
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adenilato ciclasa (Watson, 1990). En condiciones isosmóticas el AMP 

cíclico es capaz de inducir la liberación de potasio (Mills y 

Skiest, 1985) y taurina (Madelian et al., 1985), sin embargo se 

desconoce si podría actuar como señal activadora de la salida de 

estos compuestos en soluciones hiposmóticas. 

Existen evidencias que señalan cambios en la organización del 

citoesqueleto asociados con la regulación de volumen en condiciones 

de hiposmolaridad (Ziyadeh et al., 1992). Sin embargo, la 

desorganización de los microtübulos del citoesqueleto no 

necesariamente se encuentra asociada con una pérdida en la 

capacidad de regulación del volumen. 

REGULACION DE VOLUMEN EN CONDICIONES HIPEROSMOTICAS. 

Como se mencionó previamente, al exponer las células a 

soluciones hiperosmóticas se observa una disminución de volumen 

relacionada con el grado de hiperosmolaridad. Algunos tipos 

celulares responden con un incremento en el volumen que lo 

aproxima a su volumen original, mediante el proceso denominado 

Aumento Regulador del Volumen. Este proceso de ajuste se ha 

demostrado en células de anfibios: en eritrocitos de Amphiuma 

(Cala, 1980) y células epiteliales de Necturus (Larson y Spring, 

1987). Otros tipos celulares se comportan como osmómetros: 

disminuyen su volumen y no muestran un proceso de recuperación del 
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mismo mientras permanezcan en condiciones hiperosmóticas. Entre 

éstas se incluyen las células de Ehrlich (Hoffmann y Simonsen, 

1989), los linfocitos humanos (Hempling et al., 1977; Grinstein, 

1986), y las células epiteliales de rana (Davis y Finn, 1985; 

Ussing, 1986). Sin embargo la regulación de volumen se observa en 

prácticamente todos los tipos celulares si las células son 

preincubadas en un medio hiposmótico y posteriormente se les 

regresa a condiciones isosmóticas. En estas condiciones las 

células han recuperado su volumen después de un incremento inicial 

a través de una disminución en el contenido intracelular de 

solutos. De esta manera cuando las células son incubadas en 

soluciones isosmóticas se observa una disminución en el volumen, 

que es seguida de una fase reguladora de aumento en el volumen 

(Hoffmann y Simonsen, 1989; Grinstein y Foskett, 1990). La 

recuperación del volumen en un medio hiperosmótico se encuentra 

mediada por un incremento en los niveles intracelulares de solutos 

osmóticamente activos. Estos solutos son de dos tipos: 	iones 

inorgánicos y compuestos orgánicos (Hoffmann y Simonsen, 1989; 

Grinstein y Foskett, 1990; Bagnasco et al., 1987). 
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COMPONENTE IONICO DE LA RECUPERACION DE VOLUMEN EN SOLUCIONES 

HIPEROSMOTICAS. 

Los iones involucrados en la regulación de volumen en 

soluciones hiperosmóticas son el potasio, el sodio y el cloro. 

Estos iones se transportan al interior celular por diferentes 

mecanismos dependiendo del tipo celular de que se trate. El 

sistema de cotransporte Na+/Ki/C1-, que es uno de estos mecanismos, 

se demostró por primera vez en eritrocitos de aves (Orskov, 1954; 

Parker, 1977). La recuperación del volumen se encuentra mediada 

por una entrada acoplada de Na*, le y Cl-  al interior celular 

(Kregenow, 1971). La captura de Na*  y de K*  en estas condiciones 

no se afecta por la ouabaina (Kregenow, 1971, 1973) y es inhibida 

por la furosemida (Schmidt y McManus, 1977a, 1977b). El Na*  que se 

captura por este sistema no permanece en la célula a menos que la 

ouabaina se encuentre presente, lo que sugiere que este Na*  es 

intercambiado por K*  a través de la ATPasa Na+/K* (Hoffmann et al., 

1983). 

En eritrocitos del anfibio Amphiuma (Cala, 1983a, 1983b, 

1985a), y de perro (Parker, 1983, 1986, 1988), así como en 

linfocitos humanos (Grinstein et al., 1983, 1984), el incremento 

intracelular de iones tiene lugar a través de dos sistemas de 

transporte acoplados: el intercambiador Na.f /H*  y C1-/HCO3-. El 

sistema Na+/H*, sensible a amilorida, es el mecanismo primario 

activado por la disminución en el volumen (Kregenow, 1981;  

Kregenow et al., 1985; Siebens y Kregenow, 1985; Cala, 1980, 

111 
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1985a, 1986), aunque en condiciones fisiológicas la actividad de 

este intercambiador se encuentra regulada por el pH interno. La 

salida de 11+  es impulsada por el gradiente de Na.1 , produciendo un 

incremento en el pH intracelular y en la concentración de HCO3-. 

El gradiente de HCO3-  activa al intercambiador C1-/HCO3', dando como 

resultado una entrada neta de Cr. Esta entrada de cloro y sodio 

es seguida por una entrada de agua que se traduce en un incremento 

en el volumen celular (Cala, 1980; Siebens y Kregenow, 1985). Es 

importante hacer notar que los protones que se intercambian por el 

sodio son osmóticamente inactivos, ya que se encuentran unidos a 

macromoléculas intracelulares tales como la 	hemoglobina. 

Igualmente el bicarbonato que se intercambia por cloro proviene en 

su mayoría del CO2 . Al incrementarse la concentración de sodio en 

la célula se activa la ATPasa Na+ /K+ , por lo que parte del sodio 

entrante se intercambia por potasio (Siebens y Kregenow, 1985) 

La entrada de potasio en un medio hiperosmótico se inhibe 

completamente en presencia de ouabaina (Siebens y Kregenow, 

1985). 
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COMPUESTOS ORGANICOS EN LA REGULACION DE VOLUMEN EN CONDICIONES 

HIPEROSMOTICAS. 

Bricteux-Grégoire y colaboradores (1962) fueron los primeros en 

señalar la participación de los solutos orgánicos como 

osmoefectores en tejidos de animales eurihalinos, los cuales 

habitan naturalmente en medios de osmolaridad cambiante. En el 

músculo del cangrejo Eriocheir sinensis, el conjunto de 

aminoácidos libres (glicina, arginina, taurina, alanina, lisina y 

el ácido glutámico), betaina y oxido de trimetilamina contribuyen 

con el 40% de la osmolaridad intracelular total. Al mantener los 

animales en medios hiperosmóticos los niveles de estos compuestos 

aumentaron en un 100% (Bricteux-Grégoire et al., 1962). 

Posteriormente se han realizado estudios con resultados 

similares tanto en invertebrados eurihalinos como en algunos 

vertebrados. En general los aminoácidos que muestran las mayores 

variaciones internas en respuesta a los cambios en la osmolaridad 

son los aminoácidos no esenciales como la prolina, la glicina, la 

alanina, el ácido aspártico, el ácido glutámico, la serina, el 

GABA y la taurina (Schoffeniels y Gilles, 1970; Gines, 1975). 

En animales adaptados a condiciones hiperosmóticas (con niveles 

de Nael superiores a los normales) el incremento en los niveles 

intracelulares de aminoácidos es a partir de la activación de los 

sistemas de transporte membranales. En crustáceos el aumento de 

los aminoácidos en los tejidos se encuentra asociado a una 
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disminución temporal en las concentraciones de estos compuestos en 

el plasma (Gilles, 1977). En experimentos in vitro realizados con 

eritrocitos del lenguado, el aumento intracelular de taurina 

observado en un medio hiperosmótico también es el resultado de una 

acumulación del aminoácido del medio externo (Fugelli y Reiersen, 

1978). 

Los aminoácidos no son el único grupo de compuestos orgánicos 

que son utilizados para fines de control osmótico. En células 

epiteliales de las papilas renales cultivadas en un medio 

hiperosmótico, la concentración intracelular de sorbitol se 

incrementa hasta alcanzar valores de 240 mM (Bagnasco et al., 

1988; Balaban y Burg, 1987). El sorbitol es un polialcohol 

sintetizado a partir de la glucosa por la enzima aldosa reductasa 

(Bagnasco et al., 1988). El incremento en los niveles de sorbitol 

se explica principalmente por un aumento en la síntesis de la 

aldosa reductasa inducida por la condición hiperosmótica (Bagnasco 

et al., 1988). En varias líneas celulares renales cultivadas en 

condiciones hiperosmóticas también se observa un aumento en los 

niveles de sorbitol, mio-inositol, betaina y glicerofosforilcolina 

(Nakanishi, 1988). La suma de estos compuestos orgánicos es 

suficiente para compensar el incremento en la osmolaridad externa 

(Nakanishi, 1988). 
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VARIACIONES EN EL VOLUMEN CELULAR EN CONDICIONES ISOSMOTICAS. 

En condiciones fisiológicas la mayoría de las células de un 

organismo multicelular no se encuentran expuestas a situaciones 

anisosmóticas. La osmolaridad de los fluidos corporales de 

mamíferos es de aproximadamente 285 mOsmolas/1 y este valor se 

mantiene prácticamente constante, mostrando sólo pequeñas 

fluctuaciones que no exceden a un 3% de este valor (Hoffmann y 

Simonsen, 1989). Unicamente en condiciones patológicas la 

osmolaridad del plasma puede oscilar entre 220 y 350 mOsmolas/l, 

lo que resultaría, en ausencia de mecanismos reguladores de 

volumen, en un incremento o disminución del volumen de las células 

sanguíneas de aproximadamente un 30% y un 20%, respectivamente 

(Macknight, 1983; 1985). En condiciones fisiológicas algunos tipos 

celulares como las células epiteliales del intestino y las células 

de la sangre de los capilares intestinales, posiblemente se 

encuentren en un medio hiposmótico después de una ingesta excesiva 

de agua (Hoffmann y Simonsen, 1989). Las células renales son otro 

ejemplo de células que in vivo puedan ser expuestas a soluciones 

anisosmóticas. 

Experimentalmente se puede producir un incremento en el volumen 

celular por medio de la acumulación intracelular de compuestos no 

difusibles. En rebanadas de la corteza renal de conejo incubadas en 

un medio en donde el cloro se sustituye con acetato, el contenido 

intracelular de agua se aumenta en un 100% (Cooke y Macknight, 
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1984; Macknight, 1988). Esto se explica en base a que el ácido 

acético es capaz de atravesar la membrana plasmática e 

internalizarse en la célula; una vez dentro se disocia y queda 

atrapado en el interior, debido a que la forma disociada (C1-13-000-) 

no puede cruzar la membrana plasmática. El ión hidrógeno es 

intercambiado por sodio y se observa una entrada de potasio a las 

células para compensar la acumulación de las cargas negativas del 

acetato; la acumulación de estos solutos se acompaña necesariamente 

de una entrada de agua, produciéndose el incremento en el volumen 

(Cooke y Macknight, 1984; Macknight, 1988). Igualmente se ha 

demostrado que la exposición a ácido láctico induce un incremento 

de volumen por un mecanismo similar, inhibiéndose en un medio libre 

de sodio y en presencia de amilorida (Macknight, 1988). 

Se ha demostrado que concentraciones elevadas de KC1 producen 

un incremento en el volumen celular en numerosas preparaciones, 

incluyendo rebanadas de cerebro (Bourke y Tower, 1966; Bourke, 

1969; Pappius y Elliott, 1956; Molier et al., 1974), 	retina 

(Pasantes-Morales et al., 1988), terminales nerviosas aisladas 

(Kamino et al., 1973) y astrocitos en cultivo (Walz, 1987). Los 

mecanismos responsables de este proceso incluyen la activación del 

sistema de cotransporte 2C1-/Na+/K4  (Walz y Kimelberg, 1985) o una 

alteración del equilibrio de Donnan si se incrementa la 

concentración de le sin reducir la concentración de Cl-  (Boyle y 

Conway, 1941). 
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Existen estudios que señalan que ciertos neurotransmisores son 

capaces de incrementar el volumen celular. En rebanadas de cerebro 

la norepinefrina y la adenosina incrementan el contenido de agua de 

una manera dependiente del cloro extracelular. Este efecto se 

previene con antagonistas sinápticos específicos (Bourke et al., 

1983), lo que indica que este proceso está ocurriendo como 

resultado de la activación de los receptores sinápticos. El aumento 

en el volumen celular observado en neuronas en cultivo en presencia 

de aminoácidos excitadores como el ácido glutámico y el ácido 

aspártico, así como agonistas de los receptores a estos compuestos, 

también es prevenido en un medio sin sodio o cloro (Choi, 1987). 

En general puede afirmarse que cualquier proceso que conduzca a 

un incremento en la concentración intracelular de solutos 

osmóticamente activos (iones inorgánicos o compuestos orgánicos) 

producirá un aumento en el contenido intracelular de agua. Se ha 

demostrado que la captura de aminoácidos y azúcares, acoplada con 

la entrada de sodio, produce una activación de los procesos 

reguladores de volumen en células epiteliales (Lau et al., 1984; 

Schultz et al., 1985) y en hepatocitos (Kristensen y Folke, 1984; 

Kristensen, 1986). Ciertos eventos catabólicos celulares como la 

glucogenólisis en hepatocitos y la lipólisis en adipocitos también 

pueden conducir a un incremento en los niveles de solutos 

intracelulares osmóticamente activos (Kristensen, 1986). Igualmente 

el metabolismo de las fibras musculares durante el ejercicio 

aumenta los solutos intracelulares libres y activa los procesos 
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reguladores de volumen (Saltin et al., 1987). Existe evidencia que 

señala que existen cambios en el volumen asociados con la actividad 

neuronal en retina (Orkand, et al., 1984) y en rebanadas de 

corteza cerebral (Lipton, 1973). El aumento de volumen celular es 

producido por la entrada de iones a la célula inducida por la 

despolarización y se previene sustituyendo el cloro por un anión 

impermeante como el gluconato (Lipton, 1973). 

TAURINA. 

La taurina es un aminoácido sulfonado (ácido 2- 

aminoetanosulfónico) que se encuentra ampliamente distribuido como 

constituyente universal de los tejidos animales. Se identificó por 

primera vez en la bilis del toro (Tiedemann y Gmelin, 1827). 

Posteriormente se ha encontrado en la mayoría de los phyla del 

reino animal: poríferos, sipuncúlidos, equinodermos, moluscos, 

anélidos, artrópodos, y vertebrados, detectándose en anélidos y 

moluscos las concentraciones más elevadas (Jacobsen y Smith, 

1968). La taurina se encuentra presente en todos los tejidos 

animales aunque en concentraciones muy diferentes que varían desde 

valores nanomolares en el hígado de conejo hasta milimolares en la 

retina y corazón del mismo animal (Awapara, 1955). Los niveles más 

elevados de taurina se observan en los tejidos excitables: músculo 

liso, esquelético y cardiaco, glándulas endócrinas y exócrinas y 

en tejido nervioso (Jacobsen y Smith, 1968). En la retina la 
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taurina se encuentra en concentraciones excepcionalmente elevadas 

que varían entre 10 y 50 mM (Pasantes-Morales, 1986). Por medio de 

estudios de fraccionamiento subcelular se ha demostrado que la 

mayor parte de la taurina se encuentra en la fracción soluble 

(Rassin et al., 1977). 

A pesar de la amplia distribución de la taurina en el reino 

animal y en los distintos tejidos animales aún no se ha 

establecido con certeza la función que cumple este aminoácido en 

la fisiología del organismo. 

LA TAURINA COMO OSMOEFECTOR. 

La taurina presenta características que lo señalan como el 

osmolito ideal: se encuentra presente en concentraciones elevadas 

en prácticamente todos los tejidos animales, no participa en el 

metabolismo primario de la célula ni se encuentra como 

constituyente de macromoléculas (Jacobsen y Smith, 1968). Aunque 

en general todos los aminoácidos libres se movilizan de acuerdo 

con la osmolaridad del medio extracelular, la taurina es el 

aminoácido libre que se encuentra en concentraciones mayores y el 

que principalmente se emplea como osmoefector. Esto se ha 

demostrado ampliamente tanto en invertebrados (Lange, 1963; 

Revisado por Schoffeniels, 1976 y por Gilles, 1979) como en 

vertebrados eurihalinos, especificamente en células cardíacas de 

teleósteos (Vislie, 1983) y en eritrocitos de peces eurihalinos 

4 
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(Fugelli y Thoroed, 1986; Fincham et al., 1987). 

En células de mamíferos las primeras observaciones que señalan 

a la taurina como osmoefector se realizaron en las células del 

tumor ascitico de Ehrlich (Hoffmann y Handel, 1976). Posteriormente 

se ha sugerido que la taurina cumple la misma función en rebanadas 

de riñón (Schultze y Neuhoff, 1983), retina (Domínguez et al., 

1989) y astrocitos en cultivo (Pasantes-Morales y Schousboe, 1988). 

En estudios in vivo efectuados en corazón de ratón se ha 

demostrado que una condición de hipernatremia incrementa los 

niveles internos de taurina en las fibras musculares (Thurston et 

al., 1981). En plaquetas de ratas Blattleboro (las cuales derivan 

de las ratas Long-Evans por una mutación espontánea), que carecen 

de la capacidad de sintetizar vasopresina y por tanto se encuentran 

crónicamente deshidratadas, los niveles de taurina endógena así 

como la acumulación de 	taurina radiactiva se encuentran 

incrementados (Nieminen et al., 1988). En investigaciones in vitro  

la exposición a condiciones de hiperosmolaridad reduce la 

liberación basal de taurina en tejido muscular esquelético de rata 

(Lehmann, 1989) e incrementa la acumulación del aminoácido en las 

células del corazón de fetos de rata (Atlas et al. 1984). La 

disminución en los niveles intracelulares de taurina observada en 

condiciones hiposmóticas parece explicarse exclusivamente debido a 

una liberación del aminoácido y no a una transformación enzimática 

puesto que la cantidad que disminuye en la célula es recuperado en 

su totalidad en el medio extracelular (Hoffmann y Lambert, 1983). 
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OBJETIVO GENERAL: 

Determinar utilizando como modelo astrocitos en cultivo, los 

mecanismos responsables de la movilización de osmolitos orgánicos 

e inorgánicos que ocurre durante su exposición a condiciones 

anisosmóticas. 

OBJETIVOS ESPECIFICOS: 

1) Determinar en astrocitos en cultivo la importancia relativa de 

osmolitos orgánicos (aminoácidos libres) e inorgánicos (potasio) en 

los procesos de regulación de volumen observados en condiciones 

hiposmóticas. 

2) Determinar si un incremento en el volumen celular producido por 

soluciones hiposmóticas se asocia con alteraciones en los niveles 

intracelulares de calcio, como posible señal mediadora de la 

liberación de osmolitos. 

3) Explorar los mecanismos de transporte involucrados en la salida 

de potasio y aminoácidos estimulada por soluciones hiposmóticas. 

4) Caracterizar la selectividad de la vía de transporte de 

osmolitos orgánicos activada durante un incremento en el volumen 

celular. 

5) Investigar el mecanismo responsable del incremento en los 

niveles de taurina observado en astrocitos crecidos en condiciones 

hiperosmóticas. 
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Sanebez-Otea, Roberto, Julio Moran, Alejandro Mar-
tinez, and Herntinia Pasantes-Morales. Vohnne-activated 
Rh transport in astrocytes in culture. Am. J. Physiol. 264 (Cell 
Physiol. 33): C836-C842, 1993.--.-The involvement of K on the 
volume regulatory process in astrocytes was investigated by 
characterizing the hyposmolarity-induced efflux of 1< 4-  using 
"Rb as a tracen About 70 and 30% of the intracellular content 
of "Rb was released after reductions in osmolarity from 320 to 
160 or 220 InosM, respectively, during the time in which cells 
exhibit a volume regulatory response subsequent to swelling. No 
significant increase in 8"Rb efflux was observed with lower re-
ductions in osmolarity. The "Rb efílux was Ca2 F independent 
and insensitive to temperature. It was inhibited by furosetnide 
but not by bumetanide and was unaffected when nitrato, but not 
gluconate, replaced intracellular C1-. The eftlux was markedly 
inhibited by quinidine and by 4,4'-diisothiocyanostilbene-2,2'-
disulfonic acid. Quinidine also prevented the volume regulatory 
decrease of cells, and this effect was overcome when a larde 
cation permeability was imposed by gramicidine. In isosmotic 
conditions "Rb efflux was not activated by N-ethylmaleimide, 
but this drug strongly inhibited the hyposmolarity-activated 
release. These findings suggest that 8"Rb effiux from astrocytes 
associated to cell swelling is not mediated by an electroneutral 
cotransporter and rather favor the implication of a conductive 
exit pathway that may be a Ca2-f-independent K channel. 

volume regulation; hyposmolarity; potassium transport; 
4,4'-diisothiocyanostilbene-2,2'-disulfonic acid; quinidine 

1T IS WELL DOCUMENTE') that astrocytes counteract 
swelling induced by hyposmotic conditions by activating 
mechanisms that restore cell volume, despite the persis-
tence of the anisosmotic situation (13). In other cells 
this volume regulatory process is accomplished through 
net extrusion of intracellular solutes accompanied by 
osmotically obligated water. Intracellular organic mole-
culos as well as inorganic ions participate as osmolytes 
in this regulatory volume decrease (RVD) (2, 8, 16, 28). 
The release of free amino acids, notably taurino, associ-
ated to cell swelling has been documented in astrocytes 
(12, 21-23), and the mechanism of its exit pathway has 
been investigated (27). In contrast, the involvement of 
inorganic ions in the volume corrective fluxes in these 
cells is less well known. In the present work we charac-
terized the K-1* efflux activated by exposure of astrocytes 
in culture to hyposmotic medium using 8"Rb (Rb) as a 
tracer. Swelling-associated release of K 4-  may occur ei- 
ther by electroneutral 	cotransporters or by con- 
ductive fluxes that mobilize K4-  and 	separately. A 
variety of pharmacological agents that block these 
transporters or channels are available and were used in 
this work as tools to investigate the mechanism of the 

efflux evoked by hyposmolarity. Furosemide and bu-
metanide were used as inhibitors of the K4'-C1-  cotrans-
porter. Barium, tetraethylammonium (TEA), 4-ami-
nopyridine (4-AP), and quinidine, known inhibitors of 
various types of K4-  channels that also block RVD in 
some cells, were used to investigate whether a K4-  chan- 

nel is involved in the volume-sensitive exit pathway. 
The efflux of 1{-1  might be coupled to an anion conduc- 
tance even when an electroneutral 	cotransporter 
is not involved. Cation and anion channels activated by 
volume regulatory processes are often separated, but the 
ion ¡luxes are interdependent. This possibility was ex-
plored in the present work by studying the effect of the 
inhibitors of Cl channels: 4,4'-diisothiocyanostilbene-
2,2'-disulfonic acid (DIDS), diphenylamine-2-carboxyl-
ate (DPC), and anthracene-9-carboxylate (9-AC) on the 
volume-activáted K4-  ¡luxes in astrocytes. The Cae 4-  de-
pendence of the volume regulatory fluxes of K1' was also 
examined. 

MATERIALS AND METHODS 

Primary cultures of astroglial cells froni rat cerebellum were 
obtained as previously described by Morán and Patel (19). 
Briefly, the dissociated cell suspensions from the cerebella of 
8-day-old rats were plated ata density of 225 x 10" cells/cm" in 
35-mm diazneter plastic dishes. The culture medium contained 
basal Eagle's medium supplemented with 10% heat-inactivated 
fetal calf serum (GIBCO), 2 mM glutamine, 50 U/ml penicillin, 
and 50 lig/m1 streptornycin. The culture dishes were incubated 
at 37°C in a humidified 5% CO2-95% air atmosphere. The 
purity of the cultures was determined by iznmunostaining 
counting using a fluorescence microscope. Neurons were stained 
with a polyclonal antibody against neuron-specific enolase 
(Dakopatts). Astrocytes were labeled with a polyclonal antibody 
against glial fibrillary acidic protein (GFAP; Sigma, St. Louis, 
MO). Fibroblasts were stained with a monoclonal antibody 
against Thy-1. Cultures were highly enriched in astrocytes con-
taining >95% positivo cells for GFAP. 

After 2 wk in vitro, cells were incubated in culture medium 
containing 8"Rb (2.0 pCi/ml, original activity) for 60 min. After 
incubation, the culture medium was replaced with N-2-hy-
droxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-buff-
ered salive containing (in mM) 135 NaCI, 5 KCI, 1.0 CaCl2, 1.17 
MgCl2, 10 HEPES, and 5 glucose, pH 7.4. After three successive 
rapid washes with this medium, cells were superfused as previ-
ously described (23) ata rato of 1 znI/Inin for 5 min, at which 
time Rb efflux baseline was attained. At the time indicated at 
each experiment, the superfusion medium was replaced by anal-
ogous media of reduced osmolarity. Samples were collected ev-
ery minute for 20 min. Hyposmotic media were prepared by 
decreasing NaCI concentration. Some experiments were done in 
C1--free media, prepared replacing KCI and NaCI by their re-
spective gluconate or nitrato salts. Drugs were present some-
times during the incubation period and always throughout the 
superfusion period. When solutions of drugs were prepared us-
ing solvents different froni water, controls were exposed to the 
same concentration of the solvent used. At the end of the ex-
periments radioactivity in media and that remaining in the cells 
was measured by scintillation spectrometry. Results are ex-
pressed as the radioactivity released in each collected sample as 
percent of total radioactivity present in the cells at that time. 
Some results are expressed as the difference between the 
amount of Rb released in the five largest fractions after the 
hyposmotic stimulus minus the amount released in 5 min before 
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stimulation. In a typical experiment, radioactivity released per 
minute in isosmotic conditions was --600 counts/min (claro) 
and —1,400 after stimulation from a total of' 35,000 cpm aceu-
mulated by cells. Obviously, the absoluto numbers varied ne-
cording to the half-life of the Rb stocks. 

For measurements of cell Cl-  content, cells were incubated 
with media containing gluconate or nitrate replacing Cl-  for 20 
min. At the end of the incuhation period, cells were washed, 
detached from the culture dish, sonicateci, and centrifuged. The 
Cl-  content in the supernatants was measured using a C1--  elec-
trode (Orion, mode! 94-1713) (1). 

For cell volume measurements, cells were detached from the 
monolayer by treatment for 10 min with trypsine-EDTA me-
dium (Ca''-E and Mg21-  free). The detached cells were centrifuged 
and resuspended in isosmotic medium. At time o, a simple of 
the cell suspension was diluted —100-fold with the experimen-
tal media, and the cell volume was followed in a Coulter Counter 
with a channelizer (niodel ZM 256). The changes in volume for 
the mil population were measured from time shift in median size 
based on calibration with latex microspheres uf 9.63 pm diam-
eter. To explore time effect of replacing Cl---  by gluconate or 
nitrate, cells were incubated in inedia containing time different 
anions, and cell volume measurements were carried out in media 
with the corresponding anion replacetnents. 

Lactic acid dehydrogenase (LDH) activity in time medium or 
in cells was measured spectrophotometrically as reduction of 
NAD followed by changes in absorbancy at 34011111. The statis-
tical significante of the results was detertnined by Student's 
test. 

RES U LTS 

Cell volume changes. Reducing the medium osmolarity 
from 320 mosM (isosmotic condition) to 160 or 220 
mosM elicited an immediate increase in astrocyte volume 
that was proportional to the hyposmolarity reduction. 
Increases in astrocyte volume of 62 and 35% were ob-
served in solutions of 160 or 220 mosM, respectively. In 
all cases, swelling was followed by RVD, returning cell 
volume to 18-20% aboye control (Fig. 1). The decline in 
cell volume consists of a rapid phase occurring within the 

Fig. 1. Regulatory volume decrease of cultured astrocytes in hyposmotic 
inedia: 160 mosM (o) and 220 mosM (o). Reduction in osmolarity was 
obtained by decreasing coneentration oí NaC1 from 135 tu 60 or 90 eaM. 
Astrocytes were detached from culture dish as described iti MATERIALS 
AND METHODS, and cell volume was measured in Coulter Channelizer. 
Changes in cell volume are expressed as percentage inerease over volume 
in isosmotic conditions (320 inosM). Mean volume of astrocytes was 
1.126 ± 0.02 plkell. Results are menas of 6-18 experiments, with bars 
representing SE when exceeding symbol size. 

first 5 min and a slower phase during the subsequent 10 
min. These results were similar tú those reported previ-
ously (11, 23). 

Effeet of hyposmolarity on 86Rb efflux. The time course 
of K-i exit evoked by hyposmolarity was measured follow- 
ing time uniclirectional efllux of Rb as a tracer for 	Rb 
release at time baseline in isosmotic conditions was 	1. 
4%/min. Reducing osmolarity of media from 320 mosM 
(isosmotic) to 96 or 160 mosM (Le., reductions of 70 and 
50%, respectively) led to a rapid release of Rb, markedly 
increasing the efflux observed in isosmotic conditions. A 
decrease in osmolarity from 320 to 220 mosM (30% re-
duction) evoked a noticeable but not significant increase 
on Rb efflux, whereas a decrease from 320 to 272 mosM 
(15% reduction) did not affect Rb release (Fig. 3). The 
efflux of Rb evoked by hyposmolarity reached a peak after 
2-3 min after stimulation and timen declined slowly, de-
spite the persistente of time hyposmotic conditions (Fig. 
2). About 30-35% of Rb in cells was released by 50% 
reduction in hyposmolarity during the 15 min subsequent 
tu the stimulus, time time in which RVD occurs. Efflux 
was unchanged in time presence of 0.5-1 mM ouabain 
(results not shown). 

Effect of conditions affecting 	cotransporters. 
Electroneutral 	cotransporters activated by swell- 
ing in a variety of cells are inhibited by furosemide and 
bumetanide. These carriers are strictly dependent on time 
presence of Cl-  (or Br-) and therefore are inactivated 
when nitrate or gluconate replace Cl-  in the medium (8, 
15). Time IC-C1--  cotransporter in red blood celis stimu-
lated by swelling is also activated under isosmotic condi-
tions by time sulfhydryl-reactive reagent N-ethylmaleim-
ide (NEM) (15), To assess time possibility that time Rb 
efflux evoked by hyposmolarity in astrocytes is mediated 
by Chis mechanism, the influence of all time aboye 
mentioned conditions and inhibitors on Rb efflux was 
examined. 

Furosemide exerted a concentration-dependent inhib-
itory effect un Rb release that was maximal at 2 mM. 

6— 
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Fig. 2. Time course of 8"Rb efllux stimulated by hyposmolarity. Cells 
were preloadal with "''Rb, waslied, and superfused with isosmotic me-
dium (320 niosM). At time indicated by nrrow superfusion was contin-
uad with hyposmotic media of 96 (A), 160 (A), 220 (e), and 272 mosM 
(o), At end of superfusion, radioactivity remaining in cells and that in 
collected samples was measured. Fractionul efflux of 811Rb is expressed 
as radioactivity released at eaeh fraction as percent of total radio-
activity present in cells at that time. Results are menas :fr. SE of 4-12 
experiments. 
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Bumetanide was ineffective at concentrations of 50-250 
/../M (Fig. 3). Replacing NaC1 and KC1 in the medium by 
the corresponding gluconate salts reduced Rb efflux by 
-30%. No inhibition was observed when Cl-  was re-
placed by nitrate (Fig. 4). The intracellular concentration 
of Cl-  during an incubation period of 20 mira in the pres-
ence of gluconate decreased by 80% and by >95% in the 
presence of nitrate (results not shown). Astrocytes incu- 
bated in isosmotic medium in which 	was replaced by 
gluconate showed a moderate reduction in cell volume of 
20%. On exposure to hyposmotic medium, volume in 
these cells was higher than in controls, and RVD was 
clearly impaired. When nitrate replaced Cl-, no cell 
shrinking was observed, and RVD was essentially the 
same as in controls (Fig. 5). The efflux of Rb under isos-
motic conditions was not stimulated by NEM, but, in 
contrast, the hyposmolarity-evoked release was markedly 
inhibited (Fig. 6). 

Effect of blockers of 	channels. The effect of inhibi- 
tors of 1{4-  channels (TEA, 4-AP, barium, and quinidine) 
was examined on the Rb efflux evoked by hyposmolarity. 
Of al these drugs, only quinidine exhibited a clear con-
centration-dependent inhibitory effect, reducing Rb ef-
flux by -60% at 0.6 mM concentration (Fig. 7). Higher 
concentrations cannot be used without causing cell dam-
age. Quinidine, at the concentrations that decreased Rb 
release, showed an inhibitory effect on RVD that was 
abolished when high cation permeability was imposed by 
gramicidin (Fig. 8). RVD in controls was also accelerated 
by gramicidin (Fig. 8). 

TEA and 4-AP did not affect Rb efflux stimulated by 
hyposmolarity. Rb release from cells exposed to TEA and 
4-AP was 13.3 ± 1.25 (n = 4) and 16.6 ± 2.01 (n = 4), 
respectively, which was not significantly different from 
release in controls (14.9 ± 1.01, n = 12). TEA and 4-AP 
did not affect RVD (results not shown). Barium (5 mM), 
markedly increased the spontaneous release of Rb and did 
not affect the stimulated release of Rb but prevented the 

16 

o 
0.0 	0.5 	1.0 	1.5 	2.0 	2.5 

Bumetanide (10 -4M) 
Eurosemide (10 -3M) 

Fig. 3. Effect of furosemide and bumetanide on hyposmolarity-evoked 
efllux of 8"Rb. Cells were preloaded and superfused as described in Fig. 
2 and stimulated with hyposmotic medium (150 mosM). Bumetanide 
(*) and furosemide (o) at concentrations indicated were present 
throughout superfusion period. Release of "''Rb is expressed in percent-
age, and points represent amount released in 5 largest stirnulated frac-
tions minus amount released in 5 basal fractions prior to hyposmotic 
stimulus. Results are means ± SE of 4-10 experiments. Significant 
difference from control, * P < 0.001 (Student's t test). 

Control NO3-  Cluconote 

Fig. 4. Effect oí chloride replacement on hyposmolarity stimulated ef-
flux of "Rb. Astrocytes preloaded with 8"11b were superfused with nor-
mal isosmotic or hyposmotic (160 mosM) media or with media Osos-
mode or hyposmotic) in which Miel and KCI were replaced by 
corresponda; gluconate or nitrate salts. Results are expressed as in Fig. 
3 and are means ± SE of 4-8 experiments. Significant difference from 
control, P < 0.001 (Student's t test). 
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Fig. 5. Effects of ¡mino replacement on astrocyte volume in isosmotic 
and hyposmotic conditions. Astrocytes were incubated in normal isos-
motic medium (.) or in isosmotic media in which nitrate (o) and glu-
conato (A) replaced chloride and volume was measured as in Fig. 1.. At 
time indicated by arrow, cells were transferred to hyposmotic medium 
(50%) and RVD was followed at indicated times. Results are expressed 
as percentage changos of initial volurne of preparation. Resulta are 
means of 4 experiments. 

decline of efflux typically observed in normal conditions. 
Volume in cells exposed to barium slowly increased in 
isosmotic conditions up to 21% over cell volume in con-
trols with a time course parallel to that of Rbi-  release. 
Cell viability was not affected by barium as assessed by 
LDH release. LDH activity in the medium was 0.14 
µmol • h-i.ml-' in controls and 0.15 µmol•h-i  .m1-1  in 
cells exposed to barium. This amount represents -2% of 
total LDH. 

Effect of blockers of 	channels. The stilbene disul-
fonate DIDS had a marked inhibitory effect on Rb release 
that was concentration dependent. At the highest con-
centration examined (400 prM) DIDS markedly decreased 
(85%) the Rb release evoked by hyposmolarity. Reduc-
tions of 75 and 66% were observed at 200 and 100 µM 
DIDS, respectively. At lower concentrations of 50 and 25 
µM, DIDS still had an inhibitory effect of 51 and 42%, 
respectively (Fig. 9). The Cl-  channel blockers 9AC and 
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Fig. 6. Effect of 1V-ethylmaleimide (NEM) on 111) release in isosmotic 
and hyposmotic conditions. Cells were preloaded, washed, and super-
fused with isosmotic medium. From znin 5-10, as indicated by bar, 
isostnotic medium contained 100 1.1M (e) or 50 	(0) of NEM. At time 
indicated by arrow superfusion continued with hyposmotic medium 
(160 mosM) without NEM. Controls not exposed to NEM (o). Point.s 
are means ± SE of 4 experiments. 
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Quinidine (mM) 

Fig. 7. Effect of quinidine on hyposmolarity stimulatect efflux of "1/1). 
Cells were preloaded, washed, and superfused in isosmotic or hypos-
mode media containing quinidine at concentrations indicated, Results 
are expressed as in Fig. 3 and are means ± SE of 2-10 experitnents. 

r = 2. Significara difference from control, * P < 0.01; ** < 0.001 
(Student's t test). 

DPC decreased by 15-20% the release of Rb (Fig. 9). 
None of these compounds showed inhibitory effects on 
the efflux of Rb in isosmotic conditions. The effects of 
shnultaneous exposure to DIDS (100 pM) and quinidine 
(200 pM) were additive (results not shown). 

Effect of extracellular Ca2"' When cells were incubated 
in a Ca2+-free medium containing EGTA (0.5 mM), a 
delayed increase in Rb efflux in isosmotic conditions was 
observed, but the rapid efflux evoked by hyposmolarity 
was unchanged (Fig. 10). No changes in cell volume or cell 
leakage were observed in these conditions. 

Effect of temperature. Reducing the temperature of the 
superfusion medium from 37 to 23 or 15°C did not de-
crease the hyposmolarity-sensitive efflux of Rb. At 4°C 
the efflux was essentially abolished (Fig. 11). 

DISCUSSION 

A large variety of cells mobilize K-f and 	to adjust to 
changes in cell volume occurring in anisosrnotic condi-
tions (8, 28). A question addressed in this work was 
whether K+ also participates preferentially in the mech- 

Fig. 8, Effects of quinidine and gramicidin on regulatory volume de-
crease. Astrocyte volume was measured and results expressed as in Fig. 
1. e, Cells were exposed tu 0.2 mM quinidine throughout experiment. A, 
Cells were similarly exposed Lo quinidine and after first measurement of 
ceil volume alter stimulation with hyposmotic medium (Juin 1), 1 14151 
gramicidin was added to solution. o, Control; n, control plus gramicidin. 
Results are means ± SE of 3-6 experiments, 
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1000 
Orug Concentration (0) 

Fig. 9. Effect of inhibitors uf C1.-  channels oli hyposmolarity stimulated 
"hl) efflux. Cells were preloaded, washed, and superfused with isos-
motic and hyposmotic (160 tnosM) media containing DIDS (o), DPC 
(A), or 9-AC (e) at indicated concentrations. Astrocytes were exposed to 
DIDS during last 10 Irún of incubation period and to fin drugs through-
out superfusion period. Resttlts are expressed as in Fig. 3 and are means 
±SE of 8-16 experiments. Significara difference from control, * Y < 
0,05; ** < 0.001 (Student's t test). 

anism of volume regulation in astrocytes. This might not 
be the case, in view of the key role played by IC to 
maintain transmembrane potentials in excitable cells, 
which demands a strict control of its concentration in 
both intracellular and extracellular compartments. More-
over, the regulatory function of astrocytes in clearing K+ 
from the extracellular space (7) makes it unlikely that 
this ion is preferentially involved as an osmolyte in the 
nervous tissue. Results of the present study seem to sup-
port this notion because significant RIP' release was ob-
served only when externa! osmolarity is markedly (70 or 
50%) decreased (present results and Ref. 12). No release 
of RIP could be observed in response to reductions in 
osmolarity of 30 or 15%, This is in contrast to that ob-
served in a large number of cells, including renal cells and 
other epithelial cells, Ehrlich ascites cells and lympho-
cytes (5, 8, 24, 28), in which small changes in cell volume 
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Fig. 10. Effect of omission of Ca2+ and addition of EGTA on hyposino-
larity-stimulated efflux of "Rb. Cells were superfused with isosmotic (o) 
and hyposmotic (z\) inedia containing CaC1, or with isosmotic (*) or 
hyposmotic (Á) (160 mosto) media in which CaC12  was omittecl and 0.5 
niM EG'FA was added. Curves represent fractional 8"111 efflux as 
defined in MATERIALS ANI) METIIODS and are means ± SE of 6-8 
experiments. 
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Fig. 11. Effect of teinperature un hyposmolarity-activated efflux of 
8"  Ilb. Superfusion of cells was as described in Fig. 1, except that tem-
perature of media, both isosmotic and hyposinotic (160 mosM), was 
decreased to values indicated in figure. Results are expressed as in Fig. 
3 and are means ± SE of 6-12 experiments. Significant difference from 
37°C (control), * P < 0.001 (Student's t test). 

are sufficient to activate the efflux of K. These findings 
suggest that the release of K4' from astrocytes may be a 
mechanism activated only when largo changos in cell vol-
ume occur, at variance with that observed in nonexcitable 
cells. 

From our results the hyposmolarity-evoked Rb efflux 
from astrocytes may be characterized. The process was 1) 
sensitive to quinidine (59% inhibition); 2) inhibited by 
C1-  channel blockers, 59% by 9-AC, 85% by DIDS, and 
51% by furosemide; and 3) Cl-  dependent (51% inhib-
ited in gluconate medium), but Cl-  may be replaced by 
nitrate. 

The analysis of these properties provides some indica-
tions about the possible mechanism of Rb efflux activated 
by swelling in astrocytes. Essentially two mechanisms 
have been shown to operate for swelling-activated K4  
fluxes in vertebrate cells: 1) electroneutral K4--C1--
cotransporters, as observed in red biood cells, gallbiadder 
epithelium, and kidney tubules (8, 28) and 2) volume-
sensitive channels for K4-  and C1-  separated but inter- 

connected, as found in lympliocytes, Ehrlich ascites cells, 
various epithelial cells, platelets, granulocytes, hepato-
cytes, and cell Unes of osteosarcoma (5, 6, 8, 14, 18, 28). 
From these results the possibilities for these two mecha-
nisms of being responsible for Rb efflux from astrocytes 
can he discussed. 

Evidence against the electroneutral cotransport as the 
mechanism responsible for swelling activated Rb efflux 
include 1) Cl-  independence: a rigorous specificity for C1-
is a property of the cotransporter. In all cells so far ex-
arnined, the 1{-+- -C1-  cotransport is blocked when other 
anions with the exception of Br-, replace Ci-  (8, 15, 28). 
2) Insensitivity to bumetanide: oven at a concentration of 
250 12M, which is much higher than that required to 
inhibit the 	-C1-  cotransporter, Rb efflux from astro- 
cytes was unaffected. 3) Temperature independence. 4) 
Insensitivity to NEM: In red blood cells, the K.4--C1-
cotransporter activated by swelling is also stimulated by 
NEM in isosmotic conditions (15). This was not observed 
in astrocytes, but in contrast NEM caused the suppres-
sion of the swelling-evoked release of Rb. 5) Sensitivity to 
DIDS: the K4--C1-  cotransporter in red blood cells and in 
astrocytes is not affected by stilbene sulfonates (10, 15). 
The inhibition by furosemide is the only observation sug-
gesting the involvement of the cotransporter. However, it 
is known that the effects of furosemide are not specific as 
this drug, apart from being a blocker of the cotransporter, 
also inhibas anion exchangers as well as Cl-  channels 
(29). 

An early study by Kimelberg and Frangakis (10) in 
cultured astrocytes described a K-"-C1-  cotransporter that 
could be, in principie, the mechanism activated by hy-
posrnolarity. However, this cotransporter was maximally 
inhibited by both furosemide and bumetanide, at concen-
trations of bumetanide much lower (1 beM) than those 
that were ineffective in our study. In addition, the 
cotransporter was not inhibited by 1 mM 4-acetamido-
4'-isothiocyanostilbene-2,2'-disulfonic asid (SITS), in 
clear contrast with the present results. 

Evidence supporting the invoivement of a conductivo 
pathway on Rb release in astrocytes include the following 
findings: 1) the insensitivity of the process to tempera-
ture; 2) the inhibitory effect of quinidine, a well known 
blocker of 1{4-  channels, in both Rb efflux and in RVD, 
which is overcorne when the Kl--blociced conductance is 
bypassed by addition of gramicidin; 3) the possibility of 
replacing C1--  by nitrate as the anion accompanying the 
efflux of Rb; and 4) the transient membrane depolariza-
tion of astrocytes observed after lowering osmolarity (13). 

Activation of conductive K4-  transport pathways by 
hyposmolarity has been shown in a variety of cells (8, 28). 
However, marked differences have been observed in the 
ionic selectivity and the properties of these channels. 
Three types of K4-  channels have been identified in 
association with mechanisms of cell volume regulation: 
Ca24--independent, unselective cation channels (25, 26); 
Ca24--dependent, Kl- -selectivo channels (3); and stretch-
activated, Cazo"-insensitive and K4--selective channels 
(22). Because the pharmacology of these different chan-
nels is still unknown, it is not possible to identify from 
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the results of the present work the type of channel pre-
sumably involved in RVD in astrocytes, although the 
Ca24-  independence of Rb efflux exclude at leasi une uf the 
channels. The dominant 	channel type in cultured 
astrocytes exhibit une voltage-independent and two volt-
age-dependent mudes and at least three different conduc-
tances for outward currents (9, 20). 11 is unclear whether 
they correspond to different types of K' channels or tú 
une single type with complex behavior. These channels 
appear to be less sensitive tu various pharmacological 
agents than the corresponding channels described in 
other systems because only small inhibitory effects of 
TEA, 4-AP, and barium are observed (20). 

An increase in Rb release in isosmotic conditions was 
observed in cells exposed to 5 mM barium. This release 
can easily be related tu the Mercase in cell volume that 
occurred with the same time course as the barium-stim-
ulated Rb efflux but there is no obvious explanation for 
this later effect of barium. 

The hyposmolarity-activated Rb release from astro- 
cytes was inhibited by 	channel blockers, suggesting 
an interdependence of the two ionic fluxes. In most cells, 
fluxes of 1(4' and 	associated tu changes in cell volume 
seems to be interconnected even if the transport occurs 
through separate conductive pathways (8, 17, 18, 28). 
Available evidence on C1 channels in astrocytes is not 
sufficient tu identify a C1R channel, presumably involved 
in volume regulatory fluxes, that could be associated tu 
K4-  conductances. Large-conductance 	channels, sim- 
ilar to those described in muscle cells, are present in 
astrocytes together with small conductance channels 
opened by hyperpolarization (20), corresponding tu neu- 
rotransmitter-gated channels. Most 	channels in as- 
trocytes appear to be nonfunctional at rest, and it is pos-
sible that one of these conductances is activated by cell 
swelling. Alternatively, the effect of anion channel block-
ers on Rb efflux may be explained, considering the pos-
sibility that K4* is transportad through a type of 
channel with dual anion-cation permeability. These 
channels have been described in neurons, muscles, epi-
thelial cells, and gland cells (4), all of which show pro-
cesses of cell volume regulation. They are inhibited by 
9-AC, DPC, and SITS, drugs that also partially inhibited 
Rb efflux. This is an interesting possibility to be explored 
in astrocytes. 

The data of the present study support the view that 
astrocytes have the possibility to correct changes in cell 
volume by activation of Ki fluxes normally quiescent in 
isosmotic conditions. The high threshold of activation of 
these K4" fluxes suggests that astrocytes utilize this mech-
anism preferentially in extreme conditions of cell swell-
ing. It is likely that other osmolytes, such as organic 
molecules, that do not disturb nervous excitability are 
preferred for purposes of cell volume control. 
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Increase in Intracellular Free Calcium 
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The effect of hyposmotic conditions on the concentration of intracellular free calcium ([Ca2 +];) 
was studied in cultured cerebcllar granule cells ami cerebral cortical neurons after loading of the 
cells with the fluorescent Casi chelator Fiuo-3. It was found that in both types of neurons exposure 
to media with a decrease in osmolarity of 20 to 50% of the osmolarity in the isosmotic medium 
(320 mOsm) led to a dose dependent increase in [Ca2 +}i  with a time course showing the highest 
value at the carliest measured time point, i.e. 40 s after exposure lo the hyposmotic media and a 
subsequent decline towards the basal level during the following 320 s. The response in the cortical 
neurons was largor than in the granule cells but both types of neurons exhibited a similar increase 
in [Ca2 +]i  after exposure to 50 mM K+ which was of the sanee magnitude as the increase in [Ca:+]i  
observen in the cortical neurons exposed for 40 s to a medium with a 50% reduction in osmolarity. 
In both types of neurons the blockcr of voltage gated Ca2+ channels verapamil liad no effect on 
the hyposmolarity induced mercase in [Ca2 +]i. On the contraty, ibis increase in [Ca2 +];  was de-
pendent upon externa! calcium and could be inhibited partly or completely by the inorganic blockers 
of Ca2 + channels Mg2 + and La'+. Dantrolene which prevenís release of Ca2+ from interna! stores 
han no effect. The results show that exposure of neurons to hyposmotic conditions leading to 
swelling results in a large increase in free intracellular Ca2 + which represents an influx of Ca2 + 
rather than a release of Ca2+ from interna!, dantrolene sensitive stores. 

KEY WORDS: Swelling; neurons; intracellular 012 + Fluo-3. 
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INTRODUCTION 

Exposure of neurons to depolarizing conditions such 
as high concentrations of potassium or excitatory amino 
acids is known to lead to large increases in the concen-
tration of intracellular free calcium ([Ca2 ];) either by 
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an increase of calcium influx or release of calcium from 
infernal stores or both (1-7). Such an increase in intra-
cellular calcium may trigger a large number of events 
such as transmitter release (8), activation of different 
sond messenger systems (9), and if the increased level 
of calcium persists it may even have lethal consequences 
(10). Exposure of neurons to elevated potassium con-
centrations is also known tu lead to an increase in cell 
volume (11). It has been suggested that in astrocytes 
changes in cell volume which actívate the efflux of os-
motically active compounds (12-15) may be associated 
with changes in the intracellular calcium concentration 
(16). it was therefore of interest to investigate whether 
exposure of neurons to hyposmotic conditions also lend-
ing to cell swelling and release of osmotically active 
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substances (11,17) might influence [Ca2  '];. The effcct 
of hyposmotic conditions on [Ca2 1 was accordingly 
stuclied in cerebral cortical neurons as well as in cere-
henar granule cells utilizing the fluorescent Ca2 4  che-
lator Fluo-3 (3,18). ln arder to obtain information l'hola 
possiblc mechanisins by which changes in cell volume 
may affect [Ca24 ]t, the effccts of blockers of calcium 
channels such as verapamil, 1,a3÷ and Mg2  (19-21) as 
well as dantrolene which prevcnts release of calcium 
from interna! stores (5,6,22,23) were investigated. 

EXPERIMENTAL PROCEDURE 

Alaterials, Pregnant linee (15 gestational day) wcrc obtained from 
thc animal quarters al the Panum Institute, University of Copenitagen 
(Denmark). Plastic tissue culture dishes were purchased from NUNC 
A/S (Detunark) and foctal calf serum from Sera-Lab Ltd. (Sussex, 
UK). Cytosine arabinoside, trypsin, soybean Irypsin inhibitor, DNAsc, 
¿unirlo acids, dantrolene and vitamins viere obtaincd from Sigma 
Chemical Company (St. Louis, Mo.). the acetoxymethyl ester of Fluo-
3 (Fluo-3/AM) and Pluronic F-127 were purchased from Molecular 
Probes Inc. (Eugene, Or.). All other chemicais were of the highest 
purity availablc from regular comniercial sources. 

Cell Culture. Cerebral cortical neurons and cerebellar granule 
Mis viere cultured cssentially as described prcviously (24-26). The 
cells were seeded at a density of 3 x 104  cells/ml in NUNCLON 96-
well microtiter places (100 µI per well). Astrocytic proliferation was 
curtailed by the addition of 20 o.M of the mitotie inhibitor cytosine 
arabinoside aftcr 48 h of culture and onwards (25,26). The ncurons 
were routinely cultured for 7-9 days before experiments were per-
formed. For n'alter detalis regarding the charactcristics of tírese 

see Schousboe et al. (27). 
Measureniews of (Ca 2+I i. Fluo-3/AM loacling and fluorescence 

measurements wcrc perfomied according to the procedure of Wahl el al. 
(3) and Francisco and Schousboc (5,6). In order tu allow calculations of 
intracellular Ca2+ concentrations ([Ca2 +11 ), cells viere incubated with the 
ionophore A-23187 (10 µM) in HEPES-buffered salive (135 mM NaCi, 
5 mM KCI, 0.62 mM MgSO4, 1.8 mM CaCl2, 10 mM HEPES, and 6 
mM glucose, pi-1 7.4) allowing sufficicnt influx of Ca2 + to attain the 
saturation leve! of binding with thc intracellularly trapped Fluo-3 ligad 
(Fr,„,x). Subsequently, the fluoreseence was quenched with 2 mM CliC12  
dissolvcd in 0.9% (w/v) NaCI plus 10 I.LM A-23187 tu obtain the mini-
mum fluorescence signa( (Fm1„). Fluorescence was blankcd against un-
loacled cells. The observed relative fluorescence values for the cells were 
used in the following equation (o calculate the free cytosolic Cae* con- 
centration: [Ca2li 	K0 (F 	F„d„)/(Finax — F), where the KD is 450 
nM and F the observed fluoreseence, which mercases upan binding of 
Ca2+ without shifts in excitation or emission wavelengths (18). The neu-
rons were exposed tu hyposmotic conditions by redueing the NaCI con-
=nailon in the HEPES buffered saline, i.e. a reduction lo 60 mM 
corresponds to 50% osmolarity. In 50111C cases CaC12  was exchanged with 
MgCl2  or Lag, as indicated. 

RESULTS 

Hyposinohuity huluced Increase irl [Ca7-11i. Expo-
sure to a hyposmotic medium (50% reduction in osmolar- 

ity) led to a rapid increase in Fluo-3 fluorescence 
corresponding to an increase in [Ca24 ]i  in both cerebellar 
granule cells and cerebral cortical ncurons (Figure 1 A,13). 
The actual leve( of fluorescence was higher in cortical neu-
rons than in cerebellar granule cells but the time colase of 
the Mercase in [Ca2-1 ];  was similar in the two types of 
ncurons (Figure 1 A,B). After the Midal increase in [Ca2-11  
the highest value of which was seca at the earliest mea-
sured time point, i.e. after 40 s of exposure to the hypos-
motic meditn, the fluorescence decreased during the 
following 320 s approaching a levet only sornewhat higher 
than that corresponding to the levet in neurons kept under 
isosntotic conditions which was similar to that at the be- 

Figure 1. Time course of the increase in [Ca2 +1i  expressed in arbitrary 
fluorescence units (A.U.) following exposure of cerebellar granulle 
cells (A) or cerebral cortical ncurons (13) lo a medium with a 50% 
reduction in osmolarity achieved by reducing the concentration of NaCI 
from 135 mM tu 60 mM. Neuronal cultures wcrc prepared as detailed 
in Experimental Procedures and grown for 7-9 days before experiments 
were performed. Prior tu the experiment cells were loaded with the 
fluoreseent Ca2 + chelator Fluo-3 by ineubation of the cultures with the 
AM-ester of Fluo-3 as detailed in Experimental Procedures. After load-
ing, cultures viere washed tu remove excess Fluo-3-AM ester and 
fluorescence was read in a Fluoscan fluorometer lo obtain the basa! 
fluorescence leve!. Subscqucntly the media were changed to hypos-
motic media and fluorescence read as indicated. Al the end of the 
experiinent values for F,,,1„ and F„,„„ fluorescence were determined as 
described in Experimental Procedures. I3ased un (hese values the basa! 
fluorescence in granule cells was calculated tu correspond to a [Ca211  
of 146 nM and that in cortica! ncurons to 107 nM. Results are averages 
of 8 experiments (except for the basal values where n 	368 (granule 
cells) and 279 (cortica! ncurons)) and SEM values are shown by ver-
tical bars if thcy cxtend bcyond thc symbols. All fluorescence values 
rneasured aftcr exposure of the neurons lo hyposmotic media were 
statistically different from the basa! level of fluorescence (P < 0.001; 
Student's t test). 
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ginning of the experiment. Since the highest Mercase in 
fluorescence was obseived after 40 s exposure to hypos-
motic conditions, all subsequent experiments were con-
ducted using this exposure period. Figure 2 A,B. shows 
that in both types of neurons the Mercase in [Ca21;  ob-
seived after cxposing the cells for 40 s to hyposmotic me-
dia Mercase(' with decreasing osmolarity. It is seca that a 
20% reduction in osmolarity led to a significant Mercase 
in [Ca21;  in the granule cells but the corresponding in-
crease obseived in the cortical neurons did not reach the 
statistically significant leve' (Figure 213). However, at 70% 
osmolarity the Mercase in [Caza'];  was highly significant 
in both types of neurons. A reduction in the osmolarity of 
only 10% did not change the fluorescence signal signifi-
cantly in any of the neurons (results not shown). For the 
sake of comparison Mercases in fluorescence for the two 
types of neurons after exposure to 50 mM 1(-4.  are also 
shown in Figure 2 A,B. It is seen that in case of the 

Figure 2. Levels of [Ca'll expressed in A.U. (cf. Fig. 1) in cerebellar 
granule cells (A) or cerebral cortical ncurons (13) aftcr 40 s exposure 
to media with different reduction in osmolarity achieved by removal 
of NaCI (cf. Experimental Procedures) or to media in which the KC1 
concentration was incrcased to 50 mM with a corresponding reduction 
in thc NaCI concentration to maintain isosmolarity. Preparation of cell 
cultures, loading of cells with Fluo-3 and fluorescence measuremcnts 
were perfortned as described in Fig. 1 and Experimental Procedures. 
Based un measurements of F„,,,, and F,„„„ the values of fluorescence 
observed aftcr exposure of the neurons to 50 mM K* could be con-
verted - into values for (Ca=-1 11  and they were 544 nM and 556 nM for 
respectively cerebellar granule cells and cortical neurons. Resulis are 
averages of 8.12 experitnents and SEM values are shown by vertical 
bars. In case of the banal levels of fluorescence the numbers of ex-
periments were 368 and 279 for granule cells and cortical neurons, 
respectively. Statistically significant differences from basa! levels 
(isosmutie media with 5 mM KCl) are indicated by astcrisks 	P < 
0.001, Student's t-test). 

cerebellar granule cells (Figure 2A) the response to 50 1(4.  
was much larger than that seca 	exposure to a me- 
dium with a 50% reduction in osmolarity whereas for the 
cerebral cortical ncurons the fluorescence signal under diese 
two conditions was almost the same (Figure 2B). It can 
also be seca that exposure to 50 mM 	Mercase(' thc 
intracellular 012 + concentration to the same extcnt in the 
two types of neurons. Since reductions in osmolarity as 
well as elevation of the external concentration of 1(4-  in-
volved reductions in the external concentration of NaCI it 
was studied if removal of NaCI per se affected the intra-
cellular Ca24-  concentration . This was found not to be the 
case since the fluorescence observed after exposure to an 
isosmotic medium with 60 mM NaCI (0.638 ± 0.031, 
= 8) was similar to that observed in cells exposcd to 
isosniotie media with the normal NaCI concentration (cf. 
Table I). 

Effects of Dantrolcne and Ca2+-C11annel Blockerv. 
The effect on the hyposmolarity induce(' mercase in [Ca21 
in the two types of neurons of different compounds or 
conditions known to affect Ca2+ homeostasis was studied. 
Table I shows that a decrease in the extracellular calcium 
concentration from 1.0 to 0.1 mM only marginally reduced 
the Mercase in fluorescence obseived during exposure of 
thc granule cells to hyposmotic conditions (50% osmolar-
ity) whereas in the cortical neurons the corresponding ef-
fect was significant. Exposure of the neurons to media 
nominally free of Ca2i-  reduced the hyposmolarity induced 
Mercase in Fluo-3 fluorescence by 40-70% and if EGTA 
(200 p,M) was added to these media no Mercase in fluo-
rescence was obseived after exposure of the neurons to 
media with a 50% reduction in osmolarity. An Mercase in 
extracellular Ca24  from 1.0 to 2.5 mM had no effect on 
the ability of hyposmolar media to Mercase [Ca21. In 
agreement with this Ca2+ dependency of the hyposmolarity 
induced mercase in [Ca24-];  it was found that Mg24.  (2.5 
111M) in the absence of Ca2+ could block the hyposmolarity 
induced Mercase in [Ca2+];  in both types of neurons (Table 
II). In agreement with this, La31-  inhibited the response in 
cortical neurons whereas in the granule cells La34-  liad no 
effect (Table II). Verapamil liad no significant effect on 
the mercase in fluorescence observed after exposure of the 
cells to media with a 50% reduction in the osmolarity and 
also dantrolene was founcl not to have any effect (Table 
II). 

DISCUSSION 

In agreement with previous studies of the ability of 
elevated 	concentration to elevate intracellular Ca24- 
in cortica' neurons and cerebellar granule cells (3,5) it 
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rabie 1. Effeet of External Ca2+ on the Ilyposmolarity Induced mercase in [Ca2+]a  in 
Cerebellar Granule Cells and Cerebral Cortica! Neurons 

Exp. Condition 
Ext. Ca2+ (mM) 
	

[Ca2 +]1  (A. U,) 

Isosm. l lyposm. Granule cells Cortica! neurons 

1.0 0.549 ± 0.004 (368) 0.583 0.007 (279) 
2.5 0.763 -± 0.038 (8) 1.355 ± 0.038 (8) 
1.0 0.748 ± 0.029 (8) 1.253 ± 0.040 (8) 
0,1 0.686 ± 0.029 (8) 1.037 0.042* (8) 
0 0.610 0.010** (8) 0.971 ± 0.017** (8) 

+ EGTA (200p.M) 0.515 ± 0.015** (8) 0.612 ± 0.021** (24) 
	1~11.1111.K 	  

Ccrebellar granule cells and cerebral cortical neurons were cultured and loacled with Fino-3 as 
specified in Experimental Procedures. Subscquently, the fluorescence was determined and the 
measurements repeated after 40 s exposure lo hyposmotic media (50% osmolarity) containing 
difieren( concentrations of Ca2 +. Control experiments in isosmotic media showcd that the changes 
in external Ca2 f did not per se affeet the fluorescence. Milites for [Ca'll are cxpressed in arbitrary 
fluorescenee units (A,U.). For conversion of these values into nM concentrations for the two cell 
types incubated in isosmotic media with 1.0 tuM Ca2+, see the legend to Fig. 1, Values are 
averages ± SEM of the number of experiments shows in parenthcses. Asterisks indicate statis-
tically significant differenees from the fluorescence values in the two types of neurons observed 
after exposure to a hyposmotic mcdium containing 1.0 mM 042* (*P < 0.01; **P < 0.001; 
Student's meg). 

Table 11. Effccts of Organie and lnorganic Ca2.1  Channel Blockers and Dantrolene 
on the llyposmolarity Induced mercase in [Ca2l1  in Cerebellar Granule Cclls and 

Cerebral Cortical Neurons 
tOMMEZ111~~11•1111«.111111•11111.11501.11,1~ 

Exp, Condition [Ca24 ]1  (A. U.) 

Granule cells Cortical neurons 

Isosmotic media 0.549 ± 0.004 (368) 0.583 ± 0.007 (279) 
Ilyposinotic media 0.748 :4_: 0.029 (8) 1.253 14.- 0.040 (8) 
1-lyp. 	Dantrolene (30p,M) 0.735 ± 0.009 (8) 1.099 ± 0.089 (8) 
1-lyp. Vcrapamil (301.1.M) 0.712 ± 0,015 (8) 1.138 ± 0.03'1 (8) 

+ 1.a3+ (10011M) 0.713 t. 0.027 (8) 1.060 ± 0.029* (8) 
+ Mg2.4-  (2.5 mM) 0.538 ± 0,015** (8) 0.711 ± 0.001** (88) 

1111111 	  

Cerebellar granule eells and cerebral cortical neurons wcre culturand loaded with 
Fluo-3 as specified in Experimental Procedures. Subsequently, the fluorescence was 
determined and the measurements repeated arte:-  40 s exposure to hyposmotie media 
(50% osmolarity) without additions or containing dantrolcnc, verapamil, La3+ or Mg2+ 
as indicatcd. The Mg2 ÷ containing medium was Ca2+ free. Values for [Ca'l]1  are 
expressed in arbitrary fluorescence units (A.U.). For conversion of these values into 
nM concentrations for the two cell types incubated in isosmotic inedia, sce the legend 
lo Fig. 1, Values are averages ± SEM of the number of experiments shows in paren-
tlteses. Asterisks indicate statistically significant differenees from the fluorescente ob-
served in the two typcs of neurons after exposure tu the hyposmotic medium without 
additions (1)  < 0.01; **V < 0.001; Student's t-test). 

was founci in the present study that 50 mM I( elicited 
a pronounced increase in Fluo-3 fluorescence corre-
sponding to a large increase in [Ca2+];  in both types of 
neurons. In the cerebral cortica! neurons the fluorescence 
signa( seen after exposure to a hyposmotic mediuni was 
of the same magnitude as that seen after exposure to 50 
mM K+ whereas in the granule cells the hyposmolarity 
induced increase in [Ca2 +1;  was much smaller than that  

mediated by 50 mM K+. The finding that both types of 
neurons responded to the same extent to K+ shows that 
the difference regarding the response to hyposmolar con-
ditions cannot be explained on the basis that the neurons 
differ with regard to the ability to buffer similar Ca2+-
overloads. The difference in the magnitude of the re-
sponse to hyposmolarity is difficult to explain at present 
since the basic properties of the swelling associated in- 
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crease in [Ca21 ];  appeared to be the same in the two 
types of neurons. The time courses of the increase in 
[Ca2 1, were identical in the two types of neurons. The 
very rapid Mercase in [Ca2 +];  followed by a gradual 
clecrease following exposure to hyposmotic conditions 
may suggest either that the cells have the ability to buffer 
long lasting changes in interna! [Ca2 ' or that exposure 
to the hyposmotic conclition leads only to a transient 
Mercase in [Ca2 +];. The explanation based on the ability 
to buffer interna' Ca2 + can probably be discarded on the 
basis that these neurons are known to be essentially un-
able to buffer a Ca2 + overload induced by glutamate 
(2,3). The transient Mercase in [Ca2 +];  induced by con-
tinuous exposure of these neurons to 50 mM K is pre-
sumably duo to the involvement of voltage gated Ca2 +-
channels which rapidly inactivate (2,21). This might in-
diente that Ca2 + channels could also be involved in the 
swelling induce(' Mercase in [Ca2 +],. However, the find-
ing that verapamil which is a blocker of such channels 
(20) and inhibits the K4' stimulated Mercase in [Ca2 +];  
in these neurons (2) liad no effect on the hyposmolarity 
induced Mercase in [Ca2+];  strongly argues against the 
involvement of similar channels in this process. The 
findings that the hyposmolarity induced increase in [Ca2 +b 

 depenclent on externa! Ca2 + and could be completely 
inhibited by the Ca2 + channel blocker Mg2-F (cf. (19)) 
may, however, indicate that some type of Ca2 + channels 
may be involved. The exact nature of such channels 
remains, however, to be elucidatecl. This uncertainty re-
garding thc nature of the Ca2+ channel is underlined by 
the surprising observation that the othcr inorganic Ca24-
channel blocker La3+ (cf. (19)) liad no effect in the gran-
ule cells and only marginally inhibited the hyposmolarity 
induced Mercase in [Ca2+], in the cortica' neurons. An-
other mechanism responsible for the incluse in [Ca2 +];  
could conceivably involve release of Ca2+ from interna! 
stores. It has reccntly been shown that mercases in [Ca2.1- ]1  
in these neurons clicited by excitatory amino acids, which 
are known to affect intracellular Ca2 + stores (cf. (7)), 
can be prevented by dantrolene (2,5,6). Dantrolene is 
known to decrease mobilization of intracellular calcium 
stores in severa! ecll types (22,23) but the exact nature 
of the Ca2+ store affected by this drug in neurons is not 
known. The finding in the present study that dantrolene 
liad no effect on the hyposmolarity-induced increase in 
[Ca2 +];, however, strongly indicates that the increase in 
[Ca2 +];  is not related to release of Ca2 '.  from interna! 
stores. 

It has been previously shown that swelling induced 
by hyposmotic conclitions or elevated concentrations of 
potassium in astrocytes and neurons leads to a large M-
ercase in etflux of taurine and certain other amino acids  

such as glycine and glutamate (11-15,17,28). This taur-
ine release is in most prcparations independent of exter-
nal Ca'-' (cf. (15,17)). Since the Mercase in [Ca2 +], was 
found to be depenclent upon externa! Cali-  it is presently 
difficult to rcach any conclusion as to whether thc swell-
ing induce(' mercases in [Ca2 +];  might be functionally 
related to the swelling induced release of taurine ob-
served in these neurons (11,17). It should, however, be 
pointed out that the swelling incluced cfflux of glutamate 
and DABA could possibly represent neurotransinitter re-
lease from vesicular pools in respectively the cerebellar 
granule cells and the cortica! neurons (29) as a result of 
the Mercase in [Ca2-1 ];. Further experimentation is needed 
in order to obtain a better understanding of the possible 
functional significance of the swelling associated in-
crease in intracellular calcium in neurons. 
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Hyposmolarity-Induced Taurine Release in 
Cerebellar Granule Cells Is Associated With 
Diffusion and Not With High-Affinity Transport 
A. Schousboe, R. Sánchez Olea„1„ Morán, and II. Pasantes-Morales 
Nettrobiology (JIM, Department oí Biological Seienees, PbarmaRiotee Researeit Center, Royal 1)anisli School 
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The effects of hyposmotie conditions on lamine up-
take and release were studied in mico eultured cere-
bellar granule cells. The effect of DIDS (4,4'-
diisothlocyanatostilbene-2,2'-disulfonate) and of the 
divalent cations Mg+  4.  and Mn 4. 4.  on the hyposmo-
larity-induced changos in these parameters was inves-
tigated. Mg + + (20 mM) and Mn + (5 mM) inhibited 
by 25% and 41%, respectively, the release of taurine 
observed in 30% hyposinolar inedia. DIDS (100 µM) 
inhibited (bis release by 46%. Taurine efflux evoked 
by 50% hyposmolar solutions was redueed about 
40% by Mg+ 4.  and 55% by Mn 	Taurine uptake 
hito the granule cells couild be resolved hito a high-
affinity carrier-mediated component plus a nonsat-
urable diffusion component. 'l'he kinetic constants 
(Km  and V„„,,) for the high-affinity uptake were un-
affected by a 50% decrease in the osmolarity. The 
diffusion constant for the nonsaturable taurine up-
take was increased from 1.5 x 10-4  in isosmotie me-
dia tu 4.6 x 10-4  ml x min-i  X mg-  in hyposmotic 
(50%) inedia. This increase in the diffusional compo-
nent of taurine uptake clicited by the Ityposmotic con-
dition was inhibited approximately 25% by either 100 

DIDS or 5 mM 	+. '¡hese results strungly 
suggest that the mercase in taurine release induced by 
swelling under hyposmotic conditions is mediated by 
a diffusional process and not by a reversa! of the 
high-affinity taurine carrier. 

Key words: taurine, swelling, uptake, volunie, neu-
rons, DIDS 

INTRODUCTION 

Severa] lines of experimental evidencc llave sug-
gested that taurine may play a role as an osmotically 
active substance in the brain (Thurston ct al., 1980; Van 
Gelder, 1983, 1989; Walz and Allen, 1987; Pasantes-
Morales and Schousboe, 1988, 1989; Solis et al., 1988; 
Nieminen et al., 1988; Wade et al., 1988; Trachtman et  

al., 1988; Law, 1989; Pasantes-Morales et al., 1990a,b; 
Schousboe et al., 1990; Martin et al., 1990; Kimelbcrg et 
al., 1990). Conditions leading to swelling of neurons and 
astroeytes elieit a prominent release of taurine that, under 
extreme conditions, may account for a loss of up to 80% 
of the cellular taurine pool (Pasantes-Morales and 
Schousboe 1988, 1989; Schousboe et al., 1990). Re-
lease of other ¡ublo acids also oceurs but to a much 
lesser extent iban that of taurine (Pasantes-Morales and 
Schousboe, 1988; Schousboe et al., 1990, Kimelberg et 
al., 1990) suggesting that the taurine pool is more ac-
cessible to this release process. 

Previous observations (Pasantes-Morales et al., 
(1990b) on the sodium and temperature independeoce of 
thc swelling-evoked release of taurine suggest that the 
high-affinity lamine carrier may not be directly involved 
in the release process and that it can be alternatively 
accounted for by diffusional ¡luxes that are also present 
in (bese cells (Schousboe et al. , 1976; Larsson et al., 
1986; Holopainen et al., 1987). in order to obtain more 
direct information concerning the respective roles of the 
taurine carrier and the diffusion processes in the swell-
ing-associated taurine efflux, the uptake of taurine was 
examined now in cerebellar granule cells under isosmotic 
and hyposmutic conditions. Since it has been shown that 
DIDS (4,4'-diisothiocyanatostilbene-2,2'-disulfonate) is 
an inhibitor of swelling induced taurine release (Pas-
antes-Morales and Sehousboe, 1989; Pasantes-Morales 
et al., 1990b; Schousboe et al., 1990; Kimelberg et al., 
1990) thc effect of Chis compound on taurine uptake and 
release under iso- and hyposmotic conditions was also 
studied. In addition, the effeets of Mn -1-  and Mg' 4-
were studied, sincc these divalent cations appear tu have 
some inhibitory effects on taurine release in neurons and 
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astrocytes presinuably associated with swelling (Philibert 
et al. , 1988 Schousboe and Pasantes-Morales, 1989). 

MATEIZIALS AND METHODS 
Nlaterials 

Seven-day-oldmice were obtained from the animal 
quarters at the Kollin] Institute or the National University' 
oí Mexico. Plastic tissue cubre multiwell piales were 
purchased from NUNC A/S (1)enniark) or Costar (Mcx-
ico) and fetal cal' seruni was from Seralab Ltd. (Sussex, 
UK) or from Microlab (México). Polylysine (mol. wi. > 
300,000), trypsin, trypsin inhibitor, DNase, and autillo 
acids were obtained from Sigma Chemical Comp. (St. 
Louis, MO.), insulin from NOVO-Nordisk (1)eninark), 
and penicillin from Leo (Denmark). 13111Taurine (spe-
cinc radioactivity 21 Ci/nimol) was purchased from du-
Pont—New England Nuclear (Boston). All other chemi-
cals were of the pues] grade available from regular 
commercial SOUFCCS. 

Cell Cultures 

Granule neurons were cultured from cerebellae of 
7-day-old mico in 24-well multitest dishes essentially as 
deseribed by Schousboe et al. (1989) and Drejer and 
Schousboe (1989). Cultures grown under diese condi-
tions are devoid of other types oí neurons iban the gran-
ule cells characterized by an intense stimulus-coupled 
glutamate release (Drejer and Schousboe, 1989; Schous-
boe and Pasantes-Morales, 1989) and by ultrastructural 
features of cerebellar granule neurons (Hansen et 
1984; Schousboe et al., 1989). Cells were routinely cul-
tured for 7-10 clays, at which time they have properties 
similar to thosc of tinture granule neurons (Schousboe 
and Hertz, 1987). 

Uptake of Taurine 

Kineties of taurine uptake were studied essentially 
as describe(' by Schousboe et al. (1976) and Larsson et 
al. (1986). Cells in the 24-well znultitest dishes were 
incubated in isotonic or hypotonic (50% osmolarity) me-
dia containing 100 inM sucrose, 55 mM NaCI, 5 niM 
KCI, 0.5 MgC12, 1.0 mM CaCI„, 6.0 niM glucose, 10 
mM Tris—HCI, 	7.0 (isotonic), or the sanee campo- 
sition without sucrose (hypotonic). Wherc indicated the 
media contained either DIDS (100 KM) or MnS0,$  (5 
mm). In addition, the media contained taurine at differ-
ent concentrations in the rango 5-1,000 jiM (8-10 
different concentrations). After 5-mi1] preincubation 
(37°C) tu pernil swelling (hypotonic conditions) the me-
dia were exchangcd with corresponding media contain-
ing in addition 131-ljtaurine (2-4 liCi/m1), and the incu-
bation was continued for 1-2 min. Uptake was 
terminated by rapid wash of the cultures in phosphate- 

buffered saliste (1'13S) (Larsson el al., .1986) and radio-
activity and protein (Lowry el al., 1951) in the cultures 
were subsequently determine(' after solubilization in 1.0 
M KOH (Schousboe et al., 1976). In all experiments, 
radioactivity present in cultures briefly exponed (1-2 
scc) lo 131-1 taurine al 0°C was subtraeted from the ex-
perimental values obtained at 37°C. The carrier mediated 
and diffusion relate(' parts oí the taurine uptake were 
determine(' as describe(' prcviously (Schousboe et al., 
1976; Larsson et al., 1986). 

Effects oí DIDS (100 ILM) or Mil' 1-  (5 inM) on 
the diffusion-relate(' taurine uptake were determine(' in 
separate experinients performed in a similar manner at 
500 and 1,000 	taurine from which the diffusion 
component of the uptake could be calculated. It was 
verified in another set of experiments that diese com-
pounds liad no effect on the high-affinity carrier-medi-
ated taurine uptake. 

Taurine Release 

For release experiments, cells were incubated with 
( 311111u:rine (5 p M, 0.5 liCi/m1) for 30 min. After incu-
bation, the culture medium was replaced with Krebs—
Hepes medium containing (in mM) NaCI 130, KG 5, 
CaCk 1.0, MgCI, 0.5, Hepes 10, glucose 5, p1-1 7.4. 
Alter titree successive rapid washes, cells were further 
washed for 10 niin with the isosmotic mediuni or with 
media of different osmolarities brought about by reduc-
tions in the concentration of NaCI. For experiments on 
the effcct of DIDS, the drug was added at the end of the 
loading period for 15 min and was present during all 
incubado]] periods, including the washing period. At the 
end of the experiments radioactivity in inedia and that 
remaining in the cells was measured by scintillation 
spectrometry. Results are expressed as fractional release, 
i.e. the radioactivity present in the medium at each in-
cubation period as pereent of total radioactivity initially 
present in the cells at the start of the incubation periods, 
i.e., after the washing period. The statistical significance 
of the effect of inhibitors was determine(' by one-way 
analysis of variance (ANOVA) followed by a Fisher's 
test where statistical significance was set at P < 0.005. 

RESULTS 

The effects of DIDS, Mg' 	and Mn 	on the 
hyposmolarity-evoked release of 13H¡-taurine are shows 
in Figure 1. It is seen that the release evoked by a 30% 
dccrease in osinolarity was inhibited by 36% in the pres-
ence of 100 f.tM DIDS. A similar reduction was seen in 
the presence of Mn 	, whereas Mg' 1  inhibited to a 
lessei- extent. The two divalent cations inhibited taurine 
release induced by 50% hyposmolar solutions by about 
40%. Whereas DIDS did nos affect the release under 
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Fig. 1. Effects of DIDS (100 µAl) and the divalent cations 
(20 mM) and Mn 	(5 mM) on taurine release from 

cerebellar granule cells evoked by a 30 or 50% reduction in 
osmolarity. Cells were preloaded with 1 311 itatirine (5 pLM, 0.5 
fiCi/m1) for 30 min; release of 131-litaurine was subsequently 
deterinined during 10-min periods in isotonic or hypotonic me-
dia containing DIDS or the divalent cations, 'l'anille release is 
expressed as fractional release during 10 min, i.e., as the per-
centage of the aceumulated radioactivity relcased during this 
period. For l'Imiter details, see Materials and Methods. Results 
are averages ±SEM of 3-8 experiments. 1)ata were analyzed 
by 1-way analysis of variance (ANOVA) followed by Fisher's 
test. Asterisks indicate significant differences from the corre- 
sponding controls 	P <0.005; 	P <0.001). 

isosznotic conditions, this release was somewhat en-
hanced by the divalent cations (results not shown). 

The kinetics of 131-11taurine uptake into granule 
neurons in isotonic and hypotonic (50% osmolarity) me-
dia are shown in Figure 2. It is seen that exposure to 
hypotonic conditions leading lo cell swelling resulted in 
an Mercase in the uptake of taurine accounted for by 
diffusion, whereas thc saturable component of the uptake 
was unaffected by the osmolarity of the incubador] me-
dia. This is further illustrated (rabie I) by the K,„, 
and the diffusion constants (K,fflT) derived from the 
graphs in Figure 2. The effects of DIDS and Mn 	on 
the diffusional component of 131-litaurine uptake are 
shown in Table II. It is seen that both DIDS and Mn 
inhibited the diffusion-rclated component of taurine up-
take. On the other hand, [hese compounds were round to 
have no effect on the saturable component of the uptake 
(results not shown). 

DISCUSSION 

Under isosmotic conditions, taurine uptake into 
granule neurons could be accounted for by a saturable 
component plus a diffusion-related nonsaturable compo-
nent as previously clescribed for taurine uptake into dif-
ferent preparations of cultured astrocytes and neurons 

Taurino (µM) 

Fig. 2. Tatirine uptake into cerebellar granule cells incubated 
111 isosinotic or hyposinotic (50%) media. Cells were incubated 
for 5 ruin in the experimental solutions containing diltcrent 
concentrations of taurine and subsequently for 1-2 min in anal-
ogous solutions containing13111taurine (2-4 µCi/m1). For fui.-
ther details, see Materials and Methods. elle curves were fitted 
to the experimental points as describe(' by Schousboe et al. 
(1976) and Larsson et al. (1986). Results are averages of 6-16 
experiments with SEM less Iban 10%. 

(Schousboe et al., 1976; Larsson et al., 1986; Floto-
!minen et al., 1987; Abraham and Schousboc, 1989). 
The values for Km, Vmax, and Kdii] were also comparable 
to previously published values (cf. aboye). To evaluate 
thc effect of hyposmolarity un taurine uptake, an exper-
imental design was use(' in this work, by which the trans-
membrane (luxes of taurine in hyposmotic conditions 
were equilibrated by preincubation with unlabeled tau-
rine during the initial period of ccli swelling and thc 
concomitant massive release of intracellular taurine. By 
the end of this period, while the intracellular volume is 
still high and the cell membrane remains distended, cells 
were exponed for a short time to 131-11taurine for tracing 
changes in taurine uptake caused by swclling. It is nev-
ertheless possible that thc effects of hyposmolarity un 
taurine uptake are indeed stronger than those observed 
under [hese conditions. 

The fialing that the kinetic characteristics (K,„ and 
V„,„,) of the saturable component of the uptake were 
unaffected by exposure of the cells tu hyposmotic con-
ditions leading (o pronounced swelling (Pasantes-Mo-
rales ancl Schousboc, 1988; Schousboe et al., 1990) 
strongly suggests that the swelling induced release of 
tambre is not mediated by a reversal of the high-affinity 
carrier. This conclusion is consisten[ with the observa-
dor] in astrocytes that swclling induced release of taurine 
is independent of the presence of Na' in the incubador] 
media, whereas the taurine carrier is Na dependent 
(Schousboe, 1982). Morcover, the previous findings that 
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'l'ARIA+, I. Kinetie ('onslants for 'ntrirle Uptal:e int() Cultured Cerehellar Granule 
Cells Under Isosmotie and llyposnrotie Conditions* 

1<inetre constaras 

Experimental 
conditions 

 

(p.M) 	(nulo' x ruin I  x mg 1 ) (ml x min I  X nig l ) 

Isosinonc media 	 I II 	 0.h4 	 1,5 x 10 
Hyposmotie media (50%) 	87 	 0,59 	 4.6 x 10 

*Values were caleulated from the graphs presente(' in Figure asing the procedures describe(' 
by Schoushoe et al. (1976) and Larsson et al. (198(P). 

l'ARIA?, II. Effeets 	1)11)8 (100 µAl) and 111n 1.  (5 niM) on 
the' Inerease in Diffusional Ta mine Uptake in Cultured 
Cerehellar Granule Cells Evahed by ilyposmolle Conditions.1  

f)iffusional 
tatuare uptake 

Experimental conditions 
	 (';1 of control) 

Isosmotie meditan (control) 
	

100 ± ( 
1-lyposmotic meditan (50(;10 

	
307 ± 25 

Ilyposruotie meditan -1- 1)11)S (100 1.1M) 
	

234 ± 19* 
I-lyposmotie meditan 4- Mn'.  (5 ruM) 

	
224 ± 18* 

1 C:triture(' eciebellar granillo cells were inenbated under the differcia 
experimental eonditions at 500 pM and 1,000 1,,EM taurine as detailed 
under Materials and Methods. The diffusion constaras were ealeulated 
as deseribed in the legend tu 'rabie I and residís are expressed as 
pereentage oí these values. IZesults are averages ±SEM ()I' 8 experi-
ments. 
*Statistieally significara differenees from the vaitte obtained under 
hyposmotic conditions (P <0.05), 

the release of taurine is insensitive to ouabain and re-
duced temperature (Pasantes-Morales et al., 19901)), 
both of whieh inhibit the taurine carrier (Schousboe et 
al., 1976; Sieghart and Karobath, 1976) is also compat-
ible with the notion that the release is independent of the 
carden 

In contrast (o the lack of effect of swelling on the 
saturable taurine uptake it was observed that the nonsat-
urable component of taurine uptake was greatly in-
creased by the hyposmolarity-induced swelling. This 
may suggest that a diffusion-related process is involved 
in the swelling induced taurine release from the cells. 
The finding that the swelling induce(' Mercase in the 
nonsaturable component of taurine uptake could be in- 
hibited by D1DS or 	, both of which WCrC found to 
inhibí. the swelling induced taurine release also supports 
the conclusion that taurine release observed alter swell-
ing in cerebellar granule cells niay be mediated by a 
diffusion-related process. The swelling associated re-
lease of taurine observe(' in severa' nervous tissue prep-
arations might also occur through a similar diffusion-
related mechanism, since in all cases the release of 
taurino has been found to be inhibited by D1DS (Pas-
antes-Morales et al., 1988, 1990b; Domínguez et al., 
1989; Pasantes-Morales and Schousboe; 1989; Schous-
boe et al., 1990; Kimelberg et al., 1990). The mecha- 

alisan oí the inhibitory effect of DOS is not clearly un-
derstood. It might be independent oí an action on an 
anionic site, since other blockers of anion conductances 
have no effect on taurine release (Pasantes-Morales et 
al., 1990b). No information is at available regarding the 
inechanism of the inhibitory effect of Mn 	on taurine 
fines under hyposmotic conditions. The fact that.  release 
of' small molecules during swelling is not strictly limited 
lo taurine but also includes other amino acids (Pasantes-
Morales and Schousboe, 1988; Schousboe et al., 1990; 
Kimelberg et al., 1990) may also be in line with a mech-
anism involving a diffusion-related process. lt should be 
stressed, however, that taurine release is increased by 
swelling to a niuch larga extent than the release of' other 
amino acids. This would suggest that the release process 
exhibits a cerlain degree of specificity that could be as-
sociated with facilitated diffusion. Alternatively, the tau-
rine pool may be more accessible to diffusion. 

A preferential release of taurine in response to 
chatiges in cell volume relative to other amino acids niay 
be advantageous for the cell in the light of the tal that 
taurine in contrast lo other alpino acids is metabolically 
inert. The involvement oí taurine itl cell volume regula-
tion may be of general occurrence in nervous tissue as 
taurine release associated lo cell swelling has been ob-
served in a largo variety of nervous tissue preparations in 
vitro as well as in vivo (cf. Introduction). Moreover, cell 
volume regulation so far observe(' only in astroeytes, 
may also occur in neurons as suggested by a recent report 
by Babila et al. (1990) showing volume regulation in 
isolated 'terve cndings, with properties similar to those 
found in astrocytes. There is a possibility that the wide-
spread occurrence of taurine in many different popula-
tions of nervous tissue cells is related tu its function in 
cell volume regulation. 
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In order to obtain information about the mechanism responsible for swelling associated taurine release in astrocytes, the kinetics of lamine uptake 
in cultured astrocytes from mouse cerebral cortex was studied under isosmotic and hyposmotic (50w) osmolarity) conditions. It was found that the 
Vm„ for the high affinity coinponent of 	uptake was unaffected by exposure of the astrocytes to hyposmotic conditions and that the Kni  value 
was somewhat increased. Contrary lo 11„„, the non-saturable component of the uptake was grcatly increased (2.5-fold) after exposure oí the cells 
to hyposmotic media leading to cell swelling. In addition te the kinetic characterization of lancine uptake the actual intracellular taurine content 

after incubation (15 mili) in isosmotic or hyposmotic media with dillerent taurine concentrations (0-100 inM) under Na'-free conditions was deter-
mined. At lancine concentrations < 30 mlvI corresponding to the intracellular content in cells not exposed to taurine, exposure te hyposinotic media 
led to a decrease in the intracellular lancine content. Al higher externa! taurine concentrations (> 30 mM) the intracellular lancine contents were 
dramatically increased after exposure to hyposmotic conditions, The Mercase in intracellular taurine seca under hyposmotic conditions al 100 inlvl 
externa! taurine could be signilicantly reduced by 100 	DIDS (4,4'-diisothiocyanatostilbene-21 2'-disutfonate). Altogether diese results suggcst that 
a difrusional process rather Iban the high affinity lancine carrier is involved in the swelling induced Mercase in astrocytic taurine inílux and efilux. 

It is known that astrocytes possess a volume regula-
tory mechanism which allows the cells to re-establish the 
original volume during exposure to conditions leading to 
cell swelling [4]. It has recently been shown that taurine 
release is greatly increased by such conditions with a 
time course superimposable on that of the volume regu-
latory process [5, 6, 8, 9, 11]. The mechanism of this re-
lease of taurine has not been clarified but it is likely that 
it might involve either a reversal 	the high alfinity tau- 
rine carrier or a diffusional process. The observation that 
taurine release is sodium independent and temperature 
and ouabain insensitive [11] does not support the formen 
mechanism but rather snggests that it occurs through 
diffusion. In order to provide direct support for this pos-
sibility, the effeet of hyposmolarity on the kinetics of 
taurine uptake was examined. Such studies allow the dis-
tinction between the carrier mediated and the diffusion 
related infiux [15]. In addition, the effect of swelling on 
the intracellular content of taurine as a function of the 

Correspondence: A. Schousboe, Pharinal3iotec Research Center, The 
Neurobiology Una, Department of Biological Sciences, The Royal 
Danish School of Pharmacy, 2 Universitetsparken, DK-2100 Copen-
hagen, Denmark. Fax: (45) 35375744. 

extracellular taurine concentration was investigated 
under sodium-free conditions in arder to demonstrate 
that the volume activated fluxes are directed by the 
transmembrane concentration gradient. So far, the ouly 
agent consistently exerting a significant inhibition of the 
swelling-evoked release of taurine is DIDS (4,4'-diiso-
thiocyanatostilbene-2,2'-disulfonate) [1, 5, 9-11, 16]. 
Therefore the effect of this compound on the hyposmo-
larity induced changes in the intra/extracellutar distribu-
tion ratio of taurine was also studied. 

Astrocytes dissociated from cerebral cortex of new-
born mice were cultured in 24-well multitcst dishes (Cos-
tar, Mexico) as detailed by Hertz et al. [3]. Kinetics of 
taurine uptake was studied cssentially as described by 
Schousboe et al. [15]. Cells were incubated in isotonic or 
hypotonic (50% osmolarity) media containing (in mM): 
sucrose 100, NaCI 55, KCl 5, MgCl2  0.5, CaCl2  1, glu-
cose 6.0, Tris-HC1 10, pH 7.3 (isotonic) or the sanee com-
position without sucrose (hypotonic). In addition, the 
media contained taurine at different concentrations (5-
1000 pM, 8 different concentrations). After 5 min prein-
cubation (37°C) lo allow swelling (hypotonic conditions) 
the inedia viere exehanged with corresponding inedia 
containing in addition [31-I]taurine (2-4 pCi/m1) and the 
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i liellbatioii WaS conlinued for 1-2 min. Uptake \vas ter-
minated and radioactivity and proteja determined as 
previously describe(' [15]. For experiments concerniug 
the M'ea of hyposmolarity on intracellular taurine con-
tents as a function of the extracellular taurine concentra-
tion, cultured cells were incubated in a medium with a 
composition similar to that used for uptake experiments 
except that NaCI and sucrose were replaced by choline 
chloride. In addition, the media contained increasing 
concentrations of taurine (1-100 mM) with the osmola-
rity maintained by equiosmolar reductions in choline 
chloricle. Cells were incubated for 15 min at 37°C under 
the different conditions and subsequently washed and 
extracte(' with 70% (v/v) ethanol for cletermination of 
free amino acids by "PLC [2]. In order to avoid inaccur-
acies in the ineasurement of taurine content due tu the 
very high concentrations 	taurine in the media used in 
these experiments, cells were brielly exposed (1-2 s) to 
media containing taurine, then washed and values or 
taurine round under these conditions were subtracted 
from those measured in incubated cells. Significant 
amounts of taurine were round only in cells brietly 
exposed to inedia containing taurine concentrations 
highcr than 15 mM. In experiments with DIDS, cells 
were preincubated for 20 min in culture media contain-
ing 100 pM DIDS and subsequently in the aboye men-
tioned inedia containing the same concentration of 
DIDS. 

The kinctics of taurine uptake into astrocytes incu-
bated in isotonic or hypotonic (50y) media (Fig. - 1) 
cicarly show that the uptake could be separated into a 
high afl'inity, carrier inediated component and a non-
saturable, diffusional component. The characteristics of 
the uptake were similar to those previously reponed in 
different preparations of astrocytes [13]. While the expo-
sure to hyposmotic conditions did not affeet the l/„,„, 
(0.17 nmol x min-1  x mg-1) of the saturable compo-
nent and only marginally increased the Ki„ (from 38 to 
71 i/M), the diffusion constant for taurine uptake was 
increased about 3-fold after incubation in hyposmotic 
inedia (Fig. 1). The virtual lack of elfect of hyposmolar-
ity on the carrier mediated component of the uptake sug-
gests that the taurine carrier croes not play a majar role 
in the swelling associated release of taurine. This conclu-
sion is compatible with the previous obscrvations that 
the release process is sodium independent and ouabain 
and temperature insensitive [11] since the carrier is 
sodium depenclent and inhibited by ouabain and de-
creased temperaturas [14, 15, 17]. Moreover, it is also in 
line with the previous finding that no homoexchange of 
taurine occurs in these cells [12]. The large effect of 
hyposmolarity on the diffusion component strongly sug-
gests the involvement of a difi'usion process in the swel- 

Tourine Concentrution (.¿M) 

1. Taurino uptake (inol x mili -1  x ing-1) hito cultural astro-
cytes inctibated under isosmotic (0) or hyposmotie (0) conditions in 
inedia containing dilferent concentrations oí Plljtaurine. Cells were 
preincubated for 5 inin in isosmotic or hyposmotic (501 osmolarity) 
inedia containing unlabeled taurine and subsequently for 1-2 min in 
analugous inedia containing in addition Pflitaurine (2-4 pCi/ml) 
'lates uf uptake were calculated from the amount of radioactivity in 
the eells alter the incubation and the specilic radioactivity of taurine 
in the incubation inedia. Curves were litted to the experimental points 
using the Enditter program from Elsevier/13iosoft assuining a satur-
able plus a diffusional component of the uptake [15j. Itesults are ayer-
ages oí 6-12 experiments with S,E.M. values < 10%. Under isosmotic 
conditions the Km  and 1/,„;,, were respeetively 38 pM and 0.189 timo! 
x min-1  x mg-1  and the dilfusion constant (k) 2.16 . x 10-4  
inin-' x mg-1  and after exposure tu hyposmotic conditions the cor- 
responding values were: 	71 pM; 	0.162 innol x min -1  x 

mg-1; k, 5.5 x 10-4  mlx min-1  x mg-1. 

ling related taurine 
This notion is further supponted by the results of the 

experiments in which the extra-/intracellular taurine 
transmembrane gradient was changed while the carden 
was inhibited by removal of sodium (Fig. 2). It was 
round that under isosmotic conditions, the intracellular 
conceiitration of taurine WaS Mercase(' subsequent to 
exposure to increasing external taurine concentrations 
(Fig. 2). Exposure to hyposmotic conditions at low 
externa' taurine concentrations ( < 30 mM) resulted in 
a marked decrease in the intracellular taurine pool, as 
consistently observe(' previously [7]. As the extracellular 
concentration of taurine was increased, the intra-/extra-
cellular ratio was dramatically changeci so that at an 
externa! concentration of 30 mM no decrease in intracel-
lular taurine was observed under hyposmotic conditions 
and moreover, at higlier extracellular taurine concentra-
tions a net mercase in intracellular taurine \vas seen after 
exposure to hypotonic media. An intracellular taurine 
concentration of 30 m114 was calculated from a lamine 
content of' 140.7 nmolimg protein (Fig. 2) and a eell 
volume under isosmotic conditions of 4.7 iil/ing protein. 
The volume of cells in hyposmotic media containing 30 
mM or 50 mM extracellular taurine was about 7.8 pl/mg 
protein and the taurine content was 348.8 and 417.9 
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Fig. 2 Intracellular content (runolimg) of taurine in cultured astrocytes 
afta incubation in Na + -free, isosinotic (upen columns) or byposmotic 
(black columns) media coutaining inereasing taurine concentrations. 
At 100 mM external taurine the elfect of exposure to 100 pM 1)11)S 
(hatched colunm, isosmotic and cross-hatched column, hyposinotie) 
was also investigated, Cells were incubated for 15 min in the dilferent, 
Na + -free media and subsequently the intracellular lamine contents 
were deterniincd by HPLC analysis as detailed in the text. Results are 
averages of' 12 experiments with SEM values shows as vertical bars, 
Statistically significant differences betsveen cells incubated in isosmotic 
and hyposmotie (50% ostnolaritY) Inedia (/' < 0.001, Student's t-test) 
are sliown by asterisks and the differenee between DIDS treated and 

n'urea ted cuitures by a cross (P < 0.001, Student's 1-test). 

nmol/mg protein, respectively (Fig. 2). Under diese con-
ditions, the calculated intracellular concentrations oí 
taurine of 32 mM and 53 mM, respectively, were in equi-
librittin with the extracellular concentrations of taurine. 
At 100 mI1 external taurine, however, a significant devi-
ation was observed sine: the intracellular taurine content 
calculated as aboye was 160 mM, clearly exceeding the 
extracellular taurine concetitration. The reason for Ibis 
anomalous behavior is unclear at present. Similar results 
have been reponed by Walz and Allen [18] who observed 
that in cultured astrocytes exposed for 5 h to high extra-
celular concentrations of taurine under isosmotic condi-
tions, the intracellular concentration Juay be as high as 
120 mM, without noticeable changes in cell volume or 
in fluxes of other osmolytes. It is suggested that taurine 
accumulated under these conditons is removed from the 
osmotically active space, presumably being sequestered 
into intracellular organelles. This may also be the case 
at the very high extracellular concentrations of taurine 
used in our experiment. Although this may be an inter-
esting point to clarify, it is not relevant for the purpose 
of this study which was to demonstrate that the hypos-
molarity activated !luxes of taurine are determinad pri-
marily by the transmembrane gradient. An inhibitory ef-
fect of DIDS (100 itIvI) similar to that observed on thc 
hyposmolarity induced release on taurine [5, I 1] was 
found on the hyposmolarity activated (luxes of taurine 
(Fig. 2). Since in the absence of sodium this accumula- 

tion is likely to result from diflusion, the eflcct of D1DS 
is presumably exerted on the ditrusional component 
taurine uptakc. Altogether diese obscrvations suggest 
that taurine release associated with swelling occurs 
HUI i 111 y by rneans of dilfusional proeesscs. 
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ABSTRACT 

The permeability of the pathway activated by hyposmolarity to amino 
acids and polyols in cultured astrocytes was examined foliowing the 
change in rate and direction of RVD when increasing the 
extracellular concentration of the osmolytes up to reverse their 
intracellular: extracellular concentration gradient. Accordingly, 
upon sweliing activation of the pathway, those permeable osmolytes 
will enter the cell and inhibit RVD. Following this device, the 
pathway was found permeable to neutral and acidic amino acids but 
not to basic amino acids. Aspartate was more permeable than 
glutamate and K' and not Na* must be the accompanying cation. Beta-
amino acids (g-alanine = taurine > GABA) permeate better than a-
amino acids. No significant differences in permeability were 
observed between glycine, alanine, threonine, phenylalanine and 
asparagine but proline permeate more easily and glutamine less 
easily than the rest of the a-amino acids. It seems that the amino 
acid pore activated by hyposmolarity excludes basic amino acids and 
has a dimension at the limit of glutamate-glutamine size. Inf lux 
rather than efflux of amino acids was observed when extracellular 
> intracellular concentration, with differences in the amount 
accumulated by cells, which correlate with their efficacy as RVD 
blockers. Influx of taurine (as representative of permeable amino 
acids), was inhibited by Cl- channel blockers/exchangers DIDS (40%) 
and dypiridamole (85%), suggesting that amino acids could permeate 
through an anion channel. The polyalcohols sorbitol and mannitol 
exhibited a small inhibitory effect on the later phase of RVD 
whereas inositol slightly accelerated RVD. The efflux mechanism for 
these compounds seems different from the dissipative pathway of 
amino acids. 

Key words: osmoregulation, organic osmolytes, hyposmolarity. 
taurine, DIDS, dypiridamole. 

INTRODUCTION 
It was considered for some time that the involvement of 

organic osmolytes in volume regulatory processes was essentially 
restricted to invertebrate cells whereas K1  and Cl-  were in charge 
of this function in vertebrate cells. However, evidence has been 
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accumulating over the last decade which stresses the importance of 
organic osmolytes for both regulatory volume decrease (RVD) and 
regulatory volume increase (RVI) in mammalian tissues, including 
brain (2,6,9). Free amino acids, polyhydric alcohols (polyols) and 
methylamines are among the most common organic osmolytes. Free 
amino acids are highly concentrated in brain and are good 
candidates to serve a role of osmolytes. The involvement of free 
amino acids, particularly taurine, in brain volume regulation is 
well documented both in vivo and in vitro. Taurine levels in brain 
in vivo decrease subsequent to plasma hyponatremia (5, 22) or as 
consequence of local alterations in the extracellular osmolarity by 
microdialysis perfusion with hyposmotic solutions (19,25). 

Corresponding to the decrease in tissue taurine, an increased 
efflux of the amino acid evoked by cell swelling has been observed 
in a variety of nervous tissue preparations including astrocytes 
and neurons in culture (8,9,16), excised retina (6), brain slices 
(17) and isolated nerve endings (14). Aspartate and glutamate 
efflux is also activated by hyposmolarity (4) and the brain content 
of these and other amino acids is also modified in response to 
changes in osmolarity (3). Regarding polyols, inositol is the only 
one found at sufficiently high levels in nervous tissue (9-15 mM in 
rat brain) to significantlycontribute to osmoregulatory processes 
(23). The involvement of this molecule in RVI in cultured 
astrocytes is well documented (20,21) and there is also a report 
about a decrease of inositol brain levels during hyponatremia (24). 

The mechanism responsible for the hyposmolarity activated 
efflux of amino acids is not elucidated although it has clearly 
shown in cultured astrocytes that it is different from the Na-
dependent carrier which accumulates taurine into the cell in 
isosmotic conditions. Rather, the amino acid pathway activated by 
hyposmolarity seems to be a diffusional pore through which amino 
acid fluxes occur following the direction of the concentration 
gradient (13). Based on this study, the permeability properties of 
a diffusional pathway for amino acids and polyols were examined in 
the present work with an experimental design consisting in 
measuring RVD when the driving force for osmolyte membrane 
translocation favors inf lux rather than ef f lux, i.e. by a reversal 
of the intracellular extracellular gradient. The ability of the 
presumed osmolytes to block RVD will then be an indication of their 
ability to permeate through a similar diffusional pathway and 
counteract the efflux of the main intracellular osmolyte 

MATERIALS AND METHODS 
All experimental details for cell culture nreparation, volume 

measurement and solutions are described under Materials and Methods 
in the preceding paper in this issue (12). Briefly, rat cerebellar 
astrocytes were cultured in 60 mm Petri dishes with a basal Eagless 
medium supplemented with 10% fetal calf serum. For volume 
measurements, cells after 2-3 weeks in culture were detached by 
treatment with a Ca2*-free saline containing 1 mM EDTA and 0.01% 
trypsin. The cell suspension was centrifuged and resuspended in a 



small volume of Krebs-HEPES medium. At zero time a sample of the 
cell suspension was diluted about 100-fold with isosmotic or 50% 
hyposmotic media containing the indicated concentrations of the 
amino acids. Exactly one min after, cell volume was measured at the 
indicated times by electronic sizing. To examine the effect of 
amino acids, polyols and saccharides, hyposmotic media were 
prepared by replacing NaC1 by equiosmolar concentrations of these 
compounds. 

For amino acid influx experiments, cells were washed twice 
and then incubated during 15 min with isosmotic or 50% hyposmotic 
Krebs-HEPES medium containing the indicated concentrations of amino 
acida. At the end of the incubation, cells were washed twice with 
isosmotic fresh medium and the endogenous amino acids were 
extracted with ethanol (70% (v/v)). 	The analysis of ethanol 
extracts was carried out after amino acid derivatization with 4-
phtaldialdehyde by reversed phase HPLC in a Beckman chromatograph 
equipped with an Ultrasphere column. 

To test the effect of Cl-  channel blockers on taurine influx 
stimulated by hyposmolarity, cells were first briefly exposed to 
50% hyposmotic medium to deplete cells of taurine and then 
preincubated 10 min in isosmotic medium containing DIDS (400 µM) or 
dipyridamole (150 pM). At the end of the preincubation period 
cells were exposed during further 10 min to isosmotic or 50% 
hyposmotic media added with 60 mM taurine and the same 
concentration of DIDS or dipyridamole. Finally cells were washed 
and endogenous taurine was measured by HPLC analysis. 

RESULTS 
Effect of high extracellular concentrations of amino acids on RVD. 

The extracellular concentration of NaC1 in hyposmotic 
solutions is 60 mM. In the companion paper (12) it was shown that 
external NaC1 can be replaced by various cations, excepted K' and 
Rb' without affecting RVD. In the following experiments, NaC1 was 
replaced by equiosmolar amounts of amino acids. Three groups of 
amino acids were examined: basic, neutral and acidic amino acids. 
Among the neutral group, amino acids investigated were both a-amino 
acids and 13-amino acids. In each one of this groups, amino acids 
with polar or non polar side groups were tested. Results in Fig. 1 
show the effect on RVD of increasing the extracellular 
concentration of taurine, glycine and alanine. Table 1 shows 
results of the same type of experiments for 1-alanine, GABA, 
proline, phenylalanine, cysteine, threonine glutamine and 
asparagine. When all NaC1 was replaced by amino acids, i.e. amino 
acid extracellular concentration of 120 mM, RVD was essentially 
blocked in all cases. The same total blockade of RVD was observed 
in the presence of taurine and i3-alanine at 90 mM concentration 
and still an effect in reducing RVD was observed at 60 mM. The 
inhibition was not complete for any other amino acid at 90 mM and 
essentially no effect was observed at 60 mM concentration. No 
inhibition was observed for any of the amino acids at 30 mM (Table 
1). Glutamine permeability was the lowest among the a-amino acid 
group. The inefficiency of glutamine to block RVD was not due to 
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the presence of the amido group since asparagine at the same 
concentration, blocked RVD (Table 1). The basic amino acid lysine 
did not affect RVD, even at the highest concentration of 120 mM. In 
the presence of arginine (120 mM), the swelling phase was reduced 
but RVD still occurred (Fig. 2). The acidic amino acids, aspartate 
and glutamate, as K4  salts inhibited RVD but were without effect 
when the accompanying cation was Na' (Fig. 3). Aspartate blocked RVD 
more efficiently than glutamate. None of the amino acids examined, 
with the exception of arginine, affected astrocyte volume in 
isosmotic conditions. 

Ef fect of polyalcohols on RVD. 
The effect of the polyhydric alcohois, sorbitol, mannitol and 

inositol on RVD is shown in Fig. 4. Sorbitol and mannitol had a 
small inhibitory effect on the last phase of RVD. The effect of 
mannitol showed some variability. In most experiments, RVD was 
affected, as shown in Fig. 4, but in a short number of cells (about 
15%) mannitol slightly increased cell volume in isosmotic 
conditions and had a stronger inhibitory effect on RVD. Inositol 
120 mM caused an acceleration of RVD (Fig. 4). 

Influx of amino acids in hyposmotic conditions following the 
concentration gradient. 

The inhibitory effect of amino acids on RVD aboye described 
may be explained if upon cell swelling, those amino acids which 
permeate through the hyposmolarity-activated pathway enter the cell 
by the driving force of the concentration gradient. The increased 
intracellular concentration of these amino acids will then cancel 
the decrease of intracellular content of othe osmolytes, caused by 
the hyposmolarity activated efflux of these osmolytes and decrease 
the efficacy of the volume regulatory process. To verify this 
interpretation, we examined the accumulation of amino acids in 
astrocytes exposed to hyposmotic solutions containing increasing 
concentrations of various amino acids. The tested amino acids were 
four neutral amino acids (alanine, taurine, 13-alanine and 
glutamine), one acidic amino acid, glutamic acid (as potassium or 
sodium san), and two basic amino acids, lysine and arginine. The 
intracellular concentration of taurine and 0-alanine increased 
almost linearly with increasing the external concentration of the 
amino acids. At the highest concentration tested of 120 mM, the 
intracellular levels of these two amino acids were about 1200 
nmol/mg protein. Some increase in the cell content of taurine and 
1-alanine was also observed in isosmotic conditions. This increase 
was also linearly dependent on the external concentration, but was 
much lower than that observed in hyposmotic conditions (Fig. 5A). 
Alanine also accumulated into the cells in hyposmotic conditions, 
by a process linearly dependent of the external concentration, but 
the amount accumulated by cells. The amount of alanine accumulated 
at the highest external concentration of alanine was 980 nmol/mg 
protein (Fig. 5B). This amount was somewhat lower than that of 
taurine or fl-alanine. 

Glutamine content in astrocytes is high (160 nmol/mg prot) 
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and this concentration increased to 440 nmol/mg protein when 
increasing the extracellular levels of glutamine to 120 mM in 
isosmotic conditions. Only a moderate increase over the value in 
isosmotic conditions was observed at the highest extracellular 
concentration of glutamine of 120 mM in hyposmotic conditions. 
Changes in glutamine content in both isosmotic and hyposmotic 
conditions were observed only at concentrations up to 30 mM (Fig. 
5B). The basic amino acids, lysine and arginine were also somewhat 
permeable in isosmotic conditions and very low increases in amino 
acid accumulation were observed in hyposmotic conditions (Fig. 5C). 
Glutamate as sodium or potassium salts were similarly accumulated 
in isosmotic conditions but a substantial difference was observed 
between the two salts in hyposmotic conditions. At the highest 
possible concentration of 60 mM, glutamate present as sodium salt, 
increased the intracellular concentration of glutamate to 339 
nmol/mg protein whereas as potassium salt the intracellular 
concentration raised to 560 nmol/mg protein (Fig. 5D). 

To investigate whether amino acids could interfere with each 
other at the permeability pathway opened by hyposmolarity we 
examined the effect of a number of amino acids over taurine 
accumulation by astrocytes. These experiments were carried out 
measuring taurine content in astrocytes after 3 min of exposure to 
hyposmotic solutions. At this time, the influx process has almost 
reached a maximum. Two neutral amino acids, one 0 (0-alanine) and 
one Ó (glycine), an acidic (glutamate) and a basic amino acid 
(lysine) were used for these competence experiments. In any case 
the influx of taurine was affected by the presence of other amino 
acids (Table 2). The same type of experiment using inositol and 
sorbitol, gave similar negative results (Table 2). 

Effect of Cl- channel blockers on taurine influx activated by 
hyposmolarity. 

The anion channel blockers DIDS and dypiridamole inhibited 
RVD as shown in the companion paper. In a previous study it was 
shown that these drugs markedly reduced the hyposmolarity 
stimulated efflux of taurine, D-aspartate and Rb (15). The effect 
of these two inhibitors was examined on the reversal taurine 
pathway, i.e. on taurine accumulation observed in hyposmotic 
conditions at high external concentration of the amino acid (60 
mM). In order to further favor the influx of taurine by the 
concentration gradient in these experiments cells were first 
depleted of taurine by a hyposmotic shock, then recover in 
isosmotic medium subsequently exposed to hyposmotic medium 
containing 60 mM taurine. Fig.6 shows that DIDS (400 pM) reduced 
taurine influx by almost 50% and dypiridamole inhibited the procesa 
by 85%. None of the inhibitors affected the influx in isosmotic 
conditions. 

DISCUSSION 
Previous observations on the properties of the hyposmolarity- 

induced release of taurine from astrocytes, such as low sensitivity 
to temperature and Na'-independence, have suggested that this efflux 



occurs through a diffusion pathway, different from the energy-
dependent carrier (10). Studies on the kinetics of amino acid 
transport always consistently a diffusional component, in addition 
to the saturable, Na-dependent component. This has been observed 
for taurine in cultured astrocytes and neurons and also that the 
diffusional but not the saturable component increases in 
hyposmotic conditions (13,16). 

The diffusional nature of taurine fluxes activated by 
hyposmolarity was confirmed in a study showing that these fluxes 
are directed only by the concentration gradient and therefore, 
efflux or influx of taurine occur subsequent to hyposmolarity 
depending on the amino acid concentration in the intracellular or 
the extracellular compartments (13). 
As could be predicted from these studies, in the present work it 
was found that the reversal of the concentration gradient for 
taurine results in blockade of RVD in astrocytes. The similarities 
between taurine and other amino acids in this respect suggest that 
the conclusions raised for taurine may be valid for other amino 
acids as well. This was also confirmed in the present work, where 
it was shown that influx rather than efflux of a number of amino 
acids is observed in hyposmotic conditions when the extracellular 
concentration exceeds the intracellular content. Marked differences 
were observed however, among the various amino acids. Some highly 
permeable amino acids, rapidly attain high intracellular levels and 
counteract perhaps not only their own hyposmolarity-stimulated 
eff lux but that of other osmolytes as well. As a result, RVD is 
blocked. The facility of amino acids to permeate through the 
pathway opened by hyposmolarity correlates well with their ability 
to block RVD. Amino acids which accumulate rapidly and at high 
amounts in cells have also the highest efficiency as RVD blockers. 
Taurine and B-alanine were the most permeable amino acids. The 
influx of these amino acids seems to be a non saturable process up 
to 120 mM in further support to the diffusional nature of the 
pathway. The lack of interference of other amino acids with taurine 
influx suggests that separate, independent pathways exist for the 
different amino acids or alternatively, that the pore is 
sufficiently large to allow the passage of various amino acids 
without hindrance. 

The experimental device used in this study provides a useful 
tool to characterize the diffusion pathway for amino acids 
activated by hyposmolarity. According to their efficacy to block 
RVD together with the intracellular accumulation when the 
concentration gradient is reversed, the permeability properties of 
the hyposmolarity-sensitive pathway to amino acids can be depicted. 
The pathway is permeable to acidic amino acids accompanied by 
but not by Na*. It is permeable to neutral amino acids, both oc and 

amino acids but not to the basic amino acids arginine and 
lysine. However, the differences observed between aspartate and 
glutamate in one hand, between a and f amino acids in the other 
hand and between various amino acids from the a and 11 groups, 
suggest that features other than the charge are important for 
permeation through this pathway. Aspartate which is smaller than 
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glutamate, permeated more easily and the 0-amino acids get through 
more easily than cx-amino acids. From the 11-amino acid series, the 
efficiency order of permeation through the pathway was 1-alanine = 
taurine > GAI3A. At the a-amino acid group, the efficiency arder was 
proline > glycine = alanine = cysteine= threonine = phenylalanine 
> glutamine. Asparagine was more permeable than glutamine, 
suggesting that the amido group is not a restriction to the passage 
through this pathway but rather the amino acid size is influential. 
These results altogether suggest that the amino acid pore activated 
by hyposmolarity excludes basic amino acids, and has a size at the 
limit of the glutamine-glutamate size. 

The differences observed in the ability of amino acids to 
block RVD which reflect their facility of getting into the cell, 
have their counterpart on the easiness of free amino acids to leave 
the cell after the hyposmotic stimulus. In a previous study on the 
efflux of the main constituents of the free amino acid pool in 
astrocytes it was shown that 50% reduction in osmolarity releases 
about 60% of the intracellular pool of taurine, aspartate and II-
alanine, 40% of that of glutamate and 10-15% of that of glutamine, 
alanine and glycine (11). 

In the companion papero  using a similar experimental paradigm 
it was shown that fluxes of K* accompanied by a number of anions 
occur through a pathway opened by hyposmolarity only following the 
concentration gradient. Two separate but interconnected pathways 
for K4  and Cl-  seems to operate for the dissipative fluxes of the 
ionic osmolytes. In that study it was also shown that RVD was 
strongly inhibited by the Cl-  channel blockers dypiridamole and 
DIDS which probably exert their action blocking primarily Cl-
fluxes. These compounds also block the hyposmolarity stimulated 
efflux of taurine, D-aspartate and Rb (15) and the inf lux of 
taurine when the concentration gradient for this amino acid was 
reversed. 	These observations suggest that one bidirectional 
pathway carries the efflux and the inf lux of taurine. The 
inhibitory effects of blockers of Cl-  channels on taurine inf lux 
and efflux also raise the question as whether the amino acid 
pathway is the same as the anion channel. Experimental evidence in 
support to this option comes from a recent report in MDCK cells 
which describes a non selective anion channel which is permeable to 
neutral and acidic amino acids (1). It cannot be ruled out that 
several types of Cl channels, sensitive to DIDS and dypiridamole 
may be implicated in RVD. Une type of channel may be associated to 
K conductance and another type (s), perhaps of larger capacity 
could represent the permeation pathway for amino acids. The 
occurrence of Cl- channels blocked by DIDS has been shown in 
cultured astrocytes. It remains to be demonstrated that these 
channels are activated by volume changes and sensitive to the aboye 
mentioned blockers of Cl- channels and taurine efflux. Alternative 
explanations for the amino acid-C1- connection observed in this 
work are first, that the C1-  channel blockers are acting solely on 
the anion pathway but that Cl and amino acid fluxes are so closely 
interconnected that inhibition of Cl-  fluxes leads to blockade of 
amino acid f luxes, secando  that these blockers act on a common 
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target activating all osmolyte fluxes. 
Polyols exhibited a response different from amino acids on 

RVD in astrocytes. Increasing extracellular concentrations of 
sorbitol and mannitol had only marginal effects on RVD whereas an 
acceleration of the process was observed in the presence of myo-
inositol. If we consider that osmolyte efflux occurs through a 
diffusional pathway directed only by the concentration gradient, 
these results should be taken as evidence that polyols do not 
permeate through such pathway. If this is also an indication that 
these compounds are not implicated in RVD remains to be 
demonstrated. This is unlikely, however, if we consider results of 
a study in vivo where was shown that the concentration of inositol 
is decreased in about the same proportion and with the same time-
course as that of free amino acids in conditions of hyponatremia 
(24). The inability of inositol to block RVD only indicates that 
this compound does not permeate through a pathway opened by 
hyposmolarity allowing the f luxes of other osmolytes, 	Cl" and 
amino acids, which importantly contribute to the regulatory process 
occur but it cannot be excluded that inositol may also leave the 
cell in response to swelling via a different pathway, perhaps 
involving an active process rather than simple diffusion. 
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Table 1. Effect of extracellular amino acids on RVD in cerebellar 

astrocytes 

% of RVD 

Amino acid 	 60 mM 
	

90 mM 	120 mM 

1-Alanine 	 62.3 	32.3 	-3.6 

GASA 	 -- 	61.5 	15.8 

Cysteine 	 69.0 	68.0 	-15.3 

Threonine 	 75.0 	71.0 	 9.5 

Phenylalanine 	 72.0 	72.0 	 4.1 

Proline 	 74.0 	68.0 	-13.9 

Glutamine 	 75.0 	72.6 	46.1 

Asparagine 	 -- 	__ 	-19.6 

Celi volume was measured in cultured cells as described in 

Materials and Methods. Cells were resuspended in isosmotic media 

and RVD was measured in 509  hyposmotic media containing the 

indicated concentrations of amino acids. Results are expressed as 

percentage of RVD, i.e. the % of recovery of cell volume between 

min 1 (maximal volume) and min 15. In control cells the percentage 

of RVD was 75.04 t 1.2 %. 
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Table 2. Swelling-induced accuinulation of taurine in the presence 

of amino acids and polyols. 

Taurine Content 

Condition 	 (nmol/mg prot) 

Taurine (60 mM) 
	

321 ± 27.3 

+ 11-alanine 	 353 ± 31.5 

+ glycine 
	

329 ± 29.8 

+ lysine 	 316 ± 29.3 

+ glutamate (IV) 
	

297 ± 26.4 

+ inositol 
	

339 ± 32.8 

+ sorbitol 
	

307 ± 35.6 

After removal of the culture medium, cells were exposed 

during 3 min to 5096 hyposmotic media containing 60 mM taurine plus 

60 mM sorbitol, inositol or the indicated amino acids, replacing 

NaCl. At the end of the incubation, cells were washed and 

endogenous taurine was extracted and analyzed by HPLC as described 

in Materials and Methods. In the control (taurine alone), the 

osmolarity was adjusted with mannitol. Results are means ± SEM of 

4 experimenta. 
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Legends of the Figures 

Fig. 1. Effect of taurine (A), alanine (B) and glycine (C) on RVD 
in cerebellar astrocytes. Cell volume was measured as described in 
Methods. Isosmotic and hyposmotic media were prepared by replacing 
NaC1 by equiosmolar concentrations of the amino acids. Results are 
expressed as relative volume considering cell volume in isosmotic 
conditions as 1. Values are means ± SEM of 4-8 experimente. 

Fig 2. Effect of lysine and arginine on RVD in cerebellar 
astrocytes. RVD was measured in 50% hyposmotic media containing 120 
mM lysine or arginine. Results are expressed as relative volume 
considering cell volume in isosmotic conditions as 1. Values are 
means ± SEM of 4-6 experimenta. 

Fig. 3. Effect of glutamate and aspartate on RVD in cerebellar 
astrocytes. RVD was measured in 50% hyposmotic media in which NaC1 
was replaced by 60 mM of the Na' salt of glutamate or aspartate (A) 
or 60 mM of the K' salt of glutamate or aspartate (B). None of the 
amino acids examined affected astrocyte volume under isosmotic 
conditions. Results are expressed as relative volume considering 
cell volume in isosmotic conditions as 1. Values are means ± SEM of 
4-6 experimente. *P< 0.001, "P< 0.01 (ANOVA test). 

Fig 4. Effect of polyols on RVD in cerebellar astrocytes. RVD was 
measured in 50% hyposmotic media containing 120 mM mannitol, 
sorbitol or inositol. Resulte are expressed as relative volume 
considering cell volume in isosmotic conditions as 1. Values are 
means ± SEM of 4-8 experimenta. 

Fig. 5. 	Intracellular content of amino acido in astrocytes 
exposed to isosmotic or hyposmotic solutions with increasing 
concentrations of the amino acid. After removal of the culture 
medium, cells were exposed during 15 min to isosmotic (--) or 50% 
hyposmotic ( ) media, containing the investigated amino acide at 
the indicated concentrations. The osmolarity was adjusted with 
mannitol, when necessary. At the end of the experiment o  amino acids 
were extracted and analyzed by HPLC as described in Methods. 
Resulte are means of 6 experimente. 

Fig. 6. Ef fects of DIDS and dypiridamole on the inf lux of taurine 
stimulated by hyposmolarity. Astrocytes treated as described in 
Methods were preincubated during 10 min with DIDS (400 pm) or 
dypiridamole (150 pm) in isosmotic medium and then in 50% 
hyposmotic medium containing 60 mM taurine. After the experiment o  
taurine content in cells was measured by HPLC as described in 
Methods. Results are means ± SEM of 6-8 experiments. * P< 0.001 
(Student's t-test). 
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Inhibition of volume regulation and efflux of osmoregulatory amino acids 
by blockers of Cl-  transport in cultured astrocytes 
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Regulatory volume decrease (RVD) in astrocytes was inhibited by thc 	exchanger blockers 4,41-diisatliocyanostilbene.2,21-disulfonic acid 
(DIDS), dipyridamole and niflumic acid but not by the Cl" channel inhibitors diphenylarnine.2-carboxylate (DPC) and anthracene.9-carboxylate 
(9-AC). The volume activated efflux of (31-111aurine and rllip.aspartate (as marker for glutamate) was similarly affected by these compounds. 
However, ncithcr RVD nor osmolyte !luxes were significantly reduced by removal of externa' 	suggesting that an anion cxchanger activity is not 
required for thc volume regulatory process. Alternatively, these results suggest that the anion exchanger molecule 'pay function as an unidirectional 
Cl" channel possibly permeable also to amino acids. 

3 

Astrocytes in culture swell after exposure to solutions 
of reduced osmolarity and then recover cell volume de-
spite the persistence of the hyposmotic condition [12, 19]. 
This volume regulatory process, known as regulatory 
volume decrease (RVD), takes place by activation of 
transmembrane fluxes of intracellular osmolytes fol-
lowed by osmotically obliged water. In astrocytes as in 
many other cells, K+  and Cl-  as well as organic molecules 
are implicated in this process. Free amino acids and no-
tably taurine are among the organic osmolytes impar-
tantly contributing to RVD [13, 19, 20, 22]. The nature of 
the dissipative pathways for the various osmolytes is not 
fully understood in astrocytes. Previous studics sug-
gested that these fluxes occur through diffusional path-
ways (possibly channels) rather than via carriers or 
cotransporters [23, 24]. These studies also showed that 
Rb+  and taurine fluxes were significantly inhibited by 
4,4'-diisothiocyanostilbcne-2,2'-disulfonie acid (DIDS) 
but only marginally affected by diphenylamine-2-car-
boxyla te (DPC) and anthracene-9-carboxylate (9-AC) 
[20, 24]. DIDS is a well known inhibitor of the anion 
exchanger [2-4] but also inhibits Cl-  channels [5], includ-
ing volume-activated Cl-  channels [16]. In fish red blood 
cells [7, 8), the volume-sensitive efflux of taurino and K+ 

Correspondence: 	Pasantes-Morales, Instituto de Fisiología Celular, 
UNAM, Apartado Postal 70.600 04510, México D.F., México. Fax: 
525-548-0387/525.622-5607. 

is inhibited by niflumic acid, another blocker of the 
anion exchanger, An anion exchanger molecule (AE3) is 
present in brain that performs the same functions as 
band 3 in red cells [11], and might be involved iu volume 
regulatory processes in this tissue. Apart from the men-
tioned studies on the effect of DIDS on osmolyte fluxes, 
there is no infomiation available about the effect of Cl-
channel or exchanger blockers on RVD in astrocytes. 
These points were addressed in the present work investi-
gating the effect of a number of blockers of Cl-  channels 
as well as of conditions and compounds which inhibit the 
anion exchanger, on both RVD and amino acid effiux in 
as trocytes. 

Astrocytes dissociated from cerebella of 8-day old rats 
were cultured for two weeks as previously described in 
detail [19]. For release experimcnts cells grqwn in 24-well 
multitest dishes were loaded with [3I-l]taurine or CHID-
aspartate as described in the legend to Fig. 2. After 4 
successive washes with Krebs-HEPES medium, cells 
were further incubated during 5 min with isosmotic 
(basal release) or 50% hyposmotic (stimulated release) 
inedia in the presence or absence of the tested drugs. At 
-the end of the experiments, radioactivity in media and 
that remaining in the cells was measured by scintillation 
spectrornetry. For volume measurements, cells were 
trypsinized as described in Fig. 1 and resuspended in 
isosinotic or 50% hyposmotic media with or without the 
drugs. Cell volume was measured by electronic sizing ira 
a Coulter counter coupled to a Channelizer, as previ- 
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Fig. 1. Effect of DIOS (A), dipyridamole (11) and niflumic acid (C) on the regulatory volume decrease in astrocytes under hyposmotic conditions. 
Cerebellar astrocytes of rat brain were cultured in 60 mm Petri dishes with a basal Eagle's medium containing 10% fetal calf serum. After 2 weeks, 
cells were detached by treatment with a Ca'-free phosphate-buffered salive supplemented with 1 mM EDTA and 0.01% trypsin and cell suspension 
was centrifuged and resuspended in a small volume of isosmotic Krebs-HEPES medium (containing, in mM; NaC1 135, KC1 5, MgSO4  0.6, CaCl2  1, 
KI-12PO4  1.7, glucose 10, HEPES 10, 320 inOsm). At zero time a sample of the suspension was dilutcd about 100-fold with isosmotic or 50% 
hyposmotic media (160 mOsm) in the presence or abscncc of the tested drugs at the indicated concentrations and cell volume was measured by 
electronic sizing with a Coultcr counter coupled to a particle analyzer (Channelizer model 256). Osmolarity of hyposmotic media was decreased by 
rcducing the concentration of NaCl. Results are expressed as pea:muge change with time over the volume recorded in isosmotic conditions. Restas 

are means ± S.E.M. of 4-8 experiments. 

ously described [21]. Hyposmotic rneclium was prepared 
reducing the NaC1 concentration from 135 to 60 mM. 

The following compounds were examined for thcir 
ability to block RVD in astrocytes after exposure to hyp-
osmotic (50%) medium: 9-AC, DPC, DIDS, dipyrida-
mole and niflumic acid. From this group of drugs, 9-AC 
and DPC are C1" channel blockers but have not been 
implicated in the functioning of the anion exchanger. 
DIDS and dipyridamole have reponed actions on both 

channels and exchangers whereas niflumic acid is a 
well known inhibitor of the anion exchanger but has not 
been recognized as a Cr channel blocker. Fig. 1 shows 
the efTect of these drugs on RVD. DPC and 9-AC did not 
significantly affect RVD (not shown). Dipyridamole ex- 

hibited a concentration dependent inhibitory cffect on 
RVD causing a marked reduction at 150 pM, which is 
the highest concentration that could be used without af-
fecting ccli viability. Niflumie acid was the most potent 
inhibitor totally blocking RVD at 300 pM (Fig. 113,C). 
DIDS up to 400 izM produced only a pardal inhibition of 
RVD (Fig. 1A). These drugs also decreased the hypos-
molarity-activated taurine efflux with about the same po-
tency order as for RVD. Compounds with the strongest 
effect were niflumic acid and dipyridarnole, followed by 
DIDS (Fig. 2A), whcreas DPC and 9-AC caused only a 
weak inhibition (not shown). The swelling activated 
(luxes of another amino acid, D-aspartate, (used as a non 
.metabolized analogue of glutamate) [18], were also 
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strongly inhibited by nifiumic acid and dipyridamole 
(Fig. 2B). 

From these results it seems clear that among the Cl-
channel blockers, those with the highest potency to in-
hibit RVD and osmolyte fluxes in astrocytes are those 
also related to the anion exchanger, supporting a role for 
this molecule in RVD. However, experiments of anion 
replacement next described were inconsistent with this 
notion. When Cl-  was replaced by the impermeant anion 
gluconate or by N-methyl-D-glucamine*, a very large and 
impermeant cation, RVD was not inhibited but rather 
slightly accelerated (results not shown). This ion replace-
ment is without effect on the volume activated taurine 
efflux [20]. Since in the absence of an external anion, the 
exchanger activity must be markedly reduced, the results 
on ion replacement and the pharmacological sensitivity 
of RVD and osmolyte fiuxes are in apparent contradic-
tion. An interpretation that could reconcile this discrep-
ancy is that the anion exchanger is in fact involved in 
RVD but that it functions essentially as an unidiredtional 
Cl-  channel rather than as an exchanger. Rcports cxist 
indicating that this may indeed occur [6, 14, 15], Alterna-
tively, other Cl-  channels independent of any exchanger 
activity but sensitiva to the drugs tested lacre may be in-
volved in RVID. 

The pharmacological sensitivity of RVD and Cl-

fiuxes to Cl-  channel inhibitors widely varies among the 
different cells. DIDS is only a partial inhibitor of RVD  

and Cl-  fluxes in most cells and may be even totally inef-
fective as in Ehrlich ascites cells [10]. Our present knowl-
edge about the meaning of these differences in ternas of 
the nature of the Cl-  channels involved in the various culi 
types is still limited. 

The reported effects of niflurnic acid and dipyrida-
mole, so far the most potent blockers of RVD in astro-
cytes, are of inuch interest and ernphasize the role of Cl-
pathways in the volume regulatory process in these cells. 
Chloride channels of large capacity (about 400 pS) sensi-
tive to DIDS have been described in astrocytes [9, 17]. 
These channels could participate in RVD although an 
effect of changes in cell volume on their activity has not 
been reported so far. In view of the present results it 
would be of interest to examine the sensitivity to nifiumic 
acid of volume associated Cl-  channels in astrocytes and 
in other cells. Another interesting observation is that the 
efflux of taurine was markedly inhibited by the Cl-  chan-
nellexchanger blockers, suggesting either that taurine cf-
flux occurs through the Cl-  pathway itself or that the two 
fluxes are closely interconnected. The first possibility is 
not unlikely since a recent report in renal cells shows that 
amino acids including even the neutral amino acids may 
permente through 	channels [1]. If this is the case in 
astrocytes, diese Cl-  channels permeable to amino acids, 
would represent a most important pathway for volt= 
regulation in astroeytes. The effect of Cl-  channel block-
ers was not examined directly on Rb+  (IC) efflux in this 
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work but the marked inhibition observed on RVD sug- 
; gest that K fluxes passively following 	are not occur- 

ring in the presence of the drugs and thereforc, all osmo-
lyte fluxes are directly or indirectly blocked. Another in-
terpretation of the present results is that niflumic acid 
and dipyridamole were blocking a coi mon signal for 
activation of all osmolyte fluxes. This possibility cannot 
be experimentally coulinned because little is presently 
known about the mechanisms regulating RVD in astro-
cytes. 

The excellent technical assistauce of Ms. Claudia Ro-
driguez is gratefully acknowledged. This work was sup-
ported in parí by a grant from DGAPA-UNAM (IN-
204589). 
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Changos in Taurine Transport Evoked by 
Hyperosrnolarity in Cultured Astrocytes 
R. Sánchez.-Otea, J. Morán, and 11. Pasantes-Morales 
Institute of Cell Physiology, Department oí' Neuroseienees, National University (I Mexico, 
Mexico City, México 

Cultured astrocytes grown chronically (1-3 clays) in 
medium :nade hyperosmotic (450 mOsm) with NaCI 
or sucrose showed an increase in taurine concentra-
tion from 294 to 501 tunol/mg protein in NaCI and to 
382 ninol/ing protein in sucrose. The effect of hyper-
osmolarity on taurine uptake and release was exam-
ined lo investigate whether or not d'auges in (bese 
processes may account for the mercase observed in 
cal taurine content. Hyperosmolarity signiticantly af-
fected the two components of taurine uptake (i.e., the 
Na +-dependent and the diffusional componen°. 'f he 
Vmax of the Na+-dependent, active transpon' in-
creased 50%, whereas no change was observed in the 
Km. The diffusion coefficient was markedly de-
creased by hyperosmolarity, being 2.2 x 10-4  and 
6.6 X 10-6  ml/mitt/ing protein in isosmotic and hy-
perosmotic conditions, respectively, indicating a 
blockade of the leak pathway. These changes in the 
active and passive components of taurine transport 
were oppossite lo those induced by hypostnolarity. 
The effect of hyperosmolarity increasing cell taurine 
content was insensitive to cyclolteximide and colchi-
cine. The basal eftlux of taurine from astrocytes also 
decreased in cells exposed to hyperosmotic medium, 
indicating that alterations in both influx and efflux of 
taurine are involved in the mechanism responsible for 
the mercase in taurine levels induced by hyperosmo-
larity in astrocytes. ©© 1992 

Key words: taurine, hyperosmolarity, cultured as-
trocytes, free amino acids 

1NTRODUCTION 

Inereasing evidence suggests an association of tau-
rine with the ineehanisms of ce!l volutne regulation in the 
nervous system (rcviewed in Pasantes-Morales and Mar-
tin del Rio, 1990), A response of nervous tissue cells to 
hyposmolarity by massive release of taurine is (loco-
mented in a variety of preparations, ranging from col-
tured cells to the intact brain (Pasantes-Morales and 
Schousboe, 1988; Wade et al., 1988; Solis et al., 1988; 
Morán et al., 1991). 'There is also evidence indicating 

© 1992 Wiley-Liss, Irte. 

that the adaptive response of brain to hyperosmolarity 
involves an Mercase in thc intracellular concentration of 
free alpino acids, particularly taurine. An early study by 
Thurston et al. (1980) in chronic hypernatremic dehy-
drated mice showed that a decrease in water in the brain 
is followed by a significant Mercase in thc concentration 
of some free amino acids, with the largest change coy-
responding to taurine. Similarly, in Brattelboro rats 
chronically dehydrated by vasopressin deficicncy, tau-
rine concentration in brain is markedly enhanced (Niem-
inen et al., 1988). A recent study by Olson and Gold-
finger (1990) in cultured astrocytes demonstrated an 
increase in taurine concentration in cells exposed to so-
lutions made hyperosmotic with NaCl. The mechanism 
implicated in [bis adaptive response is unknown. The 
Menease in cell taurine may result from stimulation of the 
taurine uptake system which in cultured astrocytes oc-
curs via active and diffusional components. Alterna-
tively, or in addition, a decreased efflux may contribute 
to the observed changes. These possibilities may be bet-
ter explorad in an in vitro system as that of cell culture, 
in which the influence of certain components of the in-
tegratcd preparation, such as the blood brain barrier, can 
be avoided. In the present work we examine(' the fea-
tures of taurine uptake and release in astrocytes chroni-
cally exposed to hyperosmotic conditions. 

MATER1ALS AND METHODS 

Primary cultures of astroglial cells from mouse 
forebrain were obtained as prcviously described by Patel 
and 1-lunt (1985) and Morán and Patel (1989). Briefly, 
the dissociated cell suspensions from the forebrain of 
newborn mice were plated at a density of 225 x 103  
cells/cid in 35 mm diameter plastic dishes or 24 multi-
well dishes. The culture médium contained Basa] Eagle's 

Received September 5, 1991; revised November 20, 1991; accepted 
November 27, 1991. 

Address reprint requests to Dr. Herminia Pasantes-Moralcs, Instituto 
de Fisiología Celular, UNAM, Apartado Postal 70-600, 04510, 
México D.F., Mexico, 



ilyperosmolarity Effeets on 'l'a'mine Transport 	87 

Medium Supplemented with 10% heat-inactivated fetal 
cal'' serum (Giben), 2111M glutamine, 50 L1 /1111 penieillin 
and 50 1...t.g/in1 streptomyein. The culture dishes were in-
cubated at 37°C in a huinidified 5cA? CO, 95% air atino-
spherc. The purity of cultores was determined by inunti-
nostaining counting using a fluoreseenee inieroseope. 
Neurons were stained with a polyelonal antibody against 
neuron-specifie molase (1)akopatta, CA). Astroeytes 
were labeled with a polyclonal antibotly against glial 
fibrillary acidie protein (GFAP) (Sigma Co,, St. Louis, 
MO). Fibroblasts were stained with a monoelonal anti-
body against Thy-1. Cultures were highly enriched in 
astrocytes containing more (han 95% positive cells for 
G 

After two weeks in vitro, cells were uvate(' with 
NaCI at thc indieated concentrations for different periods 
of time. At the end of the treatment cells were washcd 
twice with 37°C Krebs-1-1EPES meclitun containing the 
sante NaCI concentration as in the treatment (NaCI, 5 
rnIVI KC1, 1.17 InIVI MgS0,1, 1 inM CaC1., 5 111M glu- 
cose, and 10 mM 1-I1 PI 	p1-1 7.6, and the endogenous 
amino acids were extractad with ethanol (70% (v/v)). 
Some cultures were treated with 2 mM guanidinoethane 
sulfonate (GES) for 72 hr alter NaCI treatment. The anal-
ysis of ethanol extracts was carric(' out after asnino acid 
derivatization with 0-phtaldialdeltycle by reverse(' phasc 
1-IPLC according to Gcddes and Wood (1984) in a 13eek-
man chromatograph cquipped with all Ultrasphere col-
umn. 

In 3H-tattrine uptake experiments, astrocytes 
grown in eithcr isosmolar or Ityperosmolar culture inedia 
for 72 hr were incubated in Krebs-HEPES medium with 
210 mM NaCI or 150 mM suerose. Uptake of 31-1-taurine 
(2-4 µCi/m1) was examine(' in media containing taurine 
at different concentrations in the rango 5-1,000 µM. 
After incubation for 5 min, uptake was terminated by 
duce succcssive rapid washes (2 seo) of the cultures. 
Radioactivity and protein (Lowry et al., 1951) in the 
cultures were subsequently determined alter eell solubi-
lization in 0.4 N NaOH. ln all experiments, radioactivity 
present in cultores briefly exponed (1-2 sec) to 31-1-tau-
rine at 0°C was subtracted from the experimental values 
obtained at 37°C. For release experiments, cells main-
tained for 72 hr in isosmolar or hyperosmolar culture 
medium were incubated with 31-1-taurine (5 KM, 0.5 µCi/ 
inl) for 30 min. After incubation, the culture medium 
was replaced with Krebs-HEPES medium containing (in 
mM) KC1, 5; CaCl2, 1.17; MgC12 , 0.5; FIEPES, 10; 
glucose, 5; and the same NaCI concentration as in culture 
media. Cells were then superfused for 10 11-1111 (wash 
period) with media of the eorresponding osmolarity and 
superfusion continuad for further 50 min. At the end oí 
the experiments, radioactivity in the conecte(' samples, 
excluding the wash period, and that reinaining in thc 
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Fig.  1. D'ice( of hyperosinolarity of solutions with inereasing 
concentrations of NaCI on the tatirine contera of mouse cere-
bral cortex astrocytes. Cells were grown in isosmnotic condi-
tions (culture medium) for 2 weeks and then NaCI, at the 
indicated concentrations, was added to the medium to Mercase 
osinolarity from 300 mOsmol (135 InM NaCI) to 600 mOsinol 
(285 iuM NaCI). After 24 hr the taurine content of astrocytes 
was 111CliSLIIVt1 in extracts prepared in 70% ethanol and ana-
lyzed by 1-111..C. Results are ineans 7-!: SEM of 6 cultures. 

cells was measured by scintillation speetrometry. Results 
are expressed as efflux rate ~status (Le., the radioac-
tivity present in the medium at each period of time as 
pareen' of total radioactivity present in the cells at that 
time). 

RESULTS 
of Ilyperosinolarity on the Coneentration of 

Taurine and Free Amino Acids 

The effect of inereasing medium osmolarity with 
NaCI (135 to 285 mM), on taurine levels in astrocytes is 
shown in Figure 1. Incrcasing NaCI from 135 mM to 185 
mM cause(' °n'y a small increase in cell taurine content. 
A marked risa in taurine levels was observed at NaCI 
concentration oí 210 mM (65%) and ibis is practically a 
maximum effeet, since (ballet• mercases, up to 285 IBM 
°n'y elicited an mercase of 71% (Fig. 1). From 'hese 
results, hyperosmotie inedia made by adding 75 mM 
NaCI (210 inM final concentration, 450 mOsmol) were 
selected for further experiments to examine the effect of 
hyperosmolarity. Table 1 shows the effect of hyperosmo-
larity on the free alpino acid content of astrocytes. The 
concentration of' taurine inereased by more than 70% in 
(hese conditions and the glutamine content was alca 
markedly enhanced, by about 100%. The concentration 
of glutamate, alanine + tyrosine, phenylalanine, and 
glycine 	threonine also inereased, whereas that of 
serme, histidine, leucine, isoleucine, valine, and lysine 
were not affected by hyperosmolarity (Table 1). The con- 
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TA111,14: 1. Free ¡Salino /keit! ('notent of' Cultured t'erehrai Cortex Astrlieyies Grown in 
llyperusniutar nolitions"' 

Amino acid 

i\. nitro acid concentration proteit0 

Isomuolar 
NaCI 135 IBM 

300 mOsinol 

llyperosinolar 

NaCI 210 in11/4,1 
450 mOsittol 

Hyperosinolar 
SIR:Tose 150 niM 

450 inOsitiol 

(ilutainate 100.5 ± 	10.3 135.4 	7.42: 	8.4 
Serine 	-1- 	Itistidine 23.1 	± 	1.5 24.6 ± 2.3 29.1 	-4- 	1 .8 

Glutamine 228.5 ± 	11.9 -157,8 	.1: 45.3 396,3 ± 27.9 
(keine -I- threonine 31,5 ± 2.2 54.5 	L  4,2 46.5 ± 3,9 
Taurine 290.0 	19.2 501.7 ± 36,1  382.0 ± 19.5 
Alanitte 	-I- 	tyrosine 41,8 	t: 8,7 55.3 ± 5.9 59.4 ± 10.0 
Pbenylitlanine 5.9 142 	1.5 10,0 ± 	1.4 11,5 	± 	1.6 
Valine 9.7 ± 2.4 8.6 ± 	1.2 8.9 ± 1,6 
Isoleueine 5,3 ± 0.8 5.6 :17 3.9 3.9 ± 0.7 
Lysine 4.9 ± (1.3 ± 0.6 4.1 	± 0.4 

were grown in isosinolar medium 0w 2 weeks. Alter that period, 75 11)111 NaCI ter 150 inkl sucrose 

was added tú (he culture medium. Alter 24 lir, tlie free mujo() acid contera ()I' eelis was tneasured In extrae(); 
prepared in 7041 amo{ and assayed by 1111...C. lesults are means ± SEM (A' 6-12 cubres. 

centration oí taurine and free amino acids in medium 
made hyperosmotic with sucrose is also shown in Table 
1. The same amino acids were affected by hyperosmo-
larity in ibis condition, but the observed Mercases were 
not as pronounced as [hose in medium with high NaCI 
concentration. 

'[he time course of taurine Mercase induced by hy-
perosmolarity is shown in Figure 2. A significan[ risc in 
cell taurine content was observed only alter 6 hr of' ex-
posure to the hyperostnotic medium. The maximal ele-
vation occurred at about t 2 hr and aftcr Ibis time a pla-
tean was reached (Fig. 2). Associated with the Mercase 
in cell taurine coutent in response to hyperosmolarity, a 
decrease in taurine levels in the culture medium from 18 
p,114 to 11 µM was observed. 

Taurino Uptake 

Since hyperosmotic solutions were prepare(' by in-
creasing the concentration of NaCI, accumulation of 311-
taurine (251..(M) by cells growing in isosmotic conditions 
vas examined in media containing increasing concentra-
tions of NaCI from O lo 285 mM. Figure 3 shows that 
lamine uptake was markedly activated by NaCI, with the 
highest Mercase observed between O and 100 mM. At 
higher NaCI concentrations thcrc is stili a small hin con-
tinuous increase of taurine uptake, so that at the NaCI 
concentration used to prepare hyperosmotie solutions 
(210 mM), taurine uptake was about 30% higher than 
that observed at the Na concentration of isosmotic me-
dium (135 mM). 

The effect of hyperosmotic conditions on thc kinet-
ies of 31-1-taurine uptakc is shown in Figure 4. For [bese 
experiments, cells were grown for 2 weeks and then 
exposed for 3 days to culture medium containing addi- 

600 

500 

400 

300 

200 
10 
	

20 
	

30 
	

40 	50 

Timo (h) 

Fig. 2. Time course tlf hyposmolarity induced inerease in tau-
rine contera of astroeytes. Cells were grown for 2 weeks in 
culture medito]] (isosmotie) and then 75 InNI NaCI was added 
for the period of time indieated. M the end of the treatment the 
tattrine concentration in eells was measured by HPLC. Results 
are menos ± SEM ()f 12 cultores. 

dona' 75 mM NaCI (210 tuM NaCI, final conccntration 
450 mOsmol). After the hyperosmotic treatment, the col-
me medium was replaced by a Krebs-HEPES medium, 
also eontaining 210 mM NaCI. Controls were grown in 
isosmolar medit)) but for thc uptakc experiments the 
medium also contable(' 210 mM. NaCI in order to avoid 
differences dtte to thc concentration of Na 

t. 
 , which may 

influence the uptakc process. The kinetic curves of as-
trocytes exposed tu hyperosmolar solutions were mark-
cdly different from [hose in controls (Fig. 4). An in-
crease of' the saturable componeut was observed in the 
curve, a chango reflecied by the higher value of the 
Vmax shown in Table 11. The Km value, in contrast, was 
not affected by hyperosmolarity (Table II). The most 
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Fig. 3. Soditim-dependence of 31-I-taurine uptake by cultured 
astrocytes. Cells were grown in 24-well multiiest as described 
in Materials and Methods. For uptake experiments, thc culture 
medium was replaced by Krebs-I-IEPES medium containing the 
indicated concentrations of NaCI. Whcn the coneentrations of 
NaC1 were lower than 150 niM, the osmolarity was maintainecl 
with choline chloride. Solutions containing NaCI concentra-
tions higher iban 150 mM were correspondingly hyperosmotic. 
Cells were incubated with 31-I-taurine (3 p.Ci/inol, 25 IJ.M) for 
5 min at 37°C. After this time, cells were washed and aecti-
mulated radioactivity was determined by scintillation spee- 
trometry. The points in the curve are means 	SEM of 6 
cultures. 
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Fig. 4. Effect of byperosmolarity on 31-1-taurine uptake by cul-
tured astrocytes. Cells were grown for 2 weeks and then ex-
posed for 3 days to culture medium made hyperosmotic with 
NaCI (450 inOsin). After ibis time, the culture medium was 
replaced by media containing 'H-taurine (3-6 11.Ci/m1 and un-
labelled taurine in coneentrations rangiug 5-2,000 µM and thc 
same concentration of NaC1 as in the culture medium. Controls 
were cells grown in isosmotic medium, but taurine uptake was 
measured in inedia made hyperosmotic with NaCI. (0) control; 
(0) hyperosmotic. Results are means of 12 cultures. 

striking difference, however, was detected in the diffu-
sional component, which was markedly reduced in cells 
exposed to hyperosmotic conditions (Fig, 4, Table II). In 
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'l'Alfil: 11. laTeet 	11yperosmolarhy on the Muelle 
Paramelers orl'aurine Uplake by Cultured Astroeytes* 

Isosinolar 	Hyperosmolar 
K hiede parameters 
	

300 mOsinol 	450 mOsmol 

Km (fiM) 
	

38.6 
	

41.0 
Vmax (ninolimin/ing Roten]) 

	
0.30 
	

0.45 
1( (ml/min/ing protein) 
	

2.26 x 10-1 
	

6.58 x 

*Cells were grown in isostnolar medium for 2 weeks. After that period 
75 mM NaCI was added to the entine medium, and after 3 days of this 
treatment, the culture medium was replaced by Krebs-HEPES medium 
containing an additional 75 111M NaCI for cells grown in hoth isos-
molar and hyperosinolar conditions. 311-taurine uptake was measured 
as described in Figure 4. Results are iliCallti ± SEM of 12 cultures, 

other experiments cells were exposed to hyperosmotic 
meditan for 3 days and uptake experiments were carried 
out in inedia made hyperosmotic with sucrose. Results 
were essentially similar to those obtained in hyperos-
motic medium with NaCI. 

The observed changes in the kinetic constatas sug-
gest an Mercase in active transporters either exposed or 
newly synthesizcd. To investigate these possibilities, the 
effect of hyperosmolarity on astrocyte taurine content 
was examined in cells treated for 24 hr with cyclohexi-
mide (10 ii4g/m1) to block protein synthesis or with 
colchicine (100 1.1,M) to disrupt carrier transport pro-
cesses mediated by the eytoskeleton. Although these 
treatments decreased the intracellular taurine levels in 
isosmotic conditions, none of the drugs affected the in-
crease evokcd by hyperosniolarity (Results not shown). 

Taurine Etilux 

The decrease observed in the diffusion component 
of taurine uptake suggests that the passive transinern-
brane fluxes of the amino acid were affected by hyper-
osmolarity. Since this leak pathway niay mobilize tau-
rine in both directions, hyperosrnolarity could affect 
taurine efflux as well. To further examine this possibil-
ity, the basal release of 3H-taurine from cells cultured in 
normal or hyperosmotic media was compared and results 
are shown in Figure 5. The spontaneous efflux of taurine 
was lower in cells grown in hyperosmotic conditions as 
shown by the significant differences in the efflux rate 
constatas observed particularly during the first 10 mili of 
superfusion (Fig. 5). This difference persisted through 
all the superfusion period, although it decreased with 
time. As result of this lower efflux, the total arnount of 
taurine released in the period examined (50 min) was 
significantly less in cells exposed to hyperosmotic solu-
tions (7.2% ± 0.57) than in controls in isosmotic con-
ditions (13.6% ± 0.87). In diese release experiments, 
the initial concentration of taurine was higher in cells 
exposed to hyperosmotic conditions than in isosmotic 
conditions and this difference might affect the efflux 
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Fig. 5. Effect of hyperosmolarity on the efflux of 31-1-taurine 
from astrocytes. Cells treated as described in Figure 3 were 
loaded with ;H-taurine and then superfused (0.8 ml/min) with 
isosmotic (0) or hyperosmotic (o) medium for 50 min. Results 
represent efflux rate constants and are means ± SEM of 12 
cultures. 

rate. Tu examine this possibility, cells were incubated 
with external taurine in order to increase the cell taurine 
content in controls to levels present in cells in hyperos-
molar conditions. After an incubation period of 2 lar in 
the presence of 5 mM or 25 mM taurine, the intracellular 
concentration of taurine increased from 290 tu 494 and 
800 nmoles/mg protein in controls and from 500 tu 637 
and 1161 nmoles/ing protein in cells exposed to hyper-
osmolar conditions. Then, cells were incubated for 5 min 
in isosmotic or hyperosmotic medium. The amount of 
taurine released to the medium and that remaining in the 
cells was measured and the release expressed as percent-
age of the initial taurine content. Figure 6 shows that in 
all cases taurine efflux in hyperosmotic medium was 
lower than in controls, despite the largo differences in 
initial intracellular taurine levels. 

To further investigate the cffect of hyperosmolarity 
on taurine release, the efflux of taurine was followed 
indirectly by measuring the decrease in cell taurine in 
conditions of a total blockade of the influx component. 
This was achieved using a very potent blocker of taurine 
uptake, guanidino ethanesulphonate (GES), which at 2 
mM concentration practically abolished taurine uptake 
by astrocytes (Morán and Pasantes-Morales, 1991). As a 
consequence of the blockade of taurine accumulation, 
the intracellular concentration of the amino acid mark-
edly decreased and the extent of this decrease indicates 
the rate of loss of cell taurine. Figure 7 compares the 
decrease in intracellular taurine in cells grown in hyper-
osmotic or isosmotic conditions and then exposed to 
GES for 3-6 hr. in cells grown in isosinolar conditions, 
GES treatment resulted in a decrease of taurine from an 
initial level of 294 ninol/ing protein tu 186 and 107 nmol/ 

Fig. 6. Effect of increasing intracellular taurine content un the 
efflux of taurine induced by hyperosmolarity. Cells were ex-
posed for 3 days to hyperosmotic medium and then 5 mM or 25 
tnM taurine was added tu culture medium for a period of 2 hr. 
After this time, cells were incubated in isosmotic (upen bars) or 
hyperosmotic (filled bars) Krebs-l-IEPES medium for 5 min. 
Taurine content was measured at the end of the incubation by 
'PLC. Results are means ± SEM of 6 cultures. *P < 0.001. 

Time of GES Treatment (h) 

Fig. 7, Effect of hyperosmolarity on the concentration of tau-
rine in GES-treated astrocytes. Cells were exposed tu isosmotic 
(0) or hyperosmotic (0) media and then treated with 2 mM GES. 
Al the time indicated, cell taurine content was measured by 
1-1PLC. Results are means ± SEM of 6 cultures. *P < 0.001. 

mg of' protein after 3 and 6 hr, respectively. This chango 
represents an efflux corresponding to 36.7% and 63.6% 
of the original concentration of taurine. In cells exposed 
for 3 clays to a hyperosmotic medium, the loss of taurine 
in GES treated cells was significantly lower, from 507 to 
415 and 291 ninol/ing protein after 3 and 6 hr of expo-
sure, respectively, to GES (i.e., an efflux corresponding 
to 18% and 41% more of the intracellular taurine content 
than that in cells grown in isosmolar inedia) (Fig. 7). 

DISCUSSION 

Our present results confirm the observation of 01-
son and Goldfinger (1990) on the increase of taurine and 



other free amino acids in astrocytes exposed to hyperos-
motic conditions. A difference in the cell content of these 
amino acids tond between the two reports is mos( likely 
clac lo differences in the paradigm 10 increase ostholarity 
in the cultUre mccliuni and LO the CXtraction procedure. 

From the resuits of the present study it sectas olear 
that changes in the mechanisms of taurine transpon are 
associated with and presumably accuunt for the increase 
in taurine content in astrocytes exposed ti) hyperosmolar 
conditions. 'Taurino uptake in most cells, including, as-
trocytes, occurs via a Na - and energy-dependent com-
ponen[, with high affinity for the amino acid, and a non-
saturable proccss in Mach the flux of taurino is a linear 
function of the externa! taurine concentration ( Schousboe 
et al., 1976; Holopainen el al., 1987). l'he present work 
has shown that hyperosmolarity stimulates the sodium-
dependent active carric'.  concomitant with a marked de-
crease in efflux through the diffusible pathway. The ob-
serve(' change in the Na'-dependent componeut of 
taurine uptake somas not he mediated by modifications in 
the affinity of taurine for the carrier, since the Km was 
unaffected by hyperosinolarity. 111 contrast, the increase 
in the Vmax suggests that the turnover rale of the watts-
porter has increased in these cells. ft is noteworthy that 
remarkably similar changes in the transport of other or-
ganic osmolytes have been observed in renal cells in 
culture. When [hese cells are grown in hyperosinotic 
mediutn, 'in increase in uptake of' sorbito!, inositol, and 
betaine is observed. This change is {.fue to mercases in 
the Vmax ot' the transportas without any change in Km 
(Nakanishi et al., 1989). 

Por Lamine, the observed mercase in the ivimax niay 
be a consequence in part, oí' changes in the transmem-
brane potential caused by thc higli concentratiuns of 
NaC1 present in the hyperosmotie media, since taurine 
uptake was stimulated to certain extent by increasing 
extracellular NaCI in isosmotic solutions. This s'anula-
tory effect may acconnt for the early Mercase observe(' in 
taurine concentration (i.e., froto 1-3 hr). The observe(' 
adaptive changes to hyperosmolarity of taurine uptake 
observed over the long [crin cannot be interpreted as 
result of synthesis de novo of the protein carrier, salce 
cycloheximide did not preven[ the effeet of hyperosmo-
larity on the cell's taurine content. Another possibility is 
that the number of transportcrs increase by insertion in 
the membrane of preformed carriers from a cytoplasmic 
pool, as has been shown tu occur in renal cells in studies 
by Chcsney et al. (1989). An uprcgulation oí taurine 
transporters not involving synthesis de novo has been 
dernonstrated in diese cells and the process depends on 
the cytoskeleton and, consequently, is sciisitive lo col-
chicine. This drug was ine'f'ectivo in counteracting thc 
effect o!' hyperosmolarity on taurine levels in astrocytes, 
suggesting either that there is no upregulat ion of the car- 
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riers in astrocytes or that the proccss oí transponer in-
sert ion does not require the integrity uf the cytoskeleton. 
At present, the inechanism activating the Na -depen-
den( taurino uptake by hyperosmolarity remains tu be 
clari fied 

The most striking effect oí hyperosmolarity on the 
kiuetics ()I' taurine uptake observe(' in this study was the 
marked reduction uf the nonsaturable component ()I' tau-
rine transpon. This observation sugg,ests that the trans-
membrane 111.1XCS of taurine occurring via ibis transport 
inechanism are inhibited by hyperosmolat•ity. This as-
sumption is supported by thc decrease in the efflux uf' 
'H-taurine observe(' in cells exposed to hyperosmolarity. 
Along the same line is ihe finding that in cells treated 
with hyperosmotic solutions in the presence of GES, 
which eliminates taurine uptake, there is a delay in the 
efflux of intracellttlar taurine. 

ft secaos olear that both the increase in taurine up-
take through the sodium-dependent carrier and the de-
crease in the efflux presumably occurring through a 
leaky pathway are responsible for the increase in Lamine 
levels in response to hyperosmolarity. It is interesting to 
note that the changes observed in the active and the dif-
fusional components of taurine transpon in hyperosmolar 
conditions are essentially opposite of' those caused by 
Ityposinolarity. In astrocytes exposed to Ityposmolar so-
lutions, a rapid release of' iaurine occurs which markedly 
reduces thc intracellular lamine content (Pasantes-Mo-
rales and Schousboe, 1988; Pasantes-Morales et al., 
1990). it was shown that in [hese conditions, the energy 
dependent componen[ of' taurine transpon is sfightly in-

whereas the diffusional component is nutrkedly 
increased (Sánchez Olea et al., 1991). Moreover, in ex-
periments carried ola in the absence of' sodiuni (i.e. , in a 
condition in which the active carrier is not functional), 
the taurine (luxes activated by hyposmolarity are di-
rected only by the concentration gradient of tattrine, in-
dicating that the hyposmolarity sensitivo transmembrane 
'luxes oí the amino acid take place essentially via the 
diffusional pathway (Sánchez Olea et al., 1991). 

The properties of' the diffusional coniponent of tau-
rine transport which appears t() be importantly involved 
in the adaptive response of astrocytes (o changes in ex-
ternal osmolarity remain lo be determined. It is unclear 
whether or not it represents a passivc, protein-mediated 
bidirectional transpon or a simple transbilayer bidirec-
tional diffussive translocation. 

The increase in ccll taurino concentration subse-
Tient to hyperosmolarity is suggestive oí' its involvement 
in the adaptive response of astrocytes to [bis situation. 
The inechanism to enhance cell taurine content described 
in this work may be operating also in the intact brain, 
although in Mis preparation, other factors, such as the 
development of the blood-brain barrier, have to be con- 
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sidered. The nature of the potential beneficia! actions of 
taurine has to be deterrnined. ti may be relate(' lo a role 
as an osmotically active solute andior to a funetion as an 
osinoproteetant (i.e., counteracting the perturbing ac-
tions of high coneentrations of inorganie solutes). This is 
likely to (leen in conditions when hyperosinolarity is 
obtaincd, inereasing the coneentration of NaC1, which 
may have adverse effects on protein functions. This cf-
f'cct of organie osinolytes as compatible solutes is wcll 
doeumented in other preparations (Yancey et al., 1982). 
Studies are now in progress to further examine diese 
possihilities for taurine in astrocytes. 
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DISCUSION GENERAL. 

1) 	IMPORTANCIA RELATIVA DE OSMOLITOS ORGANICOS E INORGANICOS EN 

EL PROCESO DE REGULACION DE VOLUMEN EN CELULAS NERVIOSAS. 

La capacidad de regulación del volumen celular en condiciones 

anisosmóticas se ha documentado en la mayoría de las células 

animales en las que se ha estudiado este proceso, incluyendo 

células tan diversas como eritrocitos (Kregenow, 1971; Cala et al., 

1986), linfocitos (Grinstein y Foskett, 1990), células de Ehrlich 

(Hoffmann y Simonsen, 1989), células renales (Larson y Spring, 

1987; Roy y Sauvé, 1987). Sin embargo la presencia de este proceso 

no es universal, ya que sólo una población limitada de eritrocitos 

humanos es capaz de recuperar su volumen en condiciones 

hiposmóticas (O'Neill, 1989) y esta propiedad se encuentra ausente 

en células del túbulo renal distal (Guggino et al., 1985). Las 

células nerviosas en cultivo, tanto neuronas como astrocitos, 

poseen los mecanismos necesarios para recuperar su volumen inicial 

después que éste se ha incrementado por exposición a soluciones 

hiposmóticas (Pasantes-Morales y Schousboe, 1988; Pasantes-Morales 

et al., 1992; trabajo 1, figura 1). 

La recuperación del volumen en condiciones de hiposmolaridad es 

posible a través de una disminución en la concentración de solutos 

osmóticamente activos (osmolitos) en el interior de la célula, lo 

que determina una reducción inmediata en el contenido intracelular 

de agua. Estos osmolitos pueden ser clasificados en dos grandes 
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grupos: 1) iones inorgánicos, principalmente potasio y cloruro, y 

2) compuestos orgánicos pequeños, como aminoácidos libres (Gilles, 

1979; Pasantes-Morales et al., 1988), poliaminas (Yamauchi, 1992 ) 

y polialcoholes (Siebens y Spring, 1989). En los organismos 

acuáticos este último grupo de osmolitos desempeña un papel 

fundamental en los procesos de recuperación de volumen, mientras 

que los iones inorgánicos cumplen una función complementaria (Smith 

y Pierce, 1987). En células de organismos terrestres la situación 

parece ser la inversa: los iones potasio y cloruro son los que 

mayoritariamente contribuyen al proceso regulador de volumen y los 

osmolitos orgánicos cumplen una función secundaria. En células 

renales en cultivo (MDCK) (Roy y Sauvé, 1987; Sánchez-Olea et al., 

1991) y en linfocitos humanos (Pasantes-Morales et al., 1991 )-se 

ha calculado que los aminoácidos libres constituyen entre un 25 y 

30% de la disminución total de solutos en condiciones hiposmóticas. 

En los resultados obtenidos en el presente trabajo es evidente 

que en los astrocitos la liberación de potasio (utilizando rubidio 

como marcador) es poco sensible a incrementos en el volumen celular 

producidos por la exposición a soluciones hiposmóticas. La salida - 

de potasio se incrementa sobre el valor basal únicamente con 

reducciones extremas en la osmolaridad externa (50% o mayores), 

mientras que disminuciones de 15 o 30% no estimulan 

significativamente la liberación espontánea (Trabajo 1, figura 2). 

Estos resultados contrastan con la gran sensibilidad que muestran 

otros tipos celulares para liberar potasio en respuesta a 
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incrementos pequeños en el volumen celular: en células MDCK una 

reducción del 15% es suficiente para estimular la liberación de 

potasio (Roy y Sauvé, 1987); en hepatocitos un incremento en el 

volumen celular (aprox. 15%) producido por la acumulación de 

alanina (internalizada simultáneamente con sodio y cloro) estimula 

la liberación de potasio (Kristensen, 1980; Kristensen y Folke, 

1984); igualmente, en células intestinales el aumento de volumen 

(de aproximadamente 5%) producido por la acumulación de glucosa 

estimula la salida de potasio (MacLeod y Hamilton, 1991), 

El alto valor umbral que presentan los astrocitos para la 

liberación de potasio posiblemente se explique con base en el papel 

fisiológico que desempeñan estas células dentro del sistema 

nervioso. Se ha propuesto que una de las funciones de los 

astrocitos es precisamente el de mantener concentraciones reducidas 

de potasio (aproximadamente 5 mM) en el espacio intercelular 

(Hertz, 1978; Walz y Hinks, 1985). De acuerdo con esta propuesta se 

han descrito un gran número de canales y transportadores por los 

cuales el potasio es acumulado activamente en el interior de los 

astrocitos (Gardner-Medwin et al., 1981, Walz, 1987). Es muy 

probable que el empleo del potasio como un osmolito en el sistema 

nervioso se encuentre limitado debido a que la excitabilidad 

general de las células nerviosas depende en gran medida de la 

concentración extracelular de este catión (el potencial de membrana 

muestra siempre un valor muy próximo al potencial de equilibrio 

electroquímico para el potasio, calculado de acuerdo a la ecuación 

de Nernst). 

r. 
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En los astrocitos y neuronas en cultivo la liberación de 

aminoácidos libres, a diferencia del potasio, muestra una alta 

sensibilidad a disminuciones en la osmolaridad del medio externo 

(Pasantes-Morales et al., 1993). Reducciones en la osmolaridad tan 

pequeñas como del 5-10% son suficientes para estimular la 

liberación de taurina sobre el valor basal observado en condiciones 

isosmóticas (Pasantes-Morales y Schousboe, 1988). El papel 

fisiológico de la taurina como osmolito se encuentra ampliamente 

documentado en el sistema nervioso, tanto en estudios in vitro 

(Pasantes-Morales y Schousboe, 1988 ) como in vivo (Thurston et 

al., 1980). Es interesante mencionar que la exposición de los 

astrocitos en cultivo a condiciones hiperosmóticas produce un 

incremento notable en los niveles intracelulares de aminoácidos 

libres (Olson y Goldfinger, 1990; Ver última sección), lo cual 

apoya la propuesta del papel de los aminoácidos como osmolitos en 

el sistema nervioso. 

2) MECANISMO DE LIBERACION DE POTASIO EN RESPUESTA A INCREMENTOS 

EXTREMOS EN EL VOLUMEN CELULAR. 

A pesar de que en astrocitos en cultivo el potasio no parece ser 

utilizado como osmolito en respuesta a disminuciones pequeñas en la 

osmolaridad, es evidente (Trabajo 1, figura 2) que con reducciones 

de 50% o mayores en la osmolaridad externa efectivamente se activa 

un mecanismo de transporte que produce una liberación de este 
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catión. El mecanismo involucrado en la liberación de potasio en 

respuesta a un incremento en el volumen celular depende del tipo 

celular de que se trate. Como se mencionó en la introducción, 

existen al menos tres mecanismos posibles: 1) El cotransportador 

KVNai./2C1-  o le/Cl" (Cala, 1990) ; 2) la activación simultánea de dos 

antiportadores: C17HCO3-  y Ki./114.  (Cala, 1983); o 3) la salida a 

través de un canal jónico (Hoffmann, 1987; Grinstein et al., 1987). 

En los astrocitos el cotransportador K1lbia472C1" o le/C1-  parece no 

ser el mecanismo de salida de potasio debido a que la liberación no 

se afectó en presencia de bumetanida (Trabajo 1, figura 3), un 

fármaco que selectivamente inhibe este sistema de transporte 

(Kimelberg y Frangakis, 1985); otro resultado que descarta la 

participación de este sistema de transporte es el que la liberación 

de potasio ocurre normalmente en astrocitos donde el cloro 

intracelular se ha reemplazado por nitrato (Trabajo 1-, figura 4), 

mientras que la actividad del cotransportador le/Na4j2C1-  o K4/C1-  se 

inhibe por completo cuando el cloro es substituido por este anión 

(Hoffmann y Simonsen, 1989; Sarkady y Parker, 1991). Finalmente, la 

poca sensibilidad del proceso de liberación del potasio a la 

temperatura (Trabajo 1, figura 11) también es un resultado que 

descarta la participación de un transportador. 

La participación de un canal jónico en la salida de potasio 

sensible a volumen en los astrocitos es sugerida por el efecto 

inhibidor de la quinidina (Trabajo 1, figura 7), un fármaco que 

interactúa con canales de potasio. En las células en donde la 
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liberación de potasio en respuesta a un aumento de volumen ocurre 

a través de un canal jónico, la salida de potasio es 

interdependiente de la salida de cloro (Hoffmann y Simonsen, 1989) 

En los astrocitos es muy claro que existe una relación muy estrecha 

entre la movilización de potasio y la de cloro. Por una parte, la 

liberación de potasio se inhibió, de manera dependiente de la 

concentración, en presencia de inhibidores de canales de cloro como 

DIDS y furosemida (Trabajo 1, figuras 9 y 3, respectivamente). 

Además, la salida de potasio se redujo significativamente al 

disminuir los niveles intracelulares de cloro a través de la 

incubación en un medio en donde el cloro se substituyó por el anión 

impermeante gluconato (Trabajo 1, figura 4). Sin embargo, el 

reemplazamiento de cloro intracelular por el anión permeante 

nitrato no disminuyó la salida de rubidio (Trabajo 1, figura 4) 1  lo 

que sugiere que la salida del catión debe acoplarse con la 

movilización de algún anión, independientemente de que éste sea 

cloruro o nitrato. 

Es muy posible que la liberación de potasio sensible a volumen 

ocurra a trav4s de los canales que se han descrito se activan por 

la distensión de la membrana celular (Guharay y Sachs, 1984; Ubl et 

al., 1988; Falke y Misler, 1989; Sakin, 1989; Sachs, 1991). 

Recientemente, se describió en astrocitos en cultivo un canal 

selectivo para potasio que se activa en respuesta a un incremento 

de volumen producido por soluciones hiposmóticas (Islas et al., 

1993). En este trabajo se demostró que el cloro no es capaz de 
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utilizar el mismo canal que el potasio, lo que sugiere que, a pesar 

de que la salida de potasio y cloro sensible a volumen es 

interdependiente, los iones son movilizados a través de canales 

distintos. 

3) CAMBIOS EN LOS NIVELES INTRACELULARES DE CALCIO COMO POSIBLE 

SEÑAL INTRACELULAR EN EL PROCESO DE LIBERACION DE OSMOLITOS. 

Aún no se ha determinado si la liberación de osmolitos observada 

en condiciones hiposmóticas es iniciada únicamente por la 

distensión en la membrana celular producida por el incremento de 

volumen, o si estos mecanismos de liberación son activados por 

alguna señal intracelular producida como consecuencia del 

incremento de volumen. Algunos investigadores han propuesto que la 

activación de canales jónicos sensibles a la distensión membranal 

es suficiente para iniciar el proceso de regulación de volumen 

(Guharay y Sachs, 1984; Falke y Misler, 1989; Sakin, 1989; Sachs, 

1991; Islas et al., 1993). Igualmente, se ha sugerido que la 

participación de segundos mensajeros como el AMP cíclico (Milis y 

Skiest, 1985; Watson, 1990) o el calcio (Pierce y Politis, 1990) 

pudría desempeñar una función crítica en la liberación de 

osmolitos. 

La exposición a soluciones hiposmóticas produce un aumento en la 

permeabilidad de la membrana celular al calcio, medido como entrada 

de 45Ca (Wong y Chase, 1986; Pierce et al., 1988). A través de 
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medidas directas de los niveles de calcio con compuestos 

fluorescentes, se ha demostrado que esta entrada de calcio resulta 

en un incremento en la concentración interna del catión (Cala et 

al., 1986; McEwan et al., 1992). Los resultados obtenidos en el 

presente trabajo muestran que la exposición de neuronas de corteza 

cerebral y neuronas granulares de cerebelo (Trabajo 2, figuras 1 y 

2) a soluciones hiposmóticas efectivamente resulta en un incremento 

en los niveles de calcio libre intracelular. Ambos tipos celulares 

responden con un incremento rápido en los niveles de calcio, 

seguido de una fase de disminución lenta en la que se estabiliza a 

niveles ligeramente superiores a los observados en condiciones 

isosmóticas (Trabajo 2, figura 1). Este proceso se aumenta con 

disminuciones progresivas en la osmolaridad del medio externo 

(Trabajo 2, figura 2). 

El curso temporal y la curva vs. osmolaridad de los cambios en 

los niveles de calcio podrían ser compatibles con la idea de que el 

calcio podría funcionar como una señal para la liberación de 

osmolitos en células nerviosas. Desafortunadamente, el proceso de 

liberación de osmolitos se encuentra mejor caracterizado en 

astrocitos, donde no fue posible examinar los cambios en calcio 

intracelular, debido a que el compuesto fluorescente utilizado 

(fluo-3) no se retuvo en estas células aún en condiciones 

isosmóticas. En neuronas el incremento en el calcio intracelular es 

dependiente de la presencia de calcio extracelular (Trabajo 2, 

tablas I y II), pero en astrocitos la liberación de osmolitos, 

tanto de potasio (Trabajo 1, figura 10) como de aminoácidos 
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(Pasantes-Morales y Schousboe, 1988) es un proceso que ocurre en 

ausencia de calcio extracelular. En células de organismos 

eurihalinos la liberación de aminoácidos sensible a volumen ocurre 

por un proceso completamente dependiente de calcio (Amende y 

Pierce, 1980; Smith y Pierce, 1987), lo que podría sugerir la 

existencia de diferencias en los mecanismos de movilización de 

osmolitos orgánicos entre células de animales acuáticos y 

terrestres. Actualmente se tiene en desarrollo un proyecto en el 

laboratorio para determinar en células de sistema nervioso la 

importancia del calcio y de los sistemas de segundos mensajeros en 

los procesos de salida de osmolitos y de regulación del volumen 

celular. 

4) MECANISMO DE LIBERACION DE OSMOLITOS ORGANICOS. 

La utilización de compuestos orgánicos como osmolitos se 

encuentra ampliamente documentada en diversas preparaciones 

experimentales, incluyendo células de organismos acuáticos (Pierce 

y Politis, 1987) y terrestres (Pasantes-Morales y Schousboe, 1988; 

Hoffmann y Simonsen, 1989). Entre estos osmolitos se encuentran 

aminoácidos libres (Gilles, 1979), poliaminas (Yamauchi et al., 

1992) y polialcoholes como el sorbitol (Siebens y Spring, 1989) y 

el inositol (Jackson y Strange, 1993). Como se esperaría para un 

compuesto que funciona como osmolito, los niveles intracelulares de 

aminoácidos libres, sorbitol e inositol se disminuyen en soluciones 
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hiposmóticas y se incrementan en condiciones de hiperosmolaridad. 

La disminución en los niveles celulares de aminoácidos libres 

producida por un incremento en el volumen celular se acompaña de la 

aparición de estos compuestos en el medio de incubación (Pasantes- 

Morales et al., 1991), lo que demuestra que los aminoácidos no son 

degradados ni incorporados a proteínas, sino que son movilizados al 

exterior por algún sistema de transporte presente en la membrana 

celular que se activa como consecuencia del incremento de volumen. 

A pesar de que este mecanismo se encuentra presente en todos los 

tipos celulares donde se ha estudiado, no se ha determinado con 

certeza la naturaleza de la proteína involucrada. 

Es interesante mencionar que aparentemente los diferentes 

aminoácidos que se movilizan en respuesta a un aumento en el 

volumen celular parecen utilizar una vía común. En células MDCK la 

liberación de todos los aminoácidos endógenos sensible a volumen se 

inhibe en presencia de DIDS y quinidina (Sánchez-Olea et al., 

1991). Estos compuestos también inhiben la salida de sorbitol 

(Siebens y Spring, 1992 ) e inositol (investigación en proceso), lo 

que indica la posible existencia de un mecanismo de transporte 

único para las diferentes clases de osmolitos orgánicos. En el 

presente trabajo se utilizó principalmente a la taurina como 

representante para estudiar la via de movilización de los osmolitos 

orgánicos y los resultados se discuten en la siguiente sección. 
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A) 	Naturaleza del mecanismo de transporte involucrado en la 

liberación de aminoácidos sensible a volumen. 

La principal evidencia que sugiere la participación de una 

proteína en el proceso de liberación de aminoácidos sensible a 

volumen, es que tanto en hepatocitos (Ballatory y Boyer, 1992), 

como en astrocitos (investigación en proceso) la salida de taurina 

se inhibe en presencia de N-etil-maleimida, un compuesto que 

reacciona especificamente con los grupos sulfihidrilos de las 

proteínas. Igualmente, en astrocitos en cultivo la modificación de 

argininas con 1,2-ciclohexanediona o fenilglioxal, resulta en una 

disminución de la liberación de taurina sensible a volumen que es 

dependiente de la concentración del fármaco utilizada (Pasantes-

Morales, investigación en proceso). Sin embargo aún no se conoce la 

identidad de esta proteína. 

En prácticamente todos los tipos celulares la taurina es 

acumulada en el interior celular a través de un transportador 

saturable y dependiente de sodio, el cual se clonó recientemente de 

células MDCK y de cerebro de rata (Smith et al., 1992). La 

participación de este acarreador en la liberación de taurina 

sensible a volumen es poco probable, debido a que en astrocitos 

este proceso es independiente de sodio y poco sensible a la 

temperatura (Pasantes-Morales et al., 1990). Sin embargo, esta 

posibilidad se exploró directamente a través de la determinación 

del efecto de un incremento en el volumen sobre los parámetros 

cinéticos del sistema de captura de taurina tanto en células 



38 

granulares (Trabajo 3, figura 2) como en astrocitos en cultivo 

(Trabajo 4, figura 1). Los resultados obtenidos en las dos 

preparaciones muestran que un aumento de volumen no resulta en una 

activación del transportador de taurina sino que se observa una 

reducción ligera que podría ser el resultado de la despolarización 

que se ha reportado ocurre en astrocitos en condiciones 

hiposmóticas (Kimelberg y Kettenmann, 1990). 

Además del transportador saturable de taurina existe otro 

mecanismo que participa en la acumulación intracelular de este 

aminoácido. Este mecanismo es un componente difusional (y por lo 

tanto no saturable) e independiente de sodio y se ha descrito en 

diversas preparaciones, incluyendo neuronas y astrocitos en cultivo 

(Schousboe et al., 1976; Larsson et al., 1986; Holopainen et al., 

1987). Tanto en neuronas (Trabajo 3, figura 2) como en astrocitos 

(Trabajo 4, figura 1), un incremento de volumen celular estimuló 

marcadamente la magnitud de este componente difusional. Diferentes 

condiciones que inhiben la liberación de taurina sensible a 

volumen, como concentraciones elevadas de cationes divalentes 

(manganeso, magnesio) y el inhibidor de canales de cloro DIDS, 

también inhibieron la estimulación de este componente difusional 

por condiciones hiposmóticas (Trabajo 3, figura 1), lo que sugiere 

un mecanismo común para el componente difusional de la captura de 

taurina y la liberación de este aminoácido sensible a volumen. 

Con el fin de examinar si efectivamente los movimientos de 

taurina sensibles a volumen ocurren puramente por un proceso 
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difusional, se determinaron los niveles celulares de taurina de 

astrocitos incubados en presencia de concentraciones extracelulares 

crecientes de taurina, tanto en condiciones isosmóticas como 

hiposmóticas. Este experimento se realizó en un medio libre de 

sodio para inactivar al transportador saturable (el cual funciona 

únicamente en presencia de este catión), con el fin de registrar 

los flujos de taurina mediados exclusivamente por el componente 

difusional. Los resultados obtenidos muestran que efectivamente la 

dirección y la magnitud de los flujos de taurina producidos por un 

aumento de volumen se encuentran determinados por el gradiente de 

concentración para este aminoácido. Con una concentración de 

taurina externa de aproximadamente 30 mM, un aumento de volumen no 

induce movimientos netos del aminoácido en ninguna dirección, 

mientras que a concentraciones menores o mayores se observa una 

disminución o un incremento en los niveles celulares de taurina 

(Trabajo 4, figura 2). En células MDCK, la concentración a la cual 

no se observan flujos netos de taurina al incrementar el volumen 

celular fue de aproximadamente 5 mM, consistente con los niveles 

menores de taurina en estas células (resultados no publicados). 

Considerando que la liberación de taurina sensible a volumen es 

independiente de sodio y poco dependiente de la temperatura, así 

como los resultados de la cinética de captura, resulta poco 

probable que el transportador de taurina dependiente de sodio 

constituya el mecanismo responsable de la movilización de taurina 

observada en condiciones hiposmóticas. Los resultados obtenidos en 
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astrocitos demuestran claramente que, una vez que se ha activado la 

vía de transporte, los flujos de taurina se encuentran determinados 

por el gradiente de concentración del aminoácido, lo cual seria 

consistente con la participación de un "canal" o "poro" en este 

proceso. 

B) 	Selectividad de la vía activada por un incremento en el 

volumen celular. 

En investigaciones previas del laboratorio se demostró que tanto 

en linfocitos humanos (Pasantes-Morales et al., 1991) como en 

células MDCK (Sánchez-Olea et al., 1991) la exposición a soluciones 

hiposmóticas estimula la salida de distintos aminoácidos endógenos. 

Por otra parte se ha reportado que en células renales un aumento de 

volumen induce la activación de un mecanismo de transporte que 

moviliza sorbitol (Siebens y Spring, 1989) e inositol (Jackson y 

Strange, 1993). Con estos antecedentes se decidió examinar en una 

preparación única (astrocitos) la selectividad de la vía sensible 

a volumen. 

Considerando que en los astrocitos los flujos de taurina a 

través de la via activada por un incremento de volumen se 

encuentran determinados únicamente por el gradiente de 

concentración del aminoácido, se decidió examinar el efecto de 

concentraciones externas elevadas de distintos aminoácidos y 

polialcoholes sobre el proceso de recuperación de volumen, con el 
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fin de determinar la selectividad del mecanismo de transporte 

activado por esta condición. El presupuesto fue que si el soluto de 

interés era capaz de utilizar la vía activada por el aumento de 

volumen entonces la pérdida de osmolitos internos se vería 

compensada por la entrada de este soluto y el proceso de regulación 

de volumen resultaría inhibido; si el soluto no es movilizado por 

este vía entonces el proceso de regulación de volumen ocurriría 

normalmente. 

Como se puede observar en el trabajo 5 (Figura 1 y tabla 1) en 

astrocitos el proceso de recuperación de volumen observado en 

soluciones hiposmóticas se inhibe por completo en presencia de una 

concentración externa de 120 mM de distintos aminoácidos neutros, 

incluyendo taurina, alanina, y glicina (Trabajo 5, figura 1), 13- 

alanina, GAGA, prolina, fenilalanina, cisteina, treonina y 

asparagina y sólo un 39% en presencia de glutamina (Trabajo 5, 

tabla 1). Utilizando una concentración de 90 mM únicamente la 

taurina y la 13-alanina todavía fueron capaces de inhibir la 

regulación de volumen, mientras que utilizando una concentración de 

60 mM de diversos aminoácidos este poceso ocurrió prácticamente de 

manera normal. Al examinar el efecto de aminoácidos con carga 

eléctrica neta se determinó que los aminoácidos ácidos (glutámico 

o aspártico) pero no los básicos (arginina o lisina) son capaces de 

inhibir el proceso de regulación de volumen normalmente observado 

en condiciones hiposmóticas, indicando que los aminoácidos básicos 

no son capaces de utilizar la vía activada en soluciones 

hiposmóticas. Interesantemente, el efecto inhibidor de los 
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aminoácidos ácidos (glutámico y aspártico) únicamente se observa 

cuando el catión principal en las soluciones es el IC (para el que 

la membrana es muy permeable, especialmente en condiciones 

hiposmóticas), pero no en presencia de Na'.  (para el que la membrana 

es impermeable, aún en condiciones hiposmóticas), lo cual indica 

que la entrada del aminoácido debe acompañarse de la entrada 

simultánea de un catión, resultando en un proceso eléctricamente 

neutro (Trabajo 5, figura 3). 

Para corroborar la propuesta de que la habilidad de los 

distintos aminoácidos para inhibir el proceso de recuperación de 

volumen se fundamenta en la capacidad de la vía sensible a volumen 

para transportar estos solutos, se examinaron directamente los 

niveles celulares de los aminoácidos y se encontró que existe una 

relación directa entre la capacidad de los aminoácidos de inhibir 

el proceso de regulación de vclumen y la de incrementar sus niveles 

como consecuencia de la exposición a soluciones hiposmóticas 

(Trabajo 5, comparar las figuras 1 y 5). Igualmente, se demostró 

que la entrada de ácido glutámico sensible a volumen es mayor en 

presencia de potasio que de sodio como principal catión en el medio 

externo (Trabajo 5, figura 5). 

Un aumento en el volumen celular además de estimular la 

liberación de aminoácidos induce también la salida de polialcoholes 

como el sorbitol (Siebens y Spring, 1989) y el inositol (Jackson y 

Strange, 1993), lo que demuestra que existe una vía de transporte 
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para estos compuestos que se estimula en condiciones hiposmóticas. 

Sin embargo, una concentración externa elevada (120 mM) de sorbitol 

sólo muestra un pequeño efecto inhibidor sobre la regulación de 

volumen y en presencia de inositol (120 mM) se observa una clara 

estimulación de este proceso (Trabajo 5, figura 4). Permanece por 

determinar si la vía responsable de la liberación de polialcoholes 

es unidireccional y sólo permite la movilización de estos 

compuestos del interior celular al exterior y no en dirección 

opuesta o, alternativamente, si la velocidad de entrada de estos 

compuestos es más lenta que la salida de los osmolitos 

intracelulares, lo que explicaría la falta de un efecto inhibidor 

en presencia de concentraciones elevadas de estos compuestos. 

C) Existe un mecanismo de transporte común para la liberación ed 

cloro y aminoácidos en respuesta a un incremento de volumen? 

Un aumento de volumen celular producido por exposición a 

soluciones hiposmóticas produce la activación de canales de cloro 

en diversos tipos celulares, incluyendo linfocitos humanos 

(Grinstein et al., 1984 ), células de Ehrlich (Hoffmann y Simonsen, 

1989 ), células MDCK (Roy y Sauvé, 1984), células T84 (Worrell et 

al., 1989), keratinocitos (Rugolo et al., 1992), células 

epiteliales humanas (Kubo y Okada, 1992; Rasola et al., 1992), etc. 

Las propiedades de estos canales de cloro se han estudiado con 
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diferentes enfoques, incluyendo la liberación de cloro radiactivo 

sensible a volumen (Rugolo et al., 1992), estudiando el efecto de 

inhibidores de canales de cloro sobre el proceso de regulación de 

volumen (Grinstein et al., 1984), y recientemente, con técnicas 

electrofisiológicas (Kubo y Okada, 1992; Rasola et al., 1992; Roy 

y Malo, 1992). Los canales de cloro activados por un incremento de 

volumen muestran características comunes en los distintos tipos 

celulares donde se han descrito: estos canales, una vez activados 

por el aumento de volumen conducen mayor corriente a voltajes 

positivos que negativos (Chan et al., 1992; Kubo y Okada, 1992; 

Rugolo et al., 1992; Yantorno et al., 1992), presentan un proceso 

de inactivación a potenciales de membrana mayores a +60 mV (Kubo y 

Okada, 1992; Rasola et al., 1992; Worrel et al., 1989) y son 

inhibidos por diversos inhibidores de canales de cloro, incluyendo 

DIDS, SITS, 11 9-dideoxiforskolina, NPPB, y ácido araquidónico (Chan 

et al., 1992; Kubo y Okada, 1992; McCann et al., 1989; Rasola et 

al., 1992; Rugolo et al., 1992; Yantorno et al., 1992). 

Como se muestra en el trabajo 6 (Figura 2), en astrocitos la 

liberación de taurina y ácido aspártico sensible a volumen se 

inhibe, de manera dependiente de la concentración, en presencia de 

los inhibidores de canales de cloro ácido niflúmico, dipiridamol y 

DIDS. Al examinar los flujos de taurina como entrada del aminoácido 

en condiciones hiposmóticas se observa que el DIDS y el dipiridamol 

también inhibieron significativamente este proceso (Trabajo 5, 

figura 6). Estos resultados sugieren que los distintos aminoácidos 
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podrían ser movilizados a través del canal de cloro que se activa 

como consecuencia del aumento en el volumen celular. Esta hipótesis 

fue propuesta por primera vez por Banderali y Roy (1992), quienes 

a través del uso de técnicas electrofisiológicas, demostraron en 

células MDCK la presencia de un canal aniónico que se activa en 

condiciones hiposmóticas, y que presenta una gran permeabilidad 

para el ácido aspártico, el ácido glutámico y la taurina. 

Recientemente se describió, en una linea celular glial (C6), que la 

taurina es capaz de permear a través del canal de cloro que se 

activa como consecuencia del aumento de volumen (Jackson y Strange, 

1993). 

En trabajos previos de nuestro laboratorio se ha sugerido que 

los distintos aminoácidos que son movilizados en condiciones 

hiposmóticas utilizan una vía común, debido a que en células MDCK 

la liberación de los diversos aminoácidos sensible a volumen se 

inhibió en presencia de DIDS o quinidina (Sánchez-Olea et al., 

1991). Interesantemente la salida de sorbitol sensible a volumen 

también se reduce marcadamente en presencia de DIDS o quinidina 

(Siebens y Spring, 1989), lo cual sugiere la existencia de una vía 

común de transporte para osmolitos orgánicos tan distintos como los 

aminoácidos y los polialcoholes. En eritrocitos de lenguado el 

mecanismo de transporte sensible a volumen es capaz de movilizar 

taurina, glucosa y uridina, y se inhibe en presencia de los 

inhibidores de canales de cloro furosemida, ácido niflúmico, MK- 

196, DIDS y NPPB (Kirk et al., 1992). Recientemente se demostró en 

o 
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células C6, que la liberación de cloro, taurina e inositol se 

inhiben en presencia de diversos inhibidores de canales de cloro 

(Jackson y Strange, 1993), lo cual apoya la hipótesis de que los 

aminoácidos, polialcoholes y cloro son movilizados a través de una 

vía común que se activa como consecuencia de un incremento en el 

volumen celular. 

Se han descrito distintas clases de canales de cloro, 

clasificados polr su dependencia a activadores: a) Activados por 

AMP cíclico, b) activados por calcio y c) sensibles al potencial de 

membrana (Chan et al., 1992). Se han realizado investigaciones con 

el fin de examinar si el canal de cloro sensible a volumen 

corresponde con alguno de estos canales de cloro y los resultados 

señalan que se trata de un canal distinto, que no corresponde a 

ninguno de los mencionados previamente. Chan et al., (1992) 

reportaron que un anticuerpo contra un péptido sintético del canal 

de cloro causante de la fibrosis cistica, es capaz de inhibir por 

completo la actividad del canal de cloro activado por AMP cíclico 

y solo parcialmente al canal de cloro sensible a volumen. Un 

reporte previo señala que las corrientes de cloro inducidas por un 

incremento de volumen presentan exactamente las mismas 

características en células epiteliales normales, que expresan el 

canal de cloro regulado por AMP cíclico, y en células que muestran 

el fenotipo de la fibrosis cistica, es decir carecen del canal 

sensible a AMP cíclico (Solc y Wine, 1991). Además, la exposición 

a condiciones de hiposmolaridad produce un aumento en las 
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corrientes de cloro máximas producidas por calcio o AMP cíclico, lo 

que refuerza la hipótesis de que el canal de cloro sensible a 

volumen es diferente al activado por alguna de estas condiciones 

(Chan et al., 1992). 

4 	 La investigación en el área de los canales de cloro se impulsará 

con la reciente clonación de un canal de cloro de células MDCK, ya 

que por técnicas de biología molecular se pueden aislar genes 

desconocidos que presenten una cierta homologla con algún gene de 

secuencia conocida y, es muy probable que el canal de cloro 

sensible a volumen resultara ser una proteína muy similar a los 

otros tipos de canales de cloro. La comprobación final de la 

hipótesis de que una misma proteína se encuentra involucrada en la 

movilización de cloro y de los distintos osmolitos orgánicos tendrá 

que esperar hasta el momento en el que se purifique esa proteína o 

a que se clone el gen y se exprese en la preparación adecuada. Si 

esta teoría resulta verdadera entonces es posible que se presente 

un problema semántico con la denominación de "canal de cloro" y se 

plantee un nuevo término como "canal de osmoefectores" o "permeasa 

de osmolitos". 
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5) MECANISMOS DE MOVILIZACION DE TAURINA EN CONDICIONES DE 

HIPEROSMOLARIDAD. 

Hasta el momento se han discutido los eventos asociados con los 

flujos de osmolitos que ocurren durante el proceso de regulación de 

volumen observado en condiciones hiposmóticas. En el presente 

trabajo también se exploraron los mecanismos que operan durante la 

movilización de osmolitos orgánicos que resulta de la exposición de 

las células nerviosas a soluciones hiperosmóticas. Thurston et al. 

(1980) reportaron que, en el cerebro de ratón, una condición de 

hipernatremia (aumento en la concentración extracelular de cloruro 

de sodio) producía un aumento en la concentración de algunos de los 

aminoácidos libres, principalmente de la taurina. 

Posteriormente se ha descrito que en el cerebro de mamíferos una 

condición de hiperosmolaridad produce una acumulación intracelular 

de diversos osmolitos orgánicos como inositol, betaina, 

glicerofosforilcolina y varios aminoácidos libres (Lohr et al., 

1988; Heilig et al., 1989; Thurston et al., 1989; Lien et al., 

1990). Olson y Goldfinger (1990) demostraron que los astrocitos en 

cultivo crecidos en condiciones de hiperosmolaridad también 

responden con una acumulación intracelular de taurina, sin embargo 

no se exploró el mecanismo involucrado en este proceso. En el 

trabajo 7 (tabla 1) se muestra que los astrocitos no solo acumulan 

taurina sino también otros aminoácidos libres al ser crecidos en un 

exceso de cloruro de sodio en el medio de cultivo. La acumulación 

de estos aminoácidos podría resultar de un incremento en la 
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actividad de los acarreadores dependientes de sodio, específicos 

para cada aminoácido (Trabajo 7, figura 3) y no necesariamente del 

incremento en la osmolaridad del medio externo. Sin embargo, al 

crecer los astrocitos en un medio en el que la osmolaridad se 

aumentó con sacarosa se mantiene la mayor parte de los incrementos 

en los niveles celulares de aminoácidos libres (Trabajo 7, tabla 

1), lo que demuestra que el incremento en la osmolaridad es la 

señal responsable de este proceso. 

La acumulación de taurina en los astrocitos se asocia con una 

disminución de la concentración extracelular del aminoácido en el 

medio de cultivo (Trabajo 7), lo que sugiere que el proceso de 

acumulación involucra un incremento en la captura y/o una 

disminución en la liberación del aminoácido. 

Con el fin de determinar si un aumento en la actividad del 

transportador dependiente de sodio podría ser el mecanismo 

responsable de la acumulación de taurina en condiciones 

hiperosmóticas, se determinó el efecto de un tratamiento crónico 

con soluciones hiperosmóticas sobre los parámetros cinéticos de la 

acumulación de taurina. La captura de taurina en astrocitos ocurre 

a través de un sistema saturable, dependiente de sodio y, a 

concentraciones elevadas, de un componente independiente de sodio 

y no saturable (Schousboe et al., 1976). La condición de 

hiperosmolaridad aumentó la Vmax y no afectó la Km del 

transportador no saturable (Trabajo 7, figura 4 y tabla II), lo que 

sugiere que posiblemente el número de transportadores para la 
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taurina se ha incrementado por síntesis de novo como consecuencia 

de la exposición a condiciones hiperosmóticas. 

El curso temporal del aumento en los niveles celulares del 

aminoácido muestra que la taurina se incrementa significativamente 

sólo después de 6 h y el valor máximo se alcanza hasta las 12 h de 

crecimiento en el medio hiperosmótico (Trabajo 7, figura 2), lo 

cual es un tiempo suficiente durante el cual se podría inducir la 

síntesis de proteínas. Este mecanismo de adaptación se ha descrito 

en células renales, en las que una condición de hiperosmolaridad 

resulta en un aumento en los niveles de otros osmolitos orgánicos 

como inositol, sorbitol y betaina, que se asocia con un incremento 

en la Vmax para el acarreador de estos compuestos (Nakanishi et 

al., 1989). En células MDCK se ha descrito que una condición de 

hiperosmolaridad estimula notablemente los niveles del RNA 

mensajero del transportador de betaina (Yamauchi et al., 1991) e 

inositol (Yamauchi et al., 1993) a través de un aumento en la 

velocidad de transcripción del gen (Yamauchi et al., 1993). Al 

parecer la acumulación de los distintos osmolitos orgánicos 

observada en condiciones de hiperosmolaridad resulta de un aumento 

en los sistemas de captura, a través de un aumento en la síntesis 

de los acarreadores dependientes de sodio. 

En los astrocitos la condición de hiperosmolaridad produjo, 

además de un incremento en la Vmax del componente saturable, una 

disminución en la magnitud del componente difusional de la captura 

de taurina (Trabajo 7, figura 4 y tabla II). Como se observa en la 
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Figura 1 (trabajo 7), un aumento en la magnitud de este componente 

difusional se asocia con un incremento en la liberación de taurina, 

por lo que se decidió examinar la liberación espontánea de este 

aminoácido en condiciones hiperosmóticas. La liberación de taurina, 

tanto radiactiva (Trabajo 7, figura 5) como endógena (Trabajo 7, 

figura 6), se encontró marcadamente disminuida, lo que corrobora la 

relación entre la magnitud del componente difusional de la captura 

de taurina y la de la liberación espontánea del aminoácido. 

En conclusión se puede mencionar que los astrocitos expuestos a 

condiciones hiperosmóticas responden con mecanismos adaptativos que 

resultan en la acumulación de taurina y otros aminoácidos libres. 

Para, la taurina estos mecanismos adaptativos involucran tanto un 

aumento en la captura como una disminución en la liberación del 

aminoácido. 
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CONCLUSIONES 

1) Los astrocitos utilizan preferentemente osmolitos orgánicos 

(aminoácidos libres) sobre los osmolitos inorgánicos (potasio) 

durante los procesos de regulación de volumen mostrados por estas 

células en condiciones hiposmóticas. 

2) El mecanismo de salida de potasio en respuesta a reducciones 

extremas en la osmolaridad del medio externo (reducciones de 50% o 

mayores) involucra la participación de un canal jónico, 

posiblemente activado por la distensión de la membrana que ocurre 

durante el incremento de volumen celular. La liberación de potasio 

en estas condiciones requiere de la salida simultánea de un anión 

(fisiológicamente del cloruro) que permita una electroneutralidad 

en el movimiento de los iones. 

3) En neuronas granulares en cultivo, un incremento en el volumen 

celular producido por soluciones hiposmóticas se encuentra asociado 

con un aumento en los niveles intracelulares de calcio. Permanece 

por determinar la relación de este catión con los flujos de 

osmolitos observados en estas condiciones. 

4) En astrocitos y neuronas granulares, los movimientos 

transmembranales de taurina sensibles a volumen se encuentran 

dirigidos únicamente por el gradiente de concentración del 
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aminoácido y no parecen involucrar el transportador dependiente de 

sodio. 

5) El mecanismo de transporte que se activa por un incremento en el 

volumen celular permite la movilización de aminoácidos neutros y 

aminoácidos ácidos, pero no reconoce a aminoácidos básicos. 

6) La vía de transporte de aminoácidos activada por hiposmolaridad 

se inhibe en presencia de fármacos que interfieren con la actividad 

de canales de cloro, lo que sugiere una mecanismo de transporte 

común para estos osmolitos. 

7) El incremento en los niveles celulares de taurina (y 

posiblemente de otros aminoácidos) observado en condiciones 

hiperosmóticas, involucra tanto la activación del transportador 

dependiente de sodio (a través de un aumento en la Vmax) como una 

disminución en la liberación basal del aminoácido. 
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